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About the Book

In the last 20 years, the development in the so-called post-genomic tools, such as

proteomics, transcriptomics, or metabolomics, has been immense. They have

allowed important scientific advances in different areas of life sciences, including

animal and veterinary sciences. This book focuses on proteomics and its use in farm

animal research.

The first part of this book introduces and explains in detail the major principles

and techniques associated with proteomics including the differences between

gel-free and gel-based proteomics, as well as the major challenges facing mass

spectrometry and bioinformatics. Furthermore, we provide an insight into how

specific but common problems associated with farm animal samples may be solved.

The second part of the book has a more illustrative nature, highlighting impor-

tant achievements in different areas of research within the animal science. These

include for instance proteomics in blood and associated fluids, skeletal muscle,

wool, mammary gland, colostrum research, and dairy products or proteomics in

adipose and hepatic tissues to name but a few. The overall objective of this part of

the book is to illustrate the importance of using proteomics in farm animal science.

Finally, the book concerns also the uses of other post-genomic tools, namely,

transcriptomics and metabolomics, and how they interact with proteomics in a

systems biology approach.

The entire book has been built around a philosophy that aims to bring novel users

of proteomics into the field and to consider or continue using proteomics in their

research projects dedicated to farm animal and veterinary sciences. Therefore,

concepts and technologies herein described are easy to access and easy to follow

and understand, rendering this book particularly suitable for all members of the

farm animal research community: students, professors, researchers, technicians,

and regulatory bodies.

vii



Contents

Proteomics in Domestic Animals on a Farm to Systems Biology

Perspective: Introductory Note . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

André M. de Almeida, Ingrid Miller, and P. David Eckersall

Considerations for Farm Animal Proteomic Experiments:

An Introductory View Gel-Based Versus Non-gel-Based Approaches . . . . 7

John D. Lippolis and Jarlath E. Nally

Quantitative Gel Electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Victoria J. Mansour and Jens R. Coorssen

Sample Preparation for 2DE Using Samples of Animal Origin . . . . . . . 37
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Proteomics in Domestic Animals on a Farm
to Systems Biology Perspective:
Introductory Note

André M. de Almeida, Ingrid Miller, and P. David Eckersall

In the post-World War II era and with the objective to increase food production,

particularly in high-value products such as dairy, meat, aquaculture products or

eggs, animal production has become increasingly intensified. Indeed, aiming to

obtain optimal economic results and improvements in genetics/selection, nutrition,

mechanization, management and housing has led animal production and animal

science to what they are today, a highly efficient industry that operates in a global

market where animal products are traded across the globe with major transport and

environmental costs associated.

Over seven decades later, the challenges faced by animal production are enor-

mous. Perhaps the most significant is the increase in world population. From an

estimated 7.6 billion when this book is being written (July 2017), the number of

human beings on planet earth is expected to rise to nearly 10 billion in 2050 and

over 11 billion in 2100 (United NationsWorld Population Prospects). The main part

of such growth will be in developing and emerging countries, particularly in Asia,

Africa and to a lesser extent Latin America. This implies first of all the need for an

increase in food production such as cereals and other staple foods that, with

economic growth, will be followed by an increasing demand in animal products.

This will in turn cause a demand in feedstuffs (such as cereals and legumes) for
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animal feeding and increased intensification, similarly to that which has happened

in industrialized nations over the last 70 years. Interestingly, in industrialized

countries, the trend will be the opposite, with decreasing populations that will in

turn cause a likely decrease in the food demand, particularly staple foods, while

certain sectors such as organic or certified (PDO, protected designation of origin, or

PGI—protected geographical indication) will increase their proportional impor-

tance. Another equally important challenge is the sustainability of animal produc-

tion. Indeed and in both industrialized and developing countries, the environmental

footprint associated with animal production activities is too big to be sustainable.

These occur in the form of water pollution from large-scale swine, dairy or feedlots,

soybean and corn farming-associated deforestation in tropical countries, high levels

of water consumption, the production of greenhouse gases by cattle and the road/

boat/airfreight transport of animal products (e.g. wool, beef, mutton) or production

factors (soybean, corn, etc.). A third major challenge is related to animal welfare

and the existence and maintenance of current animal production systems. Indeed,

most systems were first developed in the 1950s when animal welfare was not a

major concern of the public opinion. Since then, numerous changes have occurred,

and perhaps the most striking are the production conditions of laying hens that,

upon public opinion and negative press, were banned in the European Union in

2012, are already banned in some American states and will likely be banned in the

majority of the industrialized world. Finally, global warming and the advance of

desertification in certain areas of the globe, such as in California, the Mediterranean

basin, Australia, Chile, Argentina and Southern Africa, will necessarily lead to a

regression in historically important areas for crop and animal production. Further-

more, global warming will likely lead to longer summers and temperature increase

in presently temperate regions, hence creating the conditions for tropical diseases to

move towards the poles. This problem is worsened by the constant flow of people,

animals and animal products across the globe that makes biosecurity law enforce-

ment particularly difficult.

All such challenges will require immediate responses from farmers, consumers,

retail commerce, legislators, animal production technicians and, of course, the

animal and veterinary sciences academic community. Solutions for these problems

or most likely for several combinations of these challenges will have to be pro-

posed, tested and implemented. In the last 20 years, animal production has moved to

a completely different context. Indeed, aspects such as animal selection, reproduc-

tion and physiology have moved from a compartmental perspective to one more

focused on changes at the molecular level that would in turn be related to classical

disciplines. The sequencing of entire genomes (e.g. cattle, chicken, pig or sheep) in

recent years is an impressive landmark for animal science that has opened impor-

tant avenues in the study of animal biology and production. Therefore, in the last

two decades, farm animal science has moved far beyond simple genome sequencing

and gene function. Indeed, the use of post-genomics tools such as the omic sciences

has allowed an unparalleled approach to gene function and consequently an overall

view on how organisms (and in this case farm animal species) work and how they

react to particular conditions. Omics include several subdisciplines. These include

2 A.M. de Almeida et al.



transcriptomics, proteomics, lipidomics and metabolomics. Each of these subdisci-

plines is dedicated to a particular aspect. For instance, proteomics may be defined as

the science that studies the proteome or the proteins present in a given organelle,

cell, tissue, fluid, organ, organism or population, as well as the post-translational

modifications (PTMs) to which these proteins are subjected to. By analogy other

omics are dedicated to particular classes of compounds: transcriptomics for the

transcriptome or all RNAs in a given organelle, cell, tissue, fluid, organ, organism

or population, lipidomics for the lipids and metabolomics for the metabolites. Life

science studies frequently involve a multi-omics approach, frequently defined as

the systems biology approach.

Being in their vast majority proteinaceous material of great value in human

nutrition and other uses, farm animal products such as dairy, meat, eggs, wool and

honey have an enormous potential to be analysed using proteomics in order to

provide greater insight and understanding of their highly complex roles in vivo and

as they are processed postharvest. This discipline is, in the opinion of the authors of

this book, the most significant of the post-genomics tools, particularly in the context

of animal science. Indeed, the protein synthetic process underlies all of the impor-

tant aspects of animal growth and production, and therefore the potential for

proteomics is enormous. However, the value of proteomics in animal sciences is

not restricted to product and production issues. Proteins are the key to understand-

ing biological processes in cells and tissues, being vital to most cellular functions

but also having essential roles in the extracellular compartments. Using proteomics

to identify and quantify protein changes, interactions and modifications will

become an ever more essential tool to use in the study of the physiology and

pathophysiology of farm animals.

Proteomics itself has also made impressive advances in the last two decades.

Initial proteomics approaches were conducted essentially using two-dimensional

electrophoresis, in the beginning, and also lacking methods for protein identifica-

tion, until mass spectrometry gained importance through increased sensitivity and

protein validation methods like Western blot were developed. Today’s proteomics

is more often based on the mass spectrometric approaches for both protein identi-

fication and quantitation, in many cases combined with previous liquid chromato-

graphic or other sample pre-fractionation steps. In recent years validation has also

moved from the classical molecular methods to mass spectrometry-based methods,

provided that protein databases are extensive and of good quality. Gel-free

methods, once set up, are easy to implement and tend to work very well for the

majority of biological samples arising from studies with farm animals and have the

benefit of high degree of automation and throughput. However, the instrumentation

for such studies is extremely expensive and difficult to implement and requires

ever-growing costs, normally not compatible with traditionally small budgets such

as those of animal and veterinary sciences. Gel-based proteomics is less cost-

intensive, though with lower throughput and often needs a higher input of practical

skills and method optimization. It is still one of the most important tools in farm

Proteomics in Domestic Animals on a Farm to Systems Biology Perspective. . . 3



animal proteomics. In practice, results of both approaches have proven to be

complementary, leading to different sets of target proteins, and their combination

is frequently suggested as leading to the best results, particularly in poorly studied

organisms. Finally, the combination of proteomics with other post-genomic tools,

particularly transcriptomics and metabolomics, in the so-called systems biology

approach is taking animal and veterinary sciences to a completely new level.

The importance of proteomics and other post-genomics tools in animal sciences

has been recognized by the academic community, funding bodies and specialized

scientific publications. The use of proteomics has numerous benefits in this field of

research and in certain areas such as dairy science, meat science, lactation biology

and wool and fibre production, to name but a few; such benefits are particularly

important. They include, for instance, animal adaptation to nutritional changes,

product characterization and certification and animal welfare monitoring.

The use of proteomics in animal sciences is the subject of this book. We have

edited it with two major goals: (1) to initiate scientists that have never or have rarely

used proteomics to the field and (2) to illustrate the benefits and potential for

proteomics approaches to specific areas of animal science. A third goal, about

interaction of proteomics with other post-genomics tools, specifically

transcriptomics and metabolomics, has also been included as the combination of

omic technologies and is likely to have major contributions in the not too distant

future. Consequently, the initial chapters of this book are focused on methodology

aspects and on the different approaches in farm animal proteomics studies. We

provide an emphasis on the gel-based and gel-free dichotomy, sample preparation

and basics on the use of mass spectrometry for proteomics studies. These technical

chapters were written by experts in protein science and mass spectrometry, not

necessarily working specifically in animal science. They have however an impor-

tant connection to the field, being aware of specificities of animal science that make

it very different from other sciences where proteomics is widely used, like plant

sciences or cancer research. These more technical chapters are followed by a set of

chapters that address the importance of proteomics in specific fields. Chapters on

adipose tissue proteomics, aquaculture proteomics, mammary gland proteomics,

muscle and meat proteomics, liver proteomics, blood and derived fluids proteomics

or colostrum proteomics are included in this part of the book. These chapters were

written by animal and veterinary science researchers that have for long used

proteomics and have become experts in these specific areas. After this section, we

continue the book with two chapters on proteomics-associated post-genomics tools,

specifically transcriptomics and metabolomics (NMR—nucleic magnetic reso-

nance based) and how they interact with proteomics. Finally, though before the

conclusions, we end the book with a specific chapter on the interaction of the

different omics in a systems biology perspective.

We hope that this book will become an important international source of

proteomics literature and inspiration for animal scientists in the years to come.

Above all we trust that this book will encourage our fellow animal and veterinary

4 A.M. de Almeida et al.



scientists to adopt proteomics as a research discipline and will finally use it in the

framework of their research projects.

Lisbon, Vienna and Zagreb, 1st of August 2017

André M. de Almeida

Ingrid Miller

David Eckersall
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Considerations for Farm Animal Proteomic
Experiments: An Introductory View Gel-Based
Versus Non-gel-Based Approaches

John D. Lippolis and Jarlath E. Nally

Abstract Preparing for a proteomic experiment will require a number of important

decisions. Because of the complexity of most samples, one of the first important

decisions is how to separate proteins prior to analysis by the mass spectrometer.

There are two basic approaches; the first approach is gel-based electrophoresis that

typically separate proteins based on molecular weight and/or isoelectric point. The

second approach is non-gel-based or liquid chromatography that typically separates

peptides based on hydrophobicity. We discuss some of the pros and cons of each

separation method to allow the proper alignment of research objectives and scien-

tific methodologies.

1 Introduction

Proteomics includes the identification and characterization of the protein content

from complex biological samples. Although the bovine and human genomes con-

tain more than 20,000 genes, they likely encode as many as a million distinct

proteins due to alternative gene splicing and posttranslational modifications (Elsik

et al. 2009; Kelemen et al. 2013; Yang et al. 2016). Such biological complexity

illustrates why there is no single standard analytical method for preparing protein

samples for a proteomic experiment. The choice of analytical methods will depend

on the specific experimental question, the type of sample for analysis, and meth-

odologies available. Analytical methods can be used independently or as comple-

mentary approaches used in tandem. There are three basic steps to a proteomic
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experiment; the first is sample preparation, then sample separation prior to mass

spectrometry, and, finally, protein detection and identification. The objective of this

chapter is to provide researchers who are planning proteomic experiments insight

into the basic considerations necessary to achieve their desired scientific outcomes.

We will discuss the reasons why sample preparation is critical to a successful

proteomic experiment. In addition, we will explain when protein separation pro-

tocols are necessary and help readers understand the pros and cons of gel-based

versus gel-free separation as they determine the best application for their unique

circumstances.

1.1 Sample Preparation

In proteomics, sample preparation is critical. The number of proteins identified, and

confidence in the data, depends on the quality and complexity of starting material

(Bodzon-Kulakowska et al. 2007). Careful attention to possible sources of contam-

ination is important prior to a successful proteomic experiment. For example, an

experiment to define the proteome of a bacterium such as Escherichia coli grown in
a simple culture media might comprise preparation as straightforward as multiple

rounds of centrifugation and washing to remove media components. In contrast,

analyses of protein expression by E. coli when grown in a complex biological fluid,

such as milk during bovine mastitis, will require protocols to first enrich for proteins

of E. coli and eliminate as much contaminating milk protein as possible (Lippolis

et al. 2009). Failure to eliminate contaminants will result in an experiment in which

the primary goal of identifying bacterial proteins is compromised by the identifi-

cation of milk proteins.

Proteomic experiments that use tissues are more complex compared to those that

use single cells. If a sample is a tissue, size and location of the samples are

important considerations to allow for a representative and consistent mixture of

cell types. Careful attention to possible sources of variation is important to identify

and control.

Protein sample preparation may also include various specific isolation or

enrichment techniques that utilize physical characteristics of the protein or pep-

tides. For example, the isolation and identification of major histocompatibility

complex (MHC)-associated peptides can illustrate this idea (Hunt et al. 1992;

Lippolis et al. 2002). MHC molecules are cell surface proteins that combine with

peptides derived from intracellular protein degradation. The combination of the

MHC and peptide fragments allows the immune system to survey intracellular

proteins and detect foreign proteins. To isolate MHC-associated peptides, cell

lysates are incubated with an MHC-specific antibody bound to protein A

sepharose beads. The antibody bound to beads allows for the MHC/peptide

complex to be separated from other proteins in the cell lysate by centrifugation

and multiple washing steps. The peptides are then separated from the antibody and

MHC complex by a simple size exclusion filter. The result is a clean sample of a

8 J.D. Lippolis and J.E. Nally



complex mixture of peptides (thought to be as many as 10,000 unique peptides)

that were bound to MHC molecules.

Another important tool in sample preparation is the depletion of highly abundant

proteins. In plasma, ten proteins make up approximately 90% of the total protein

(Cho 2007). If nothing is done to reduce the levels of those abundant proteins, the

number of proteins identified in that sample will be relatively few. Techniques such

as N-linked glycopeptide enrichment, cysteinyl-peptide enrichment, size fraction-

ation, combinatorial hexapeptide libraries, and immunoaffinity column depletion of

abundant serum proteins can be used to enrich for proteins of interest (Whiteaker

et al. 2007; Bandow 2010).

Finally, meaningful proteomic experiments must be based on consistent sample

preparation techniques. Therefore, preliminary experiments to demonstrate repro-

ducible protein isolation and preparation are critical to subsequent experimental

success. For example, analyses of sample preparations by SDS-PAGE to ensure an

absence of protein degradation due to experimental artifact or protease contamina-

tion can be an important step to ensure a successful experiment.

1.2 Why Sample Separation Prior to Mass Spectrometry Is
Necessary

A proteomic study typically requires that complex biological samples be subjected

to some type of protein or peptide separation, which also serves to improve mass

spectrometry function. Mass spectrometers can efficiently obtain sequence infor-

mation from peptides up to ~20 amino acids long (Steen and Mann 2004). For this

reason, most proteomic experiments use a “bottom-up” approach whereby the

protein mixture is first digested with a protease (e.g., trypsin) to generate such

peptides. However, the digestion of thousands of proteins results in potentially

millions of peptides. The first step of peptide identification begins when ionized

peptides enter the mass spectrometer, and the mass-to-charge ratio of all the

peptides is determined in what is referred to as the MS scan. The mass spectrometer

will sequentially isolate the most abundant ions and individually fragment them.

The mass-to-charge ratio of the resulting peptide fragments is then obtained

(MSMS scan). It is from the daughter ions that computer algorithms predict the

peptide sequence and identify the parent protein. After multiple MSMS scans, an

MS scan reexamines the input sample to determine the next set of most abundant

ions. An ion exclusion list ensures that the mass spectrometer does not isolate the

most abundant ion repeatedly. This cycle is repeated throughout the mass spec-

trometer analytical run.

If the protein sample was obtained from a single spot excised from a

two-dimensional (2-D) polyacrylamide gel, the number of proteins will likely be

small and relatively few peptides generated. In this case, the mass spectrometer can

sequence all the abundant ions and many of the less abundant ions, for not all

Considerations for Farm Animal Proteomic Experiments: An Introductory. . . 9



peptides will ionize equally. The end result will be a large number of peptide

sequences identified for each protein in the sample preparation. The greater the

coverage of the protein identified, the greater the confidence in the identification of

the protein. In contrast, if a more complex proteome sample is digested and peptides

are minimally fractionated before ionization and entry into the mass spectrometer,

then thousands of ions would be identified in each MS scan. In this case, the cycle of

MS and MSMS scans would only analyze a small fraction of the total ions and only

the most abundant. Thus, complexity and dynamic range of a sample will limit

results to the most abundant and fail to identify low abundance proteins of interest

(Huber et al. 2003; Brunet et al. 2003; Reinhardt and Lippolis 2006; Zolotarjova

et al. 2008). Hence, sample separation prior to MS allows the user to control the

number of ions entering the mass spectrometer at any given time and provides the

instrument the necessary time to analyze all potential peptide ions.

Proteomic experiments can range from the quantification of hundreds of specific

proteins to the identification of thousands of unknown proteins. The most basic is to

determine the identity of all proteins that exist in a sample. This experimental

approach is typically referred to as shotgun proteomics, whereby proteins are

identified in a random manner and often without any preexisting knowledge of

protein content. As discussed above, significant limitations in analyzing a complex

proteome include the number of proteins in the sample and the dynamic range of the

proteins in the mixture. Some proteomes can be dominated by a small number of

very abundant proteins. For example, nearly half of all protein in plasma is albumin,

and nearly 90% of the complete protein content comprises only ten proteins (Cho

2007). Differences in protein amounts in a complex proteome between the highly

abundant and lesser abundant proteins can be greater than seven orders of magni-

tude (Stasyk and Huber 2004). Without separation of protein samples into fractions,

the mass spectrometry will primarily identify the abundant proteins and few, if any,

of the less abundant proteins.

The power of shotgun proteomics is exemplified by experiments that aim to

identify the complete proteome of an organism. In 2014, two groups of researchers

presented their work to define the human proteome (Kim et al. 2014; Wilhelm et al.

2014). One group reported detection of 84% of the approximately 21,000 protein-

coding genes in humans (Kim et al. 2014). This was achieved by extracting proteins

from 30 different human tissue or primary cell types. Protein samples were initially

separated in SDS-PAGE gels, and each lane of the gel was cut into multiple gel

slices. Proteins contained in gel slices were digested with trypsin and peptides

extracted from the each gel slice for separation on a reverse-phase HPLC column

directly connected to a mass spectrometer (LC-MS/MS). The result of this work

was approximately 25 million high-resolution mass spectra acquired from more

than 2000 LC-MS/MS runs. The run time for a single LC-MS/MS would be

approximately 2 h; thus, the total run time of this experiment is nearly 6 months

of uninterrupted mass spectrometer time. Although 84% of predicted proteins were

identified, it was not reported how many of these proteins were identified by the

presence of a single peptide. Proteins identified, or quantified, using a single peptide

are typically done so with much less confidence than multiple peptides. Perhaps,
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more importantly, it also makes it difficult to determine the biological significance

of such identifications.

1.3 Which Sample Separation Is Best?

The choice of method of sample separation is based on the experimental goals, the

expectations of the data, and the resources available (Monteoliva and Albar 2004;

Baggerman et al. 2005; Jafari et al. 2012; Abdallah et al. 2012). There are two major

types of sample separation techniques used in proteomic experiments. The first is

gel-based separation, which is typically two-dimensional gel electrophoresis. The

second type of sample separation is non-gel based or various forms of liquid

chromatography. Details about gel-based and non-gel-based separation techniques

will be detailed in subsequent chapters in this book. However, we will briefly detail

the pros and cons of each type of sample separation technique (Fig. 1).

Survey of Proteome

Differentially 
Expressed Proteins 

Post-Translational 
Modifications

Survey of Proteome

Differentially 
Expressed Proteins 

Post-Translational
Modifications

GEL BASED NON-GEL BASED

Biomarker Discovery

Advantages:
• Visual assessment
• Characterize protein isoforms including 

molecular mass, isoelectric point, and 
post-translational modifications

• Transfer to solid matrix to probe with 
ligand of choice

• DIGE analysis of two or more samples 
simultaneously

Disadvantages:
• Lacks sensitivity to detect low 

abundance proteins
• Gel to gel variation
• Analysis of highly acidic/basic proteins

Advantages:
• Shotgun proteomics
• High sensitivity
• Ease of use & repeatability
• Coupled to MS
• Choice of fractionation
• Large data sets
• Intact mass proteomics

Disadvantages:
• Expense
• Determination of post-

translational modification is 
difficult 

Type of Proteomics 
Experiment

Fig. 1 Advantages and disadvantages of gel based and non-gel based proteomic experiments

Considerations for Farm Animal Proteomic Experiments: An Introductory. . . 11



1.4 Gel-Based Proteomics

Since individual proteins can be differentiated by their respective isoelectric point

(pI) and molecular mass, the use of gel-based approaches provides a powerful

method to separate complex protein samples. In 2-D gel electrophoresis, protein

samples are solubilized prior to separation on immobilized pH gradients (IPG) in

the first dimension, according to pI, and in the second dimension by sodium dodecyl

sulfate polyacrylamide gels (SDS-PAGE) according to molecular mass. Highly

resolved proteins can then be detected on protein gels with an array of protein

stains. Proteins of interest can then be excised, digested, and identified by mass

spectrometry.

Advantages of gel-based proteomics include the ability to obtain highly resolved

individual protein spots from complex samples since IPG strips now come in

lengths of up to 24 cm with increasingly more defined pH gradients. Mass spec-

trometry data of excised protein spots can then be correlated to the identity of

specific protein isoforms, e.g., the identification of posttranslational modifications

(Witchell et al. 2014). Methodologies exist to allow direct gel-to-gel comparisons

to quantitate differential protein expression between samples, e.g., 2-D DIGE

(Schuller et al. 2015). The separation of proteins of a gel-based platform also

allows for their transfer to membranes for more defined experimental questions,

e.g., to identify protein antigens that react with convalescent sera (Nally et al. 2005;

Monahan et al. 2008) or to identify proteins reactive with a defined ligand.

Conversely, the separation of proteins is often considered laborious and more of

an art form. Finally, membrane-associated proteins can be difficult to solubilize

prior to separation, so an appropriate zwitterionic detergent should be used (Nally

et al. 2005).

1.5 Non-gel-Based Proteomics

Liquid chromatography has a long history of use to separate proteins and peptides

based on various physical properties. With the advent of electrospray ionization

(ESI), the ability to directly link chromatography to mass spectrometry has made

this method especially convenient, reproducible, and powerful. The advantage of a

non-gel approach for proteomics is the ease of sample separation techniques. Once

proteins are solubilized and digested with trypsin, the separation techniques are

straightforward and very reproducible. However, the more complex the proteome,

the greater separation that will be needed to get the depth of coverage desired. One

option is the use of very long HPLC columns. A typical HPLC column connected to

a mass spectrometer is 10 cm long. Some investigators have used 50 cm columns

with shallow gradients to obtain single runs that achieve near complete coverage of

a yeast proteome (Nagaraj et al. 2012). Alternatively, biphasic columns can be used

that combine two HPLC packing materials into one column. The most common
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HPLC is the use of strong-cation exchange (SCX) beads packed in front of a typical

reverse-phase (RP) packing material. A sample is injected onto the SCX, and

subsequent injections of increasingly concentrated salt solutions move a fraction

of the peptides from the SCX matrix to the RP matrix. In between each salt

injection, a normal RP HPLC gradient is run to separate and analyze the peptides

bound to the RP matrix. This multidimensional protein identification technology

approach is called MudPit (Washburn et al. 2001). Very long columns or MudPit

proteomic experiments can identify thousands of proteins in a sample. In addition,

liquid chromatography is compatible with methodologies that give quantitative

information [e.g., amine-reactive isobaric tagging reagents (Ross et al. 2004)].

Subsequent to the shotgun approach described above is the possibility of specific

examination of protein quantification by mass spectrometry. Once proteins are

identified, specific peptides from each protein can be used as markers for that

peptide. A mass spectrometer can then be programmed to identify only those

peptides specified using the peptide’s mass-to-charge ratio (m/z). In this technique,

referred to as selected reaction monitoring (SRM) or multiple reaction monitoring

(MRM), specific peptides can be easily isolated, identified, and quantified. This

technique can examine and quantify approximately 500 peptides, or 125 proteins,

per MRM experiment (Shi et al. 2016). MRM experiments require significant assay

development time.

As previously mentioned, the process to digest proteins with a specific protease

for analysis by mass spectrometry is referred to as bottom-up proteomics. In

contrast, top-down proteomics is the analysis of whole proteins or protein com-

plexes by mass spectrometry (Han et al. 2008; Toby et al. 2016). Top-down

proteomics requires high-resolution instruments to accurately evaluate and distin-

guish whole proteins. Constant innovation and improvement to mass spectrometers

is making top-down proteomics more accessible. Top-down techniques have been

used to determine the molecular weight of intact proteins (Nally et al. 2005).

However, significant work is needed in the field before quantitation of whole

proteomes can be analyzed by top-down methods.

The disadvantage of the non-gel-based approach is that when a proteome is

digested, specific peptides of interest can get lost in the complex mixture of

thousands of peptides. A proteome of potentially tens of thousands of proteins

digested into millions of peptides with expression differences that can be seven

orders of magnitude makes identification of this complex mixture difficult.

1.6 Protein Detection and Identification by Mass
Spectrometry

Ionization of peptides is the first step in mass spectrometry. The two most fre-

quently used ionization methods are electrospray ionization (ESI) and matrix-

assisted laser desorption/ionization (MALDI) (Yates 1998). ESI is most common

Considerations for Farm Animal Proteomic Experiments: An Introductory. . . 13



because it can be linked directly to a nanoliter per minute HPLC system. Peptides in

volatile HPLC solutions are protonated with an acid and sprayed toward the mass

spectrometer entry through a small emitter (~3 μm inner diameter). Charged

peptides can enter and be manipulated by the mass spectrometer. MALDI requires

the mixing of the peptide with a UV-absorbing molecule and the formation of

crystals. A laser is used to strike the crystalline structures resulting in the sublima-

tion of the matrix and the ionization and release of the associated peptides. At this

point, the charged peptides can enter and be manipulated by the mass spectrometer.

The key difference between the two ionization methods is that MALDI used a static

sample. Therefore, the sample to be analyzed by MALDI-MS needs to contain only

a few proteins. MALDI-MS is typically associated with the analysis of protein spots

from a 2-D gel. The advantage of MALDI-MS is a relatively easy and fast analysis

of sample. Conversely, ESI-MS can be used to identify thousands of proteins in a

single sample. The quality and quantity of data obtained in an ESI-MS experiment

will depend on the ability to separate peptides in the HPLC to allow the mass

spectrometer the time necessary to isolate and fragment each peptide in the mixture

(Fig. 2).

1.7 Conclusions

The type of proteomic research question will often determine the type of protein

separation suited for the experiment. In addition, the choice between gel and

gel-free protein separation in a proteomic experiment may simply be a matter of
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Fig. 2 Peptide ionization methods used in proteomic experiments
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preference, convenience, or the possession of specific equipment or mass spec-

trometer. One laboratory may possess and have the necessary skills with HPLC

equipment, whereas another laboratory may prefer working with 2-D gel equip-

ment. Each type of protein separation can be used independently or in combination.

In most cases, some sort of protein or peptide separation is necessary to achieve the

goals of a proteomic experiment. Careful consideration of the strengths of each type

of separation and how they align with project goals prior to the experiment will help

to ensure a successful outcome.
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Quantitative Gel Electrophoresis

Victoria J. Mansour and Jens R. Coorssen

Abstract Gel electrophoresis is the most widely used technique for the analysis of

protein samples, and there are a variety of methods that can be used to investigate

single proteins as well as highly complex protein mixtures. To ensure reproducible

and reliable separations of such samples and the resolution of distinct protein species,

there has been a substantial amount of research dedicated to optimising methods to

the refined techniques available today. There are thus a number of factors that have a

marked influence on the practice of quantitative proteomics. The procedures and

reagents involved in preparing a protein sample can have a significant effect on the

composition of the proteome and/or its resolution by electrophoresis. Furthermore,

since most proteins are colourless, a protein stain is required to detect the resolved

proteome; thus, it is essential that the characteristics of the stain enable optimal

detection regardless of protein type and/or concentration. Notably, to obtain reliable

quantitative data, the approach by which images are acquired is equally important.

Keywords Gel electrophoresis • Protein stain • Fluorescence • Sample preparation

• Quantitative analysis • Protein detection • Deep imaging • 1D/2D/3D gel

electrophoresis
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CBB Coomassie brilliant blue

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate

DIGE Difference gel electrophoresis

DNA Deoxyribonucleic acid

DTT Dithiothreitol

LLD Lowest limit of detection

LDR Linear dynamic range

IEF Isoelectric focussing

IPV Inter-protein variability

IRF Infrared fluorescence

MS Mass spectrometry

MW Molecular weight

NCCB Neuhoff colloidal Coomassie brilliant blue

PAGE Polyacrylamide gel electrophoresis

RNA Ribonucleic acid

SDS Sodium dodecyl sulphate

SR SYPRO Ruby

TBP Tributyl phosphine

1 Introduction

The cell is the basic structural, functional and biological unit for all known organisms.

They are composed of a variety of biomolecules such as deoxyribonucleic acid

(DNA), ribonucleic acid (RNA), proteins, carbohydrates, lipids and their metabolites.

DNA carries the primary genetic code, and when transcribed into RNA, this code can

then be translated to produce proteins; thus, changes toDNA and/or RNA can result in

protein variations. As proteins are fundamental functional units, they are involved in

a myriad of biological processes ranging from the transport of molecules across cell

membranes to metabolism and cell signalling. This vast array of functions is further

modulated by a large variety of post-translational modifications that further fine-tune

the functions and localisations of these proteins. Thus, proteoforms or protein species

(i.e. splice and post-translational variants, isoforms, and mutants) largely account for

all the physiological (dys)functions that underlie healthy and disease phenotypes.

The entire complement of proteins expressed by a genome in a given biological

sample, whether it be a whole organism, tissue, fluid, cell or organelle, was originally

referred to as the proteome, a term introduced by Marc Wilkins in 1994 at the 2D

electrophoresis meeting held in Siena, Italy. Changes to the proteome can be elicited

in response to a vast range of external and internal stimuli and can include increased

and/or decreased abundance of existing proteins, expression of additional proteins

and/or cessation of specific proteins, as well as the introduction of post-translational

modifications. Thus, proteomes are orders of magnitude more complex than
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genomes, and most proteoforms cannot be ‘predicted’ from DNA or RNA sequence

information. Thus, the term proteome has come to more realistically mean the full

complement of proteoforms present in a given sample. Thus, to comprehensively

study proteomes, a variety of techniques are employed—gel electrophoresis, mass

spectrometry, liquid chromatography, X-ray crystallography, confocal microscopy

and protein/antibody arrays—to understand the breadth of protein structure and

function which is now more widely referred to as proteomics. Here we focus on

sample preparation, gel-based separation and in-gel detection methods that facilitate

the delivery of reliable quantifiable data.

2 Protein Sample Preparation

Before a proteome can be most effectively investigated, appropriate preparation

techniques must be applied. These include sampling, sample handling, extraction

and potential fractionation methods, and their use is highly dependent on the

sample type and/or the research objective and may thus include approaches to

simplify overall sample complexity as well as enhance detection of extremely

low-abundance proteoforms (Coorssen and Yergey 2015). Since even a single cell

consists of a complex assortment of proteoforms, it is critical that the buffers/

solutions used ensure complete solubilisation of all species so as to ensure as

complete an assessment of a proteome as possible (Mansour née Gauci et al.

2016). The most important features for an efficient solubilisation buffer are:

• A chaotropic agent to disrupt the non-covalent forces promoting protein sec-

ondary, tertiary and quaternary structures

• A detergent to promote solubilisation of the hydrophobic regions of proteins

• A reducing agent to prevent covalent bond formation between cysteine residues

If all these features are utilised, there is a much improved likelihood of analysing

all the protein species within a given sample.

For gel-based proteomics, the Laemmli buffer system is commonly used for

one-dimensional electrophoresis (1DE), utilising sodium dodecyl sulphate (SDS)

as the detergent which, when used in combination with heat, generally ensures

complete protein denaturation (Laemmli 1970; Cannon-Carlson and Tang 1997).

For two-dimensional electrophoresis (2DE), the original buffer system introduced

in 1975 (O’Farrel 1975) has undergone a number of significant improvements,

all resulting in better protein solubilisation. These have mainly included substitut-

ing Nonidet P-40 with the zwitterionic detergent 3-[(3-cholamidopropyl)

dimethylammonio]-1-propane sulfonate (CHAPS) and the inclusion of tributyl

phosphine (TBP) and thiourea to complement β-mercaptoethanol/dithiothreitol

(DTT) and urea (Perdew et al. 1983; Rabilloud 1998; Rabilloud et al. 1997;

Herbert et al. 1998).

The method used for protein extraction can also have a considerable impact on

the efficacy of solubilisation and thus proteome assessment. Conventional manual

methods of homogenisation have been shown to be somewhat heterogeneous in
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effect (Butt and Coorssen 2005b). This was overcome using automated frozen

disruption, yielding more uniform homogenisation, with the frozen powdered

sample providing greater surface area for protein solubilisation and thus improving

overall protein yield (Butt and Coorssen 2005b). The additional benefits to this

homogenisation method are that proteoform integrity is not compromised as the

sample is kept at colder temperatures and its application isn’t limited by the sample

type (Butt and Coorssen 2005b; Gauci et al. 2013; Partridge et al. 2016).

As mentioned above, a single cell presents a complex variety of proteoforms of

widely varying abundance; thus, complexity is markedly increased when working

with samples from multicellular organisms. Although the means by which prote-

ome accessibility and solubilisation are achieved is important, this complexity

poses further complications for gel electrophoresis, or indeed any available analyt-

ical method. The most common approach to overcome this is to pre-fractionate the

protein sample prior to analysis by 1DE, 2DE and/or mass spectrometry (MS),

which can be done by either physical or chemical means. Methods used for

pre-fractionation include:

• Centrifugation

– Ultracentrifugation to produce total membrane and soluble fractions (Pasquali

et al. 1997; Molloy et al. 2000; Butt and Coorssen 2005b; Butt et al. 2006)

– Differential detergent or density gradient fractionation to isolate subcellular

fractions (Hurkman and Tanaka 1986; Fialka et al. 1997; Ramsby et al. 1994;

Molloy et al. 1998; Bernocco et al. 2008; V€olkl et al. 1997)
– ProteoMiner™ or equaliser beads to selectively bind proteins that are then

collected by centrifugation (Thulasiraman et al. 2005; Boschetti and Righetti

2008; Castagna et al. 2005)

• Solvent extraction of hydrophobic proteins (Molloy et al. 1999; Ferro et al.

2000; Schr€oder and Hasilik 2006)

– Isolating subgroups of membrane proteins (Pasquali et al. 1997; Taylor et al.

1997; Molloy et al. 2000; Pedersen et al. 2003)

• Chromatography to enrich or deplete specific types of proteins (Fountoulakis

et al. 1999a,b; Wissing et al. 2000; Ghosh et al. 2004; Smith et al. 2004; Larsen

et al. 2005; Wang et al. 2003; Wasinger et al. 2005; Shen et al. 2005)

• Electrophoretic separation of proteins (Hannig 1978; Corthals et al. 1997; V€olkl
et al. 1997; Herbert and Righetti 2000; G€org et al. 2002)

Determining the most appropriate protein sample preparation methods to use

will not only depend on the research objective but the benefits and/or disadvantages

of the method(s) selected (Coorssen and Yergey 2015).
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3 Gel-Based Resolving Technologies

Most simply, electrophoresis involves the separation (i.e. resolution) of a mixture of

molecules in an electric field. The means by which these molecules migrate

depends on their charge and molecular weight (MW). Thus, those proteins with a

negative charge will move away from the cathode (�) and towards the anode (þ),

and those of high MW will migrate more slowly than lower MW molecules.

However, depending on the protein and gel preparation and the electrophoresis

conditions, the migration patterns can be ‘tuned’ with some selectivity.

A variety of mediums (e.g. cellulose acetate and filter strips, agarose, agar and

starch gels) were initially used to resolve protein samples by electrophoresis, but it

wasn’t until the late 1950s that polyacrylamide gels became the preferred medium

(Raymond and Weintraub 1959; Raymond and Wang 1960; Chrambach and

Rodbard 1971, 1972). This gel matrix has a number of superior qualities such as

reproducible pore formation; pore size can be small or large depending on acryl-

amide concentration, and once polymerised, it is transparent, stable, flexible and

insoluble (and non-toxic). After widespread acceptance of polyacrylamide as the

standard electrophoresis medium came the development of SDS-polyacrylamide

gel electrophoresis (PAGE) or more commonly referred to as 1DE (Laemmli 1970;

Cannon-Carlson and Tang 1997). By incorporating SDS into the protein prepara-

tion buffer, electrophoresis buffer and gel matrix polypeptides were maintained as

single linear molecules. Also, as SDS conveys an overall negative charge, it pro-

motes unidirectional movement towards the anode, and the MW for any polypep-

tide can be estimated with good reproducibility (Weber and Osborn 1969; Poduslo

and Rodbard 1980). The Laemmli buffer system is highly efficient for the resolu-

tion of most proteins, except those with a molecular weight below ~10 kilodaltons

(Schägger and von Jagow 1987). This is because it uses glycine as the trailing ion

which migrates slowly during stacking and doesn’t allow for small polypeptides to

be resolved from the SDS zone (Schägger and von Jagow 1987). To overcome this,

glycine was replaced by tricine and the sieving properties of the acrylamide gel

adjusted enabling proteins of 1–100 kilodaltons to be highly resolved from the SDS

zone (Schägger and von Jagow 1987).

While 1DE can be efficient at resolving proteins across a range of MWs, these

are denaturing strategies that disrupt native protein conformations and interactions.

However, it is also feasible to use 1DE in a native PAGE approach. Blue-native

PAGE uses Coomassie brilliant blue (CBB) during protein sample preparation and

in the cathode buffer to ensure complete saturation of the system since CBB-protein

binding is not uniform (De St. Groth et al. 1963; Compton and Jones 1985; Tal et al.

1985; de Moreno et al. 1986). The benefits of this approach include unidirectional

protein migration due to the negative charge imparted by CBB, real-time direct

visualisation of protein separations, approximation of MW for resolved proteins/

complexes and retention of functional activity (Schägger and von Jagow 1991;

Schägger et al. 1994). Alternatively, clear-native PAGE (i.e. omitting CBB from

the sample and cathode buffer) can be used to prepare highly pure native protein
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complexes; resolution is dependent on the native charge of a complex rather than

the charge conveyed by CBB, and proteins retain their functional activity (Schägger

et al. 1994; Wittig and Schägger 2005), enabling studies relating stoichiometry and

function.

Using 1DE can be useful in simplifying the complexity of the original protein

sample and investigating simple protein mixtures. However, since this resolution

technique solely relies on MW as the criterion for separation, it cannot be assumed

that any band represents only a single type of polypeptide as it is highly likely that

more than one protein or proteoform will have the same approximate MW. Thus, it

has proven useful as a first dimension of separation in some bottom-up proteomic

approaches that yield lists of proteins potentially present based only on ‘shotgun’
assessments of the peptides found in a given gel region (Coorssen and Yergey 2015;

Oliveira et al. 2014). However, this does not provide information on native

proteoforms, which are the basis for molecular mechanisms and thus biological

processes. In considering this, it was realised that separations based on two physico-

chemical characteristics of proteins would increase the likelihood that a single

resolved band/spot will represent a single proteoform. This is the foundation for

2DE (O’Farrel 1975; Klose 1975; Scheele 1975). This technique initially resolves

proteins within a pH gradient relying on their isoelectric point (pI); polypeptides
migrate through the gel to a pH region where their net charge is zero (i.e. isoelectric

focusing—IEF). This gel is then positioned on top of a 1D SDS-PAGE gel

(Laemmli method) to then resolve these proteins based on their size (i.e. MW).

The resolving power of this method was recognised immediately. As with all newly

developed methods, problems were identified over time, but significant refinements

and optimisations (i.e. sample preparation, protein solubilisation buffer,

immobilised pH gradients, zoom and ultra-zoom IEF gels) saw 2DE become the

gold standard for highly reproducible and reliable separations of complex protein

samples (Bjellqvist et al. 1982; Rabilloud et al. 1994, 1997; Rabilloud 1998;

Sanchez et al. 1997). With all of these efforts, significant improvements were

seen for the neutral pH region of resolution, which meant that some proteins were

stacked at the pH extremes of the gels and remained unresolved. It is now

recognised that a third electrophoretic separation of these stacked regions and

other areas of the gel can effectively resolve these protein species (Butt and

Coorssen 2005a; Wright et al. 2014a).

4 In-Gel Detection of Proteins

Once a protein sample has been resolved, the in-gel resolution pattern is usually

revealed with the use of protein stains. There is a vast array of protein stains

available, but their use depends on their detection sensitivity as well as the sample

characteristics and research objectives (Miller et al. 2006). Thus, it is desirable to

have a stain that can detect proteins of all types across a wide dynamic range. Since
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quantitative top-down proteomics is dependent on the protein stain, it is essential

that a stain:

• Provides reproducible detection of low amounts of protein (lowest limit of

detection—LLD)

• Delivers a linear relationship between the amount of protein and staining

intensity (linear dynamic range—LDR)

• Has low staining variability between different proteins (inter-protein variability—

IPV)

• Delivers a high signal-to-noise ratio

• Is compatible with downstream microchemical characterisation techniques

such as MS

• Has a relatively straightforward protocol for use

• Is of low cost (if possible)

These issues have been the subject of a recent detailed review (Gauci et al.

2011), and thus this section will only focus on the most common and competitive

protein stains used for quantitative proteomics.

Densitometric protein stains absorb light energy when illuminated revealing the

stained proteins as black or coloured spots or bands. A benefit of densitometric

stains is real-time spot/band visualisation during staining, enabling qualitative

assessment of protein resolution. This can be very useful for recognising the

presence and/or absence of protein, general observational increases and/or

decreases in concentrations, determination of MW and whether there were issues

with the resolving capabilities of the gel technology employed (e.g. diffuse spots/

bands, irregular dye fronts). It had however long been assumed that densitometric

stains had a very limited dynamic range and therefore their sensitivity was insuf-

ficient for quantitative proteomics. However, like much dogma that has surrounded

gel-based, top-down approaches to proteomics, this too may now need to be

reconsidered with the advent of better imaging platforms (Noaman et al. 2017).

In the 1960s, the first quantitative assessment of gel-resolved proteins was

achieved using Coomassie brilliant blue (CBB) (De St. Groth et al. 1963). This

initiated a plethora of studies attempting to improve the limit of detection of CBB

beyond ~30 ng of gel-resolved protein, but these were of limited success (Reisner

et al. 1975; Kahn and Rubin 1975; Blakesley and Boezi 1977; Choi et al. 1996).

Due to the properties of densitometric stains, any dye remaining in the gel matrix

contributes to background absorbance, thus concealing low-abundance proteins and

limiting coverage of a resolved proteome. Attempts to increase gel washing

(i.e. destaining) to reduce background noise came at the price of also removing

stain from proteins hence affecting quantitative evaluation. Again, detection sensi-

tivity was limited. It wasn’t until 1985 that significant improvements to the CBB

stain formulation, with the introduction of colloidal CBB (cCBB), dramatically

reduced background staining, thereby improving detection sensitivity by four- to

fivefold for a variety of proteins (4–8 ng of protein) (Neuhoff et al. 1985, 1988).

Other advantages of cCBB included low cost, a simple staining protocol and full

compatibility with downstream protein identification technologies (e.g. MS).
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However, an increasing recognition of proteome complexity (i.e. myriad

proteoforms) fuelled the search for still more sensitive protein stains. Within

20 years of the introduction of cCBB came the development of densitometric silver

stain, which was declared to be ~100-fold more sensitive than cCBB (Switzer et al.

1979). Although sub-nanogram detection sensitivity with silver stain was attain-

able, proteins stained in this way were incompatible with subsequent MS analysis.

This was later rectified with changes to the staining method, but this sacrificed

detection sensitivity (Yan et al. 2000; Chevallet et al. 2006, 2008). A number of

other factors must also be considered when using silver stain:

• It is a tedious and laborious method.

• There is no definitive endpoint to the staining which thus potentially increases

inter-experiment variability.

• There is high staining variability among proteins (i.e. IPV).

• There is only a small window in which protein concentration and staining are

linear (i.e. LDR).

• Staining of other biomolecules also occurs.

While a number of other densitometric dyes have been investigated as alterna-

tives to cCBB and silver stain, none have surpassed the quantitative detection

sensitivity of these two protein stains.

Based on the detection characteristics of densitometric stains and the era in

which they were being developed, the limiting factor was always the level of

background noise. For this reason, fluorescent stains became favoured for in-gel

protein detection since they are largely detectable only when bound to proteins, thus

enhancing detection sensitivity by minimising background and enabling signal

integration. The current commercial gold standard is SYPRO Ruby (SR) having a

detection sensitivity of ~1–2 ng of protein, with an apparent wide LDR and minimal

staining variability between proteins (i.e. IPV) (Berggren et al. 2000; Cong et al.

2008). A limitation to the use of SR is the excessive cost. Even though attempts to

extend the use of SR by dilution or reuse were investigated, the limited quantitative

characterisation of these strategies raised doubt in terms of practical application

(Kreig et al. 2003; Ahnert et al. 2004).

Since the chemical structure of SR is proprietary, optimisation of the staining

method proved challenging. Based on the fact that SR contains ruthenium, alterna-

tive ruthenium stains were developed, but their main advantage over SR was

substantially lower cost (Rabilloud et al. 2000; Berggren et al. 2002; Berger et al.

2004). In the search for other competitive fluorescent stains, naturally fluorescent

compounds were investigated and led to the development of deep purple (Bell and

Karuso 2003). This stain was purported to deliver picogram detection sensitivity,

but its quantitative performance relative to SR was found to be quite poor upon

more extensive testing on 2DE gels (Mackintosh et al. 2003; Chevalier et al. 2004;

Harris et al. 2007). Some reasons for this limited performance could be related to

the high background noise, poor staining of specific types of proteins and limited

photostability (Smejkal et al. 2004). Like densitometric stains, a large number of

studies were dedicated to discovering new fluorescent stains to compete with SR;
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but it wasn’t until relatively recently that cCBB would again be used in a different

context.

Close to 40 years after its initial characterisation as an in-gel protein stain, cCBB

was also shown to possess infrared fluorescent properties when bound to protein

in-gel (Luo et al. 2006). Soon after this revelation, preliminary assessment of its

application for 2DE-based top-down proteomics revealed that it performed quite

similar to SR but with an added advantage of reduced background (Harris et al.

2007). This prompted a more detailed quantitative assessment of cCBB infrared

detection (cCBB-IRFD), in which 14 CBB formulations (including commercial

formulations) were investigated using a single standardised staining protocol (Butt

and Coorssen 2013). This study revealed two top performers when examining

quantitative criteria using 1DE (i.e. LLD, LDR, IPV)—the original cCBB formu-

lation developed by Neuhoff in 1985 (NCCB) and Bio-Safe™ Coomassie Stain

developed by Bio-Rad (also a colloidal formulation) (Neuhoff et al. 1985, 1988;

Butt and Coorssen 2013). In 2DE analyses, cCBB-IRFD had a slight advantage over

SR, exhibiting an almost 1% increase in overall total spot detection (Butt and

Coorssen 2013). However, when tested using an optimised protocol for NCBB,

cCBB-IRFD provided pronounced improvements in 1DE and 2DE analyses (Gauci

et al. 2013). In 1DE analyses using a variety of protein standards, cCBB-IRFD

delivered sensitivity similar to SR, minimal IPV and reduced background noise

when NaCl was used in the destaining protocol (Gauci et al. 2013). When assessed

in parallel with SR, the LDR, lowest practical sensitivity and MS compatibility

were shown to be significantly better with the new cCBB formulation and wash

protocol. Perhaps even more importantly, cCBB-IRFD outperformed SR in terms of

the total spot numbers detected, regardless of sample type (i.e. membrane and

soluble proteomes from both plant and mammalian tissues; Fig. 1). However, the

most important finding was that cCBB-IRFD delivered 18–36% more coverage of

the proteomes than SR (with only 3–9% selective detection) (Gauci et al. 2013).

Additional advantages to this staining and detection protocol are high reproduc-

ibility (even after gel storage), low cost, safe use and no need for additional

measures (e.g. protection from light). With all these features, coupled cCBB-

IRFD is a low-cost, effective protein staining and detection protocol for high-

sensitivity quantitative proteomic analyses.

The stains mentioned above are ‘general’ and thus used to detect the entire

proteome. However, it is known that post-translational modifications (i.e. one

critical route to generating proteoforms) influence protein activity, localisation

within a cell and/or interactions with other biomolecules. One of the most pervasive

and important modifications is phosphorylation, and this subset of proteoforms is

commonly referred to as the phosphoproteome. A wide variety of staining strate-

gies have been devised for in-gel detection of the phosphoproteome (Cutting and

Roth 1973; Hegenauer et al. 1977; Kaufmann et al. 2001; Larsen et al. 2001;

Yamada et al. 2007), but the most successful stain thus far is Pro-Q Diamond

(Steinberg et al. 2003; Schulenberg et al. 2004). Since detection relies heavily on

the presence of phosphorylated residues, sensitivity does differ (i.e. β-casein (five

residues) and pepsin (one residue) are detected at 1–2 ng and 8 ng, respectively
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Fig. 1 Total spot detection of mammalian and plant proteomes: NCCB and SR. (a–d) Represen-

tative 2DE gel images for membrane fractions from mammalian (mouse brain—a and b) and plant

(Arabidopsis thaliana—c and d) proteomes. (e) Total spot number analysis of mouse brain (solid
bars) and Arabidopsis thaliana leaf (hatched bars) proteomes. Error bars represent SEM (n ¼ 3).

Statistically significant differences in comparison to SR are denoted *, where * p < 0.05, ***

p< 0.0001; Student’s t-test. Modified from Journal of Proteomics, Vol. 2, Gauci et al., ‘Coomassie

Blue Staining for High Sensitivity Gel-Based Proteomics’, pages 96–106, Copyright 2013, with
permission from Elsevier https://doi.org/10.1016/j.jprot.2013.01.027
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(Steinberg et al. 2003)). Another modification that can easily be detected for

gel-resolved proteins is glycosylation (Keyser 1964; Wardi and Michos 1972;

Matthieu and Quarles 1973; Furlan et al. 1979; Mu~noz et al. 1988), with Pro-Q

Emerald 488 being the preferred detection stain (Hart et al. 2003). To date Pro-Q

Emerald 488 is the best-performing glycoprotein stain available (Steinberg et al.

2001). However, like Pro-Q Diamond, detection sensitivity of Pro-Q Emerald

488 is determined by the carbohydrate content of a proteoform (Hart et al. 2003).

A significant advantage to the use of these phospho- and glycoprotein stains is that a

single gel-resolved proteome can be assessed for both of these sub-proteomes as

well as the total resolved proteome, the only caveat being that staining must be

sequential so as to avoid fluorophore quenching (Wu et al. 2005; Steinberg et al.

2003). Using such coupled staining strategies a single gel can provide a deeper

understanding of the proteome in terms of changing proteoform concentrations and

their modifications. A variety of other staining techniques further enhance this

ability to delve more deeply into gel-resolved proteomes, including the detection

of calcium-binding proteins, penicillin-binding proteins and oxidised proteins (Hill

et al. 1994; Zhao et al. 1999; Yan et al. 1998; Hurd et al. 2007).

For the above densitometric and fluorescent stains, all are used post-

electrophoresis to detect resolved proteins in-gel via non-covalent interactions. It

is also possible to stain the proteins via covalent labelling prior to electrophoresis;

this provides the basis for difference gel electrophoresis (DIGE) (Ünlü et al. 1997).
These reactive CyDyes (e.g. Cy2, Cy3, Cy5), each fluorescing at a different

wavelength, are usually similar in molecular weight and charge, so in theory they

do not substantially alter the native resolving pattern of the proteome (Tonge et al.

2001). Thus, up to three samples can be differentially labelled and simultaneously

resolved on the same gel (i.e. multiplexing), minimising the need for large numbers

of gels and thus purportedly limiting inter-gel variability. Other 2D-DIGE exper-

imental setups can include the use of an internal standard, a sample representing all

samples to be tested, which can assist in quantitative analysis (Friedman et al. 2004;

Alban et al. 2003). While this approach is cost-effective, is somewhat less labour

intensive and provides a format for reliable comparisons, the labelling of proteins is

limited to either lysine (minimal labelling) or cysteine (saturation labelling) resi-

dues (Ünlü et al. 1997; Shaw et al. 2003; Viswanathan et al. 2006). These CyDyes

are also available with a variety of reactive groups (http://www.lumiprobe.com/

fluorophore-chart), but, as noted, there has been little quantitative evaluation of the

primary staining characteristics. Since the number of cysteine or lysine residues

differs across proteoforms and their post-translational modifications (or other mod-

ifications near these residues) may influence labelling in different ways, potentially

large variations in staining between species may be expected (IPV). This becomes

even more of an issue in terms of cysteine labelling since many proteins do not

contain this amino acid (or only have a single residue) and thus will go undetected.

For 2DE, there is a limit to how much protein can be loaded onto a single gel, and if

using DIGE the amount of protein loaded per sample is reduced, i.e. for a 100 μg
total protein load, only ~33 μg from each sample would be loaded if comparing

three samples. Although DIGE is useful for the detection and identification of
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proteins (Timms and Cramer 2008), it must be noted that this load limitation can

contribute to the difficulties known to be associated with the detection of

low-abundance protein species, assuming labelling is even optimal. In this case, it

may be necessary to spike the sample mix with unlabelled extra material or to run

an additional (semi)preparative gel in parallel, but bear in mind that the sensitivity

of the subsequent MS system for protein identification must be considered. Addi-

tionally, if no robotic spot picker is available, post-staining with visible dyes (silver,

CBB) will be needed for manual spot picking, which bears the risk of slight

differences in the pattern, due to different stainability of proteins (Gauci et al.

2011) or minor spot shifts between labelled and unlabelled material (Tonge et al.

2001; Shaw et al. 2003).

5 Other Considerations

While ensuring that gel electrophoresis and staining methods are optimal for reliable

and reproducible quantitative detection of proteomes, the computational software and

imaging instrumentation also have a significant impact on the quantitative informa-

tion obtained (Mansour née Gauci et al. 2016; Gauci et al. 2013; Shaw et al. 2003;

Miura 2001; Noaman et al. 2017). As mentioned previously, most stains either absorb

light (densitometry) or emit light (fluorescence), and since the imaging instrumenta-

tion is the first step in obtaining useful quantitative data, it must provide a means to

both produce and capture this signal. Most imaging instruments are comprised of a

white light and/or UV lamp (i.e. standard ‘light box’)—or laser system—and a

detector (i.e. usually a charge-coupled device (CCD) or a photomultiplier tube

(PMT)) (Miura 2003). While CCD cameras are generally more cost-effective, laser

systems currently appear to offer higher detection sensitivity (Miura 2003). The

manner in which images are created is also important as it can have a significant

effect on the quantitative information obtained; the best formats for analysis are

TIFF, PNG and GIF files, with most analysis software accommodating 8–16 bit TIFF

files (Marengo et al. 2005; Mansour née Gauci et al. 2016).

Even though the imaging instrumentation and image format are important

considerations, there is also the choice of which computational software to use—

Melanie, PDQuest, Z3, Progenesis, Delta2D and Proteomeweaver, as well as a

number of freeware packages (Marengo et al. 2005). With most software programs,

there is no limit to the extent of manual intervention; thus, any manual user changes

extending outside the algorithms for spot detection and analysis must be noted in

publications so as to facilitate an open forum for more comparative studies. The

protein stain to be used can be a factor that determines which instrumentation is

needed for acquiring high-quality images (or alternatively an existing imager may

pose a limitation to which protein stains can be used). This circumstance in

combination with the unknown composition of the sample in question can have a

dramatic impact on the quantitative outcome since the concentration of each protein

species cannot be evaluated until after staining and gel image acquisition are
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complete. Thus, when hyper-abundant spots are imaged, they usually have large

intensities that, with some stains, can result in self-quenching, which will affect the

reliability of the quantifiable data. However, by excising these spots and re-imaging

the gel, ‘deep imaging’ can markedly improve the extent of information obtained

from any given gel (Wright et al. 2014a, b). This further highlights how all aspects

of the top-down proteomic approach—sample, stain, imaging instrumentation and

analysis software—can significantly alter the quantitative outcomes and thus

require thorough consideration during the research design phase.

After the completion of gel electrophoresis, staining, imaging and quantification,

the end goal is to characterise and quantify those proteoforms of interest (i.e. new,

absent or otherwise changed in pattern) and then to identify them by MS. The most

common ionisation methods for MS are electrospray ionisation (ESI) and matrix-

assisted laser desorption ionisation (MALDI). To ensure that MS provides reliable

protein identifications, the protein stain used must not interfere with the preparation

and processing methods used for MS (Gauci et al. 2013; Lauber et al. 2001). The

major limitations that hinder the confidence in a protein identification search are

contamination and whether the protein of interest is present in the database.

Differences in experimentally observed pI and MW following 2DE vs. theoretical

values in protein databases generally provide the first indication that one is dealing

with a proteoform rather than the ‘parent’ protein species described in the database.

6 Conclusions

Since the establishment of reliable and reproducible gel electrophoretic and

staining methods, a variety of research designs are available to promote farm

animal proteomics. In addition to the obvious potential impacts on husbandry,

health and production, many ‘farm’ animals are also gaining popularity as models

for disease (Bendixen et al. 2011). Gel electrophoresis provides a robust and well-

established avenue with which to explore proteome changes in organs, fluids

(e.g. blood, semen, venom), subcellular organelles and/or other samples. The

strategies to explore these sample proteomes by gel electrophoresis are not limited

to just the overall global map profile, but any sub-proteome (i.e. membrane,

cytosolic, phosphorylated, glycosylated) which can reveal additional protein alter-

ations to further increase our understanding of how they may influence different

physiological states.
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Sample Preparation for 2DE Using Samples

of Animal Origin

Hugo Osório, André M. de Almeida, and Alexandre Campos

Abstract Protein separation by two-dimensional gel electrophoresis (2DE) is a

well-established technique for proteome analysis. Despite the enormous potential

of this methodology for resolving proteins in complex samples, the fact is that its

use is limited and often avoided due to inadequate sample preparation. It is

understood as being especially critical for 2DE-based proteomics research that

samples need to be of good quality, and this goal could be accomplished by

optimizing or adapting the sample preparation protocols to the specificities (i.e.,

chemical composition) of biological samples. Sample preparation protocols should

also comply with the objectives of the research. For selection of the adequate

protocol and for its optimization, it is therefore important first to know the distinct

steps that constitute a protocol and the main objectives underlying each step.

Secondly, it is important to understand the potential limitations of the biological

samples hence to perform the necessary adjustments/alterations to the protocol.

This chapter aims to review the major steps of sample preparation protocols for

2DE with particular focus on optimization, taking into account specificities of the

biological samples. The main technical aspects concerning sample tissue disruption

and cell lysis, protein extraction, fractionation, enrichment, and solubilization prior

to 2DE will be presented and discussed. In this chapter, the most common biolog-

ical samples employed in proteomics and 2DE research and corresponding sample
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preparation methods will be reviewed. This follows a brief discussion on 2DE and

MALDI-TOF approaches. A selection of methods for 2DE sample preparation is

included based on the authors’ experience.

Keywords Protein extraction • Protein separation • Sample cleanup • Fractionation

• Concentration • Depletion

List of Abbreviations

2DE Two-dimensional gel electrophoresis

CHAPS 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate

CPLL Combinatorial peptide ligand libraries

DDM n-Dodecyl β-D-maltoside

DTT Dithiothreitol

HPLC High-performance liquid chromatography

IAA Iodoacetamide

IEF Isoelectric focusing

LC-MS Liquid chromatography coupled with mass spectrometry

MALDI-TOF Matrix-assisted laser desorption/ionization—time of flight

SDS Sodium dodecyl sulfate

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

1 Introduction

Proteomics is a field of growing importance in the context of animal and veterinary

sciences (Almeida et al. 2015; Eckersall et al. 2012). In fact, and as the majority of

the animal-origin products can be considered as proteinaceous products, proteomics

plays a pivotal role in animal research, being highly complementary to other omics

methods together with classical animal experimental approaches. Accordingly, the

importance of proteomics has been described in several publications, including, for

instance, areas as diverse as meat science (Paredi et al. 2012, 2013) and dairy

science (Roncada et al. 2012) or even as a tool in the creation of vaccines against

tick-borne disease (Marcelino et al. 2012b). Proteomics may be divided into two

major types of approaches: gel-based and gel-free. More details about the differ-

ences in the two approaches may be found in other chapters of this book and in other

publications (Almeida et al. 2015). Briefly, in the gel-based approach, proteins are

extracted from tissues, fluids, or organs, denatured and separated in

two-dimensional gels (loaded with the same amount of protein), and may be further

stained using different techniques such as colloidal Coomassie, silver nitrate,

fluorescent dyes, etc. Gels are then scanned using a densitometer or photographic

device and subsequently analyzed using an appropriate software that will compare
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protein abundance (relative spot intensity) in the different experimental groups.

Protein spots in the gel showing differential intensities are finally selected for

excision, digested with a protease such as trypsin, and identified using mass

spectrometry techniques such as matrix-assisted laser desorption/ionization—time

of flight (MALDI-TOF) (Soares et al. 2012).

The success of a gel-based proteomic experiment is dependent on two major

factors. The first is the existence of reproducible gels where the same amount of

protein is loaded to achieve similar distribution of the different protein spots across

the gel with a distinct shape so that they may be recognized by the gel analysis

software. The second factor, in common with gel-free proteomic approaches, has to

do with the representation of that particular species in public protein databases in

which mass spectrometry results are searched for. Generally speaking and when

considering farm animals, only cattle (Ferreira et al. 2013), pig (de Almeida and

Bendixen 2012), or rabbit (Miller et al. 2014) have very good public databases, with

all the other species requiring homology searches in these handful of species to

adequately identify their differentially abundant proteins. Nevertheless, this is a

field that has been advancing very quickly, and the establishment of mass spec-

trometry (MS) databases such as the Bovine PeptideAtlas (Bislev et al. 2012) has

been contributing significantly to improve the quality and accurateness of protein

identifications. For further details, please refer to the mammary gland proteome

chapter in this book.

In spite of these limitations, 2DE is still by far the most accessible technique for

proteomics approaches in animal and veterinary sciences. Its usefulness is however

dependent on having reproducible 2DE gels that in turn are dependent on a complex

process of sample preparation. Sample preparation aims essentially at protein

enrichment and purification and minimizing the effect of putative contaminants

(e.g., lipids, nucleic acids, minerals, etc.) that may interfere with protein migration.

When contaminants are in high concentrations in the sample, they will cause

disruptive patterns rendering the gel useless. In fact, as animal tissues and fluids

are highly complex in their composition, sample preparation could be the Achilles

heel of any gel-based proteomic experiment. Strategies have to be devised in order

to conduct a good, reproducible protein extraction protocol that will reduce the

number of contaminants to a minimum and at the same time will minimize loss of

protein content. Such strategies can be complex and while adequate to one type of

tissue may prove to be useless in a different tissue or even in similar tissues from

different areas of the body that may differ, for instance, in fat content.

In this chapter, we focus on the different approaches regarding sample prepara-

tion and handling that can be of use in a gel-based proteomic experiment. It is based

on the experience of the authors who have run 2DE gels on numerous types of

different samples that required different approaches on protein extraction and

sample handling, from sheep and rabbit skeletal muscle (Almeida et al. 2010;

Almeida et al. 2016) to cat urine (Ferlizza et al. 2015); from bacterial cell cultures

(Correia et al. 2013; Marcelino et al. 2012a) to ruminant milk and colostrum

(Hernández-Castellano et al. 2016), parasites (Ferreirinha et al. 2016), yeast

extracts (Barbosa et al. 2016), and human serum (Gomes et al. 2013); or from
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mussel organs (Puerto et al. 2011) to plant material (Almeida et al. 2012; Cruz De

Carvalho et al. 2014; Sousa et al. 2014) or the goat mammary gland (Cugno et al.

2016) and lamb plasma (Hernández-Castellano et al. 2014). We hope this chapter

will serve as a reference for sample preparation, particularly suitable to (recalci-

trant) animal tissues.

2 Biological Samples

2DE has shown to be a versatile technique being applied to characterize the

proteomes of many different biological tissues and fluids from humans and other

mammals, insects, and lower invertebrates. The major accomplishments have been

however in the field of human health with the proteomes of a variety of human

tissues and cell lines being mapped (Finehout et al. 2004; Pixton et al. 2004;

Quaranta et al. 2001; Anderson et al. 2004; Seow et al. 2000) as well as proteomes

from other mammalian model species (Gazzana and Borlak 2007). The interest for

uncovering the cell metabolism and the functions of the distinct cell organelles has

led to the fractionation of the biological materials and to the analysis of the

proteomes of mitochondria, microsomes, chloroplasts, lysosomes, other cell struc-

tures, and protein complexes (Lescuyer et al. 2003; Kanaeva et al. 2005; Jan Van

Wijk 2000; Journet et al. 2002). In addition, 2DE/Western blot combined

approaches provide an accurate protein selection for targeted proteomics experi-

ments (Ferreirinha et al. 2016; Sousa et al. 2014).

Investigations carried out in the 1980s and 1990s in not-so-ready-to-solubilize

samples, particularly from plant origin (Damerval et al. 1986; Burstin et al. 1993;

Damerval et al. 1987, 1994), have enabled to establish new protocols of sample

preparation, which contributed to the wider use of 2DE in many different types of

biological materials. Subsequent proteomic investigations have been covering so

diverse biological materials as the underwater mussel adhesive byssal threads, the

bivalve shell matrix proteins, the hemolymph and silk gland proteomes, venom

toxins, etc. (Gantayet et al. 2013; Immel et al. 2016; Cai et al. 2008; Valente et al.

2009; Hou et al. 2007). The growing number of tissues and species investigated by

proteomics also reflects the extended dissemination of this methodology among the

various fields of biology and animal and environmental sciences. On the other hand,

the recent genomic and transcriptomic projects carried out in several non-model

species like the Atlantic salmon, Pacific oyster, and whiteleg shrimp, as to mention

a few in the field of aquaculture, have opened new possibilities for comprehensive

proteomic studies and thereby for the discovery of new molecular and physiological

functions in these species. 2DE has also contributed to the analysis of animal

microbiomes (Wallace et al. 2017; Snelling and Wallace 2017) and with this to

the development of the recent research field of metaproteomics.
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3 Sample Preparation

3.1 Tissue Homogenization

Sample preparation is usually achieved following a sequence of procedures summa-

rized in Fig. 1. For homogenization of animal soft tissues and to break animal cells,

freeze-thawing, sonication, and tissue blending methods have been mostly applied

(Cugno et al. 2016; Campos et al. 2013; Almeida et al. 2010). On the other hand, to

disrupt animal and plant hard tissues, liquid nitrogen is frequently used (Almeida

et al. 2010; Damerval et al. 1986). The rapid freezing of the biological material

allowed by liquid nitrogen also helps to preserve the DNA, RNA, and most of the

proteins. Moreover, lysis of bacterial cells, with thick and resistant cell walls, as well

as yeast cells can be achieved by applying high pressure with a French pressure cell

device (Moore et al. 2016; Nally et al. 2005). Tissue homogenization should be

conducted at low temperature to minimize activity of endogenous proteases. Fur-

thermore, buffer solutions containing detergents can be used in tissue homogeniza-

tion. Detergents will act on membrane lipids and contribute to cell lysis and

solubilization of membrane proteins. Commonly used detergents are n-dodecyl
β-D-maltoside (DDM), a nonionic detergent that does not interfere with the native

state of proteins and thus its main application is for solubilization of membrane

protein complexes. Sodium dodecyl sulfate (SDS) is the most widely used detergent

Fig. 1 General procedures

of sample preparation of

biological tissues (a) and

fluids (b) applied in

proteomics. A description

of each step is presented in

the main text of the article
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to solubilize proteins; however, the ionic properties of this detergent are not com-

patible with 2DE, and its concentration should not exceed 0.25% (w/v) in protein

samples. Neutral detergents such as 3-[(3-Cholamidopropyl) dimethylammonio]-1-

propanesulfonate (CHAPS) are preferred in sample preparations for 2DE. Tissue

homogenization solutions must further include protease inhibitors to reduce or stop

any proteolytic activity in the samples. The samples for 2DE are typically prepared

under denaturing conditions, in solutions containing a neutral detergent (i.e.,

CHAPS) and denaturing agents such as urea and thiourea (G€org et al. 2000).

3.2 Protein Extraction

Protein extraction follows tissue disruption and homogenization. In its simplest

form, it consists in the direct solubilization of the proteins from the tissue homog-

enates with buffer solutions that are compatible with the isoelectric focusing (IEF).

Such a solution typically contains strong protein denaturants such as urea, at

concentrations between 6 M and 9 M, and thiourea (2M). Urea is used because it

is a strong disruptor of protein noncovalent bonds and a neutral molecule compat-

ible with the low ionic strength gel environments of IEF. These solutions still

contain at least one nonionic detergent such as CHAPS with concentrations up to

4% (w/v) and a reducing agent to disrupt protein intra- and intercysteine disulfide

bonds, such as dithiothreitol (DTT) (20–100 mM) (G€org et al. 2000). The standard

2DE solution used in our laboratory in different biological tissues consists of urea

(7M), thiourea (2M), CHAPS (4% w/v), and DTT (65 mM) (Cugno et al. 2016;

Campos et al. 2013; Puerto et al. 2011).

Many animal tissues are rich in compounds that interfere particularly with IEF.

Among the interfering compounds are salts, lipids, polysaccharides, and nucleic

acids. In order to improve IEF and the overall resolution of 2DE, these compounds

need to be removed from protein samples prior to electrophoresis. Interfering

compounds can be removed by selective precipitation of the proteins, for instance,

with cold acetone and trichloroacetic acid (TCA) (Damerval et al. 1986; Campos

et al. 2013). Several protein extraction protocols based on the principle of protein

precipitation and solvent partition have been employed, for instance, to the liver,

brain, ovarian tissues, longissimus dorsi muscle, and biological fluids to improve

2DE protein detection and resolution from those tissues (Jia et al. 2014; Shan et al.

2012; Hao et al. 2015; Fic et al. 2010).These protocols have been also employed to

membrane protein solubilization and sample cleanup for optimal 2DE (Devraj et al.

2009). Two protocols generally applied for sample cleanup and concentration are

schematically presented in Fig. 2. These have been initially developed for plant

tissues but are nowadays generally used in many types of animal tissues.

Optimization of sample preparation is thus necessary and strongly recommended

in proteomic studies. Figure 3 illustrates an investigation on sample preparation
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from tissues of the marine sentinel species Mytilus galloprovincialis performed in

our laboratory (Campos et al. 2013). Our results demonstrated that precipitation

methods can decrease gel background and protein spot streaking, allowing overall

improvement of gel spot detection (Campos et al. 2013).

To improve the analysis of biological fluids like plasma, urine, cerebrospinal

fluid, hemolymph, and others, specific sample pretreatment steps can be employed

(Fig. 1). The sample pretreatment strategy can be complemented with more sensi-

tive detection systems such as the differential gel electrophoresis (DIGE) to opti-

mize protein detection in 2DE gels (Sun et al. 2011; Clement et al. 2013). The

characterization of the protein composition of body fluids requires in most cases a

sample concentration step (Ferlizza et al. 2015). Furthermore, proteins such as

albumin, immunoglobulins, transferrin, haptoglobin, fibrinogen, and others, which

are highly abundant in the biological fluids, can be depleted or equalized to both

reduce sample complexity and protein concentration range, leading to an improve-

ment in the detection of less abundant proteins (Kaur et al. 2010; Cao et al. 2013).

Moreover, body fluids rich in salts such as urine are desalted prior to IEF by protein

precipitation, liquid chromatography, or dialysis. Some of the most used protein

fractionation, depletion, and concentration methods are described in the following

sections.

Fig. 2 Suggested sample preparation procedures for recalcitrant tissues, to allow the removal of

salts, lipids, and other IEF interfering compounds. (a) Acetone/TCA precipitation described by

Damerval et al. (1986); (b) phenol extraction described by Hurkman and Tanaka (1986).

β-mercaptoethanol (β-ME) is a protein reducing agent, similar to DTT.

Sample Preparation for 2DE Using Samples of Animal Origin 43



3.3 Sample Pretreatment Methods

3.3.1 Sample Fractionation

A typical proteome has a high dynamic range of protein concentrations where

highly abundant proteins coexist together with trace proteins (Zubarev 2013). In

addition, those proteins may be organelle specific such as mitochondria or nuclei

and/or may have a precise localization such as the cytosol or membrane. So, after

protein extraction, the crude protein samples might need to be fractionated (Fig. 1)

in order to improve the overall proteome coverage by reducing its dynamic con-

centration range. Here we summarize some of the most relevant protein fraction-

ation methodologies.

Fig. 3 Representative two-dimensional gel electrophoresis of proteins from the digestive gland of

Mytilus galloprovincialis obtained with different sample preparation methods: 1, direct protein

solubilization; 2, ProteoExtract sample cleanup kit (Calbiochem, San Diego, CA, USA); 3, cold

acetone and TCA precipitation; and 4, phenol extraction (adapted from Campos et al. 2013).

Protein samples (150 μg) were loaded on 7 cm IEF gel strips. Gels were stained with colloidal

coomassie blue. Boxed gel sections show variations in protein resolution with different extraction

methods. Section a, variations in protein resolution and horizontal streaking at the acidic end of

2DE gels; section b, protein spot streaking of high-abundance proteins with method 4; section c,

variations in protein resolution with methods 3 and 4 allowing the detection of more protein spots
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Density gradient centrifugation has been a key procedure to separate different

cell organelles and protein complexes. It can be a rate-zonal separation, where

proteins are separated by their size or mass, or an isopycnic separation, where

proteins are separated based on their density (Lee et al. 2010).

Another relevant procedure for protein fractionation is liquid chromatography

where proteins can be separated based on their size, charge, or hydrophobicity

(Walls and Loughran 2011). Size exclusion chromatography is a technique where

proteins migrate through a porous matrix starting with the elution of high molecular

weight proteins and a higher retention of low molecular weight proteins. In ion

exchange chromatography, proteins are separated on their charge using anion

exchange resins for separation of positively charged proteins or cation exchange

resins for separation of negatively charged proteins. Protein separation by reversed-

phase chromatography is an additional possibility. This approach is one of the most

popular separation procedures in proteomics workflows. After enzymatic digestion

of protein extracts, peptides are separated by C18 reversed-phase chromatography

online coupled to a mass spectrometer (LC-MS).

Body fluids, such as human blood, exhibit an additional challenge for analysis

since levels of different proteins vary by ten orders of magnitude (Service 2008).

Abundant protein depletion strategies combined with protein equalization and/or

combinatorial peptide ligand libraries (CPLL) (Santucci et al. 2012) are employed

to normalize overall protein content. Immunoaffinity protein removal is the most

employed protein depletion strategy. Commercial kits were optimized to deplete

albumin and antibody components or the top abundant proteins in human plasma/

serum or spinal fluid samples in preparation for mass spectrometry or 1D and 2D

gel electrophoresis (Liu et al. 2011). Sample depletion can be performed in batch

mode with antibody-coated microbeads, using spin filters or with multiple affinity

removal columns for high-performance liquid chromatography (HPLC). On the

other hand, in CPLL, antibodies are replaced by peptide ligands that show selective

affinity to proteins. At the CPLL approach, an equal number of ligands is available

for both high- and low-abundance proteins. When samples are incubated with

CPLL, high-abundance proteins will saturate their high-affinity ligands, and surplus

unbound proteins are washed away. As a result, low-abundance proteins are

concentrated on their specific affinity ligands. Unlike immunodepletion that is

limited to the number of antibodies available for capturing proteins, CPLL can be

developed for any kind of sample or protein bait (Boschetti and Righetti 2008).

3.3.2 Protein Concentration

Protein concentration procedures are mostly employed in diluted biological sam-

ples such as fluids. Depending on sample type, different methodological procedures

may be followed for protein concentration. Acetone precipitation is a simple

method for protein concentration and removal of undesirable compounds that

interfere with IEF, as described above. Importantly, this approach may lead to

protein denaturation hampering protein resolubilization (Simpson and Beynon
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2010). Trichloroacetic acid-induced protein precipitation (Rajalingam et al. 2009)

is a standard method for proteomic analysis. It was observed that a concentration

range of 5–45% (w/v) of TCA precipitates the maximum amount of proteins;

however, it has low efficiency for precipitating disordered/unfolded proteins.

Ammonium sulfate precipitates proteins by reducing its solubility (Burgess

2009). After precipitation and resolubilization, proteins can be separated by size

exclusion chromatography allowing buffer replacement. Companies commercialize

optimized kits for protein precipitation for 2D gels, such as 2D Cleanup Kit

(GE Healthcare), ReadyPrepTM 2D Cleanup Kit (Bio-Rad), or ProteoExtract Pro-

tein Precipitation Kit (Calbiochem, Merck Millipore).

Protein concentration using centrifugal concentrators is a typically

non-denaturing methodology useful for protein concentration, desalting, and puri-

fication (Andrew et al. 2001). A 3 kDa molecular weight cutoff (MWCO) mem-

brane is appropriated for proteome concentration.

Vacuum concentration equipment has a vacuum pump tube attached to a cen-

trifuge with a cold trap, allowing the reduction of the protein sample volume in a

fast process. This procedure should be performed at room temperature to avoid

sample degradation. Freezing of aqueous samples associated with the evaporation

process is frequently observed. Importantly, most of other molecules will also

concentrate, including metabolites, lipids, or salts. So, it is important to use

complementary protein cleanup procedures. In addition, protein evaporation to

dryness should be avoided due to posterior inefficient resolubilization. Sample

lyophilization with a freeze dryer is another possibility; however it has similar

drawbacks.

3.4 Total Protein Estimation

The estimation of total protein concentration in the biological samples before

performing the 2DE is fundamental, in order to ensure the reproducibility of the

methodology and the quality of the results. With the estimation of the total protein,

one can standardize the 2DE analysis, based on a fixed amount of protein to be

loaded on each 2DE gel. This procedure validates the quantitative comparison of

individual proteins between gels. Total protein estimation is mostly carried out by

conventional colorimetric methods of Folin-Lowry and Bradford and the

bicinchoninic acid (BCA) method, which requires the use of a protein standard,

usually bovine serum albumin (BSA). Total protein can be further estimated by the

absorption of tyrosine and tryptophan at 280 nm. However, this method is

unspecific and therefore less reliable since many other compounds such as alcohols,

certain buffer ions, and nucleic acids all absorb at 280 nm. These methods have

been extensively described and protocols optimized for a variety of biological

samples. More detailed information can be found, for instance, in recent publica-

tions (Sapan and Lundblad 2015; Okutucu et al. 2007; Kao et al. 2008). Likely the

main bottleneck in the use of these methods is that all, with greater or lesser extent,
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are sensitive to many of the chemicals used in the preparation of the extraction and

solubilization buffers, namely, detergents such as SDS and CHAPS, reducing

agents, and metal ions, which introduce bias in protein measurements. More

information on interfering chemicals can be found in the following reviews

(Aschermann et al. 2008; Noble and Bailey 2009). This bias is usually

circumvented by diluting the sample and the chemicals that make up the buffer to

concentrations that are tolerable by the quantification methods and by including the

solubilizing buffer in the same concentrations/dilutions in blank and calibration

curve. Alternatively, the interfering chemicals may be removed by cleaning the

sample, for instance, with protein precipitation as described above.

4 IEF and SDS-PAGE

Two-dimensional gel electrophoresis of proteins starts with IEF that separates

proteins according to their isoelectric point and subsequently with sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) that will separate proteins

in a second dimension according to their molecular mass. Both electrophoretic

processes are carried out in protein-denaturing conditions. Since the first work done

by O’Farrell (1975), some critical technological developments took place in IEF

allowing to greatly improve the overall reproducibility of 2DE. Among those are

the precast IEF gels with immobilized pH gradients, commercialized in different

lengths and pH gradients, and sophisticated instruments that allow different elec-

trophoretic programs to be tested simultaneously. IEF gels of broad pH range

(pH 4–7 or 3–10) and increased length (17–24 cm long) are mostly used to increase

the number of detected proteins from proteomes and hence are most suited for

discovery-based proteomics (Valério et al. 2016), while narrow-pH-range IEF gels

have been used in specific cases to improve the resolution and separation of proteins

with similar isoelectric points and proteoforms (Martins et al. 2014). A typical IEF

protocol starts with the sample loading that takes about 12 h and allows simulta-

neously the rehydration of IEF gel strips. The electrophoretic program consists of

stepwise voltage increments controlled by time. IEF protocols thus differ according

to the characteristics of the IEF gels, i.e., their length and pH gradient, but also with

sample composition. For instance, IEF of samples with high salt content can be

improved by increasing the time of the separation and voltage and by applying and

replacing periodically paper wicks to absorb the salts accumulated in the electrodes

along the run (Wu et al. 2010). Other procedures have been proposed, for instance,

to reduce the acidic region streaking due to the presence of nucleic acids in the

samples (Roy et al. 2014; Brown and Norris 2016). Before the second dimension

(SDS-PAGE), proteins are reduced and alkylated, by incubating IEF strips with

DTT and iodoacetamide, for example. IEF strips are then assembled on top of the

SDS-PAGE gels, and electrophoresis is applied to transfer proteins from the IEF to

the SDS-PAGE gels. Standard SDS-PAGE is carried out with homogenous gels

with 10–12 % polyacrylamide which allows separation of proteins in the range of
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10–250 kDa. SDS-PAGE can be performed in many different protein gel electro-

phoresis systems. However, for comparative proteome studies, the use of multi-gel

electrophoretic systems is recommended, to achieve reproducible separations

between gels which will increase the consistency of results in comparative prote-

omic investigations.

5 Protein Identification with MALDI-TOF/TOF MS

Mass spectrometry (MS) approaches, such as MALDI-TOF/TOF, allow protein

identification of the selected 2DE gel spots. Coomassie blue-based stains are

recommended for MS analysis as this dye does not bind covalently to proteins

and can be easily washed from the gel prior to MALDI-TOF/TOF analysis. In the

case of silver staining, it is important to use a protocol compatible with MS without

formaldehyde or glutaraldehyde. In the fixation and sensitization steps, these

molecules may cause cross-linkage of internal lysine residues hindering protein

digestion with enzymes that cut at this amino acid such as trypsin.

Excision of the selected 2D gel spots may be performed with a gel spot picker

(e.g., OneTouch, Gel Company). Afterward, gel spots are washed with acetonitrile/

ammonium bicarbonate solution, followed by protein reduction with DTT (Osorio

and Reis 2013). Next, gel spots are treated with iodoacetamide (IAA) in order to

alkylate the reduced cysteine residues. It is worth noting that this leads to

carbamidomethylation of cysteine, an irreversible modification that has to be

considered in the MS protein identification procedure. Next, proteins are digested

with an appropriate protease. Trypsin is the most popular enzyme used in proteo-

mics, a serine protease that cuts at the C-terminus side of lysine and arginine not

followed by proline (Osorio and Reis 2013). However, and especially for low

molecular weight proteins, which may have a reduced number of these amino

acids, it is important to consider alternative proteases such as chymotrypsin or

Asp-N. Then, peptides are extracted from the gel with trifluoroacetic acid (TFA)

and dried. After resuspension with 0.1% TFA, the peptide mixture is spotted on a

MALDI sample plate using reversed-phase C18 tips. The most usual matrix is

α-cyano-4-hydroxycinnamic acid (CHCA) in 50% acetonitrile/0.1% TFA at a

concentration of 8 mg/mL. After plating, the peptide mass spectrum is usually

acquired in reflector positive mode. Some peptides may be further analyzed by

MS/MS sequencing allowing a more detailed protein characterization. Protein

identification is performed by peptide mass fingerprint—PMF—or by PMF+MS/

MS (Osorio and Reis 2013). A search algorithm (e.g., Mascot, Matrix Science)

performs this approach after selecting a proteome from a protein sequence database,

such as UniProt or NCBI, together with a taxonomic selection.
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6 Conclusions

Together with good experimentation procedures that include a thorough sample

selection and collection, sample preparation is one of the key aspects in 2DE,

perhaps even of higher importance than other subsequent steps of the process:

protein quantification, electrophoresis, and protein identification using mass spec-

trometry. In fact, sample preparation will define the quality of the whole gel and the

success of the following steps. In this chapter we have focused on the different

aspects of the 2DE process but paying a particular attention to those related to

sample preparation, particularly when handling recalcitrant samples. Several

approaches are suggested in order to obtain good-quality and reproducible gels

that in turn will lead to good-quality proteomic experiments. They may include, for

instance, steps such as depletion and fractionation or even a step as simple as

protein precipitation that should be considered during experimental design.
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Gel-Free Proteomics

Dominique Baiwir, Paolo Nanni, Susanne M€uller, Nicolas Smargiasso,

Denis Morsa, Edwin De Pauw, and Gabriel Mazzucchelli

Abstract Mass spectrometry (MS)-based proteomics is nowadays considered as a

mainstream analytical tool for life sciences. This success is mainly to be attributed

to the tremendous improvements in the core technology of mass spectrometry

coupled with recent developments in bioinformatics and separation sciences. The

level of information that is henceforth accessible through MS techniques is broad

and encompasses the protein sequence as well as its quantity, modification(s),

structure, and implication in macromolecular assemblies. The current chapter

focuses on the existing gel-free MS-based quantitative approaches that are appli-

cable in the field of animal sciences and summarizes their principal features

together with their respective advantages and drawbacks. In this context, we will

discuss both the label-free and label-based relative quantitation strategies as well as

the existing alternatives for absolute quantitation. The specific case of posttransla-

tional modifications, whose extensive characterization is becoming a crucial topic

in MS-based proteome studies, is next addressed under the quantitative scope of

phosphorylation and glycosylation. Lastly, other promising nonmainstream tech-

niques are presented, emphasizing their potent use to solve major proteomics

challenges of tomorrow.
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Keywords Quantitative proteomics • Label-free quantitative proteomics • Label-

based proteomics • Experimental design • PTMs • Isotope labeling

List of Abbreviations

AAA Amino acid analysis

APEX Absolute protein expression index

AQUA Absolute quantification

cICAT Cleavable isotope-coded affinity tag

CID Collisional energy dissociation

DDA Data-dependent acquisition

DESI Desorption electrospray ionization

DIA Data-independent acquisition

emPAI Exponentially modified protein abundance index

ECD Electron capture dissociation

ETD Electron transfer dissociation

FFPE Formalin fixation combined with paraffin embedment

FlexiQUANT Full-length expressed stable isotope-labeled proteins for

quantification

HCD Higher-energy collision dissociation

H/D

exchange

Hydrogen/deuterium exchange

HDX Hydrogen deuterium exchange

HILIC Hydrophilic interaction liquid chromatography

HRM Hyper reaction monitoring

ICAT Isotope-coded affinity tag

ICPL Isotope-coded protein label

ICP-MS Inductively coupled plasma mass spectrometry

ID Isotopic dilution

IMS Mass spectrometry imaging

iTRAQ Isobaric tag for relative and absolute quantitation

LC Liquid chromatography

LC-MS Liquid chromatography coupled to mass spectrometry

LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry

LMD Laser microdissection

MALDI Matrix-assisted laser desorption ionization

MALDI-ISD Matrix-assisted laser desorption ionization in-source decay

MRM Multiple reaction monitoring

MS Mass spectrometry

MS2 Tandem mass spectrometry

MS/MS Tandem mass spectrometry

m/z Mass-to-charge ratio

NGS Next-generation sequencing

NHS N-hydroxysuccinimide
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PCS Peptide-concatenated standard

PEO Polyethylene oxide

PRM Parallel reaction monitoring

PSAQ Protein standard absolute quantification

PTM Posttranslational modification

QC Quality control sample

QconCAT concatenation of Q (for quantification) peptides

QqQ Triple quadrupole

RISQ Recombinant isotope labeled and selenium quantified

ROI Region of interest

RP-HPLC Reverse-phase high-performance liquid chromatography

SILAC Stable isotope labeling by amino acids in cell culture

SILAM Stable isotope labeling of mammals

SWATH Sequential windowed acquisition of all theoretical fragment ion

mass spectra

TIC Total ion current

TIMS Trapped ion mobility spectrometry

TMT Tandem mass tag

UPLC Ultrahigh-performance liquid chromatography

XIC Extracted ion chromatograms

XL Cross-linked

ZIC-HILIC Zwitterionic hydrophilic interaction liquid chromatography

1 Introduction

Depending of the biological question and the number of samples to be compared, an

appropriate experimental design must first be carefully setup. The key points that

should be accounted for by the experimentalist to succeed in this critical step are

accordingly highlighted in the Sect. 2.

In the particular context of animal sciences, the two most widespread quantita-

tive MS strategies, e.g., label-based and label-free methods, are in principle appli-

cable. Nevertheless, a limitation arising from the restricted availability of relevant

protein sequence databases may occasionally be prejudicial. The two fore-

mentioned methods are typically employed in the framework of differential quan-

titative analysis targeting common proteins identified across a series of samples.

Absolute quantification by mass spectrometry is also possible and requires specific

acquisition methods involving internal standards. Several approaches relying on

these quantification strategies are described in the Sects. 3 and 4 with the objective

to effectively guide the scientists within their research topics.

Specific issues related to the quantification of protein isoforms that commonly

arise with glycoproteins and phosphorylated modified proteins are next discussed.

Additionally, alternative examples of MS-based quantitative proteomics studies on
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posttranslational modifications are highlighted. These aspects are gathered within

the Sect. 5.

Finally, some alternative strategies that would help in understanding complex

biological systems based on quantitative MS studies are described in the Sect. 6.

These include applications in mass spectrometry imaging, top-down and middle-

down proteomics, as well as interactions mapping through H/D exchange and cross-

linking experiments.

2 Design of Experiments

The combination of experimental factors that impact proteomic studies is of

primary importance and should be carefully considered at the early stage of the

research. The use of appropriate controls and statistics is part of the experimental

design. This will directly condition the false positive (type 1 errors) and false

negative (type 2 errors) rates which may affect the final quality of the study and,

in the worst cases, completely invalidate the results (Maes et al. 2015).

Fundamental principles of statistical experimental design were first described in

1926 by Ronald A. Fisher and further completed in the book of the same author in

1935 (Fisher 1926, 1971). R. A. Fisher introduced the concept of the null hypothesis
in the significance testing approach which is still applied in modern design of

experiments. In inferential statistics, the null hypothesis states that the effect of

two treatments is comparable. In the significance testing approach, a null hypoth-

esis is rejected when the observed data are significantly unlikely to have occurred if

the null hypothesis was true. In other words, to validate a hypothesis, one should

disprove its alternative. If the null hypothesis is incorrectly rejected, it will lead to a

type 1 error. On the opposite, a failed rejection of the null hypothesis when the

alternative is true will generate a type 2 error. The significance level is then the

probability of obtaining a type 1 error when the null hypothesis is true.

These fundamental principles are discussed in the context of quantitative mass

spectrometry-based proteomics in several reviews (Oberg and Vitek 2009; Maes

et al. 2016; Ruderman 2017; Karp and Lilley 2007).

The current subchapter summarizes the key points that should be carefully

addressed before starting every new research in which a proteomic approach is

envisaged.

2.1 Defining the Research Question, the Related Hypothesis
and the Appropriate MS-Based Proteomic Approach

Every research starts by clearly stating the scientific question of interest as well as

identifying the sample types and groups of interest that will allow one to answer the
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question. The question is then translated into specific hypotheses to be addressed.

This process allows identification of the response variables to measure, to select the

appropriate methodology accordingly, and to identify experimental factors that

should be controlled to minimize their negative impact. Domon et al. described

the options and considerations when selecting a quantitative proteomics strategy

(Domon and Aebersold 2010). They considered three main approaches: shotgun

(or discovery), directed, and targeted strategies. They proposed a rational frame-

work for selecting optimal strategies to address the specific hypotheses under

consideration. The different methodologies available in MS-based quantitative

proteomics are further explained in the current chapter.

Whatever are the technologies selected and the global workflow applied, one

should include the use of controls and consider the concepts of randomization,

replication, and blocking. The number of samples included in a study will directly

impact its statistical power. The power is defined as the probability of rejecting a

null hypothesis when there is a significant difference between the considered

groups, thus avoiding type 2 errors. The calculation of the power implies some

knowledge the expected effects amplitudes we are looking for, defined as the signal,

compared to the variation of the measured responses between samples from the

same group, defined as the noise.

2.2 Controls

In addition to the biological positive and negative control samples which, when

available, are part of the groups to be compared, two other kinds of control samples

can be distinguished: the experimental controls and the quality control samples
(QCs).

The experimental controls should be selected according the response variables to

measure. Then, when an absolute quantitative study is conducted, the exact amount

and purity of the controls should be known (Mallick and Kuster 2010; Russell and

Lilley 2012; Geiger et al. 2011). In case of an enrichment procedure, i.e., for a

peptide containing a posttranslational modification (PTM), the controls should

contain the same PTM of interest. They should be incorporated in the sample at

the early stage of the process to undergo all steps of the pre-analytical and analytical

procedures. They are generally spiked into the biological samples and enable

testing the ability of the global method to detect true variations.

The quality control samples are required to check the performances of the

processes and equipments; they also allow to detect deviations by using control

charts. They are typically run independently of the biological samples and on a

periodical basis.
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2.3 Replication, Randomization, Blocking

Concepts from experimental design such as replication, randomization, and

blocking should be applied in all proteomic studies to avoid biased responses and

to improve precision of the experiment’s results.
As mentioned by Oberg et al., replication allows one to assess whether the

observed difference in a measurement is likely to occur by a random chance. In

addition, it also ensures the reliability of the conclusions deduced from the observed

data (Oberg and Vitek 2009). Biological replication is performed to increase the

measurement accuracy of the mean response values obtained for a population of

interest using a subset of samples. Technical replication allows to reduce the impact

of the process variability by analyzing multiple times the same biological sample.

Scheerlinck et al. highlighted some considerations to minimize technical variations

during sample preparation prior to label-free quantitative mass spectrometry anal-

ysis (Scheerlinck et al. 2015). When a method is reproducible and under control, the

technical variability is mostly negligible compared to the biological one. In such

circumstances, it is recommended to increase the number of biological replicates.

This effect was highlighted in the work of C. Gan et al. where technical, experi-

mental, and biological variations were estimated in a label-based quantitative

proteomic study (Gan et al. 2007). Depending on the heterogeneity in the popula-

tion of interest, up to ten biological replicates may be required to reach a sufficient

statistical power. A. Paulovich et al. published an interesting work where they

simulated different experimental scenarios for verification purposes including all

statistical power calculation and false negative and positive rates based on a

previous population study (Paulovich et al. 2008). Additional insights about repro-

ducibility and interlaboratory ring trial studies making use of label-free proteomic

methods are available in several recent publications (Choi et al. 2016; Al Shweiki

et al. 2017).

Randomization is essential as it counteracts bias due to uncontrolled and

unknown impacting variables. It is therefore mandatory to randomly select indi-

viduals from the underlying population and randomize the order of sample

processing and analyses. This is even more crucial when a longitudinal collection

of samples is conducted since randomization will eliminate any procedural tempo-

ral deviations.

By opposition to randomization, blocking helps to reduce the bias and variance

due to predictable and known sources of experimental variations. For each source

of variation, a balanced experiment is performed by alternating, among others, the

experimental date, user, and reagent batch. By designing the experiment accord-

ingly, each nuisance factor is expected to affect almost equitably all the groups to be

compared (Ruderman 2017). When all the factors to consider cannot be balanced,

randomization should be used instead, and a block-randomized design can be

applied. J. A. Westbrook et al. discussed this strategy especially for label-based

quantitative proteomics (Evans et al. 2012; Westbrook et al. 2015).
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Sample pooling is generally considered when there is an incompatibility with the

analytical resources, for budget consideration or for material availability purposes.

One should therefore evaluate its impact properly from a statistical point of view.

By pooling samples, the biological variability is reduced as all individual results are

averaged. In addition, bias can be introduced due to the presence of outliers or

nonlinear effects. Creating multiple sub-pools is generally mandatory to reach a

sufficient study power (Paulovich et al. 2008; Oberg and Vitek 2009; Maes et al.

2016).

3 Differential Proteomics

Differential proteomics, or formerly termed expression proteomics, refers to the

determination of quantitative maps of protein expression from different biological

extracts such as organisms, tissues, organs, or cells (Smith and Veenstra 2003). It

consists of quantitatively assessing the protein complement discrepancies between

samples of interest, for instance, between a normal, or control, sample and its

diseased counterparts. Historically developed with two-dimensional gel electro-

phoresis (Mustafa Ünlü et al. 1997; May et al. 2012), it is nowadays commonly

implemented using online chromatography–mass spectrometry approaches. In this

context, distinct strategies coexist and are principally subdivided in two categories

referring to the label-based and the label-free methodologies. These are detailed in

the following sections of the chapter.

3.1 Label-Based Proteomics

Label-based proteomics implies the chemical modification of proteins or peptides

with stable isotope labels. Since these modifications are performed in the early

phase of sample preparation, label-based quantification strategies are not affected

by variability during sample handling and mass measurements. Therefore, samples

can be fractionated leading to higher numbers of identified and quantified proteins,

while maintaining low quantification errors. Although the current labeling options

permit accurate comparison of several conditions, the experimental protocols are

complex and, using a standard experimental design, a maximum of ten samples can

be analyzed in parallel (Westbrook et al. 2015).

The labeling reaction may either be performed on postharvested samples, and

thus qualified as in vitro labeling, or on metabolically active organisms, therefore

referred to as in vivo labeling. The founding principles and objectives underlying

both methods share similar key points consisting in the incorporation of stable

isotope labels into a series of protein samples for the sake of relative quantitation

(Nikolov et al. 2012). Their respective experimental implementations, features,

advantages, and drawbacks are discussed hereafter.

Gel-Free Proteomics 61



3.1.1 In Vitro: Chemical Labeling

The in vitro labeling strategy is set as a postharvest methodology implemented on

purified protein bulks. Because it does not target metabolically active samples, this

method enables the study of a broader diversity of sample types with accurate

control of the labeling step. Opposite to the metabolic labeling discussed in the next

section, in vitro labeling protocols rely on a direct chemical linkage of isotopically

labeled small molecules, referred to as tags, with reactive functions present on the

proteins or peptides of interest. These functions usually correspond to either a free

lysine or N-terminal amine groups or to a free cysteine sulfhydryl groups (Chahrour

et al. 2015). Labeling reagents are commercially available as families of equivalent

molecules sharing identical chemical skeleton with differential isotopic enrich-

ments that enable their distinguishability using mass spectrometry.

The typical workflow consists of the differential tagging of the biological samples

to analyze, for instance, samples collected at different timepoints along an experi-

mental process, with a set of multiplexed stable isotope reagents. Depending on the

labeling kit, from two (2-plex) to eight (8-plex) (Xie et al. 2011) and even ten

(10-plex) (Werner et al. 2014), samples may be treated in parallel. The tagging step

occurs either at the whole protein level, and is followed by the samples pooling and a

unique one-pot enzymatic digestion, or at the proteolyzed peptides level consecu-

tively to independent enzymatic digestions and prior to pooling. An alternative

workflow consists of incorporating the labels during the enzymatic digestion itself

by performing this one in heavy water (H2
18O) (Busch et al. 2007) to substitute two 16

O for two 18O at the peptides C-terminal extremity (Ye et al. 2009). Following the

labeling and digestions steps, the workflow is usually pursued with the separation of

peptides in liquid chromatography (LC) with subsequent identification by tandem

mass spectrometry (MS/MS). The relative abundance of the corresponding differen-

tially labeled peptides is established based on their respective peak intensities in the

mass spectrum (Moritz and Meyer 2003). Depending on the reagent nature, the

quantitation is either performed from the first stage MS1 spectrum (isotopic reagent)

or from the second stage MS2 spectrum (isobaric reagent).

Isotopic Chemical Labeling

Isotopic labels consist of families of equivalent molecules with increasing nominal

masses obtained through the gradual substitution of light atoms, i.e., 1H, 12C, and/or 14

N, for their heavy isotope counterparts, i.e., 2H, 13C, and/or 15N. The particular

substitution of 1H for 2H is however commonly avoided nowadays because the

differentially tagged species do not exactly co-elute in reverse-phase liquid chromato-

graphic separation RP-HPLC (Zhang et al. 2001). Once labeled, the resulting mass of

the targeted proteins or peptides is offset to an extent agreeing with their respective tag

mass differences in such a way that they appear at distinct mass-to-charge (m/z) ratios
in the MS1 spectrum. In such circumstances, their relative abundance may be

evaluated from the ratios of their respective area in the total ion current (TIC)

chromatogram. Several isotopic tag families are available and discussed below.
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Isotope-Coded Affinity Tag (ICAT)

The ICAT label family was introduced by Gygi and coworkers in 1999 and corre-

sponds to biotinylated iodoacetamide or acrylamide derivatives that specifically react

with the sulfhydryl functions of cysteine side chains (Gygi et al. 1999). The biotin

moiety, dedicated to the affinity capture of labeled peptides onto a streptavidin-based

column for purification purposes, and the reactive iodoacetamide moiety are

interconnected by a polyethylene oxide (PEO) linker that may be isotopically

enriched. In this context, the reagent exists both in a light or normal form and in a

heavy form, in which eight 1H were formerly substituted with 2H before the deute-

rium coding gets later replaced with a 13C coding (Zhang et al. 2006). The deriva-

tization of cysteines typically occurs at the whole protein level, after denaturation and

reduction, before the samples get combined and digested. In 2003, a cleavable cICAT

was introduced to allow acidic removal of the biotin moiety prior to LC analysis as its

hydrophobicity causes a narrowing of the elution time windows for tagged peptides

(Li et al. 2003). While this technique has been successfully employed for quantitative

analysis of animal origin samples (Guevel et al. 2011), it is often associated with poor

sequence coverage as the method is only applicable to cysteine-bearing proteins

(Schmidt et al. 2005). Hence, a high number of proteins are only quantified based

on a single peptide, which drastically reduces quantitation accuracy. Additionally, the

presence of the ICAT tag on the peptide influences its fragmentation spectra, making

the identification process more difficult.

Isotope-Coded Protein Label (ICPL)

The ICPL tags were developed by Schmidt and coworkers in 2005 to overcome

previously discussed limitations of ICAT (Schmidt et al. 2005). Historically intended

to be applied at the whole protein level before being implemented post-digestion, this

methodology aims at labeling primary amine groups localized on lysine side chain and

N-terminal extremities (Lottspeich and Kellermann 2011). To this end, the ICPL

reagents are organized around an isotopically coded nicotinic acid ester core that is

functionalized with an N-hydroxysuccinimide (NHS) nucleofuge group. The combi-

nation of differential 2H and 13C enrichment enables the synthesis and commercial-

ization of duplex as well as more recent triplex and quadruplex ICPL labeling kits.

Even though the sequence coverage gets improved over ICAT, studies revealed

that a substantial proportion of identified peptides in trypsin digested samples lack a

lysine and, as a consequence, are not quantifiable when the labeling is performed at

the whole protein level (Mastroleo et al. 2009; Paradela et al. 2010). Typically, in

such circumstances, ICPL allows for the limited quantification of approximately

70% of the identified proteins. Besides, the presence of tags on lysine residues

decreases the trypsin digestion efficiency as this one becomes only effective after

arginine residues. This effect results in the production of longer peptides that

prevents efficient fragmentation by collisional energy dissociation (CID) and

higher-energy collision dissociation (HCD). A solution is to perform the labeling

reaction on the proteolyzed peptides, after the enzymatic digestion: as resultant

N-terminal extremities become amenable for reaction (Leroy et al. 2010).
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The ICPL methodology has already been successfully employed in several

studies targeting samples from mammalian origin (Biniossek et al. 2013; Rainczuk

et al. 2013; Maccarrone et al. 2014).

Dimethyl Labeling

Derivatization of lysine and N-terminal primary amines with isotopomeric

dimethyl labels is an alternative methodology to ICPL labeling. This one relies

on the reaction with formaldehyde to generate a Schiff base which is further

reduced by the addition of cyanoborohydride (Sap and Demmers 2012). This

addition results in the formation of a dimethylamine with a nominal mass shift of

þ28 Da. Incorporation of heavy labels is achieved by using 2H and/or 13C enriched

formaldehyde reactants, possibly in combination with cyanoborodeuteride. In this

context, studies exploiting from 3-plex up to 5-plexdimethyl labeling strategies

have been reported (Boersema et al. 2008; Wu et al. 2014).

The labeling step is typically performed at the peptide level and has the advan-

tage to use inexpensive reagents and to be applicable to virtually any sample.

In-solution, online and on-column protocols have furthermore been developed for

labeling of sample amounts ranging from submicrograms to milligram and

implemented in various studies (Synowsky et al. 2009; Boersema et al. 2009).

For instance, the method has been applied to highlight composition discrepancies in

the bovine proteasome complexes extracted from the liver and from the spleen

(Raijmakers et al. 2008).

Isobaric Chemical Labeling

As stated above, the quantitation approach for the isotopic chemical labeling con-

siders the MS1 extracted ion chromatograms of the differentially tagged peptides.

This strategy was historically developed with duplex kit and displays limited com-

patibility with higher-order multiplexing as this leads to substantial complexity ofMS

spectra and requires the use of high-resolution mass spectrometers to distinguish

between highly charged species. For instance, triply charged peptides differentially

tagged with triplex ICPL are only separated by 0.66 m/z. These limitations are

alleviated using alternative labeling technologies based on isobaric kits which offer

higher multiplexing capability. These reagents encompass isobaric tag for relative

and absolute quantitation (iTRAQ) (Ross et al. 2004) and tandem mass tag (TMT)

(Thompson et al. 2003) which allow parallel monitoring of two (TMT 2-plex), four

(iTRAQ 4-plex), six (TMT 6-plex), eight (iTRAQ 8-plex), or ten (TMT 10-plex)

experimental conditions at the same time. Recently, a new generation of reactants

called combinatorial isobaric mass tags (CMTs) with wider multiplexing capability

from 16-plex to 28-plex was introduced (Braun et al. 2015).

TMT and iTRAQ labeling is usually performed post-digestion at the peptide

level. The tags share a common structure based on a nucleofuge NHS ester group

targeting lysine and N-terminal amines, a balance or mass normalizer group and a

reporter group, which dissociate from each other upon CID or HCD fragmentations.
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Either TMT or iTRAQ labels have respective identical overall mass, and are

therefore referred to as isobaric, but differ by the isotopic distribution on their

constitutive atoms. At the peptide level, differentially tagged species are chromato-

graphically equivalent and isobaric and give rise to a single peak in the MS1

spectrum. Upon fragmentation, the balance group is lost as a neutral, and the

isolated reporter groups give rise to small ions whose respective masses are shifted

from a fixed increment, typically 1 Da, in the MS2 spectrum. Their respective

intensities are correlated with these of the initially differently tagged peptides,

which enables further relative quantitation (Christoforou and Lilley 2012). The

methodology is illustrated in Fig. 1.

With the exception of the 10-plex TMT kit detailed hereafter, the 1-Da increment

on the reporter ion masses facilitates their discrimination even within low-resolution

datasets. However, the masses of the reporter ions themselves are comprised between

113 and 121 Da (8-plex iTRAQ) or 126 and 131 Da (TMT 6-/10-plex) and require

further method adjustments as this range is typically not acquired in common

proteomics analysis. The isobaric method yet displays a disadvantage compared to

the previously discussed isotopic strategy. Indeed, the isobaric tagging prevents

straight application of targeted methods toward the preferential monitoring of pep-

tides with differential abundances as this information is not accessible at the entire

peptide level. Additionally, an issue popularly referred to as “ratio compression” may

undermine the quantitation accuracy using isobaric tags (Ow et al. 2009; Martinez-

Val et al. 2016). This phenomenon arises from the co-isolation of isobaric precursor

peptides of diverse abundance with other steady peptides within the fragmentation

window. These latter ions constitute a constant background that induces a shift in the

measured reporter ion ratio toward unity, therefore not reflecting the true value

awaited for the isolated peptide of interest. Two strategies involving either proton

transfer reactions dedicated to a charge reduction of the co-isolated ions (Wenger

et al. 2011) or additional fragmentation stages (MS3) (Ting et al. 2011) have been

developed to reduce interferences and subsequent ratio distortion.

Isobaric Tag for Relative and Absolute Quantitation (iTRAQ)

iTRAQ kits are available as 4-plex and 8-plex kits and are built around a N-
methylpiperazine reporter group, a carbonyl balance group and a NHS ester

amine reactive group. The isotopic substitution is differentially performed using 13

C, 15N, and 18O atoms so that the mass of the reporter group varies between 114.1

and 117.1 Da for the 4-plex kit and 113.1 and 121.1 Da for the 8-plex kit. The mass

of the balance group varies accordingly to keep the overall mass constant. Since its

creation, iTRAQ never stops gaining in popularity and is now considered as the

most employed labeling strategy nowadays with more than 400 entries found in

PubMed for the single year 2016, well above TMT (238), stable isotope labeling by

amino acids in cell culture (SILAC) (196) and ICAT (36). It has been used in

numerous quantitative studies involving mammalian samples, for instance, to

highlight the effect of gender and diet on pig skeletal muscle proteome (Hakimov

et al. 2009) or to assess the dissimilarities in milk fat globule proteome between

human and bovine (Yang et al. 2015b, 2016).
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Tandem Mass Tag (TMT)

TMT reagents are available as duplex, 6-plex, and 10-plex kits and share a similar

construction as iTRAQ molecules except that reporter groups now correspond to

differentially isotopically enriched 1,5-dimethylpiperidines. The 6-plex kit corre-

sponds to a differential incorporation of 13C and 15N isotopes in such a way that the

mass of the reporter group is gradually incremented by 1 Da steps over the series.

The 10-plex kit is set as an expansion of the 6-plex kit with four isotope variants

relying on the small 6.32 mDa difference in 12C/13C and 14N/15N isotopic pairs

(McAlister et al. 2012). Although marginal, this difference is sufficient to achieve

baseline separation of reporter ions using high-resolution analyzers (Werner et al.

2012). While TMT offers higher multiplexing capability than iTRAQ, recent

studies reveal that it is also less sensitive with labeling achievement on the order

of 1.5-fold higher using 4-plex iTRAQ compared to 6-/10-plex TMT (Svinkina

et al. 2015). The TMT labeling strategy has been exploited in many studies, namely,

for quantification of posttranslational modification (PTM) (Liang et al. 2015),

quantitative analysis of complex protein mixtures (Thompson et al. 2003), or to

monitor the effect of specific inputs on plant samples (Lv et al. 2016).

3.1.2 In Vivo: Metabolic Labeling

Metabolic labeling refers to methods in which the machinery synthesis of living

cells is used to incorporate stable isotope labels. This approach was first described

in a proteomic context by Oda et al. who labeled proteins using nitrogen (15N) in

bacterial cell culture (Oda et al. 1999). In 2002, Matthias Mann and coworkers

introduced the so-called stable isotope labeling by amino acids in cell culture

(SILAC), which is still one of the most widely used methods exploiting metabolic

labeling (Ong 2002). This method relies on the incorporation of amino acids with

substituted stable isotopic nuclei (e.g., 2H, 13C, 15N). Since mammalian cells cannot

synthesize essential amino acids, external and controlled supply of such amino

acids to cells in culture will lead to their incorporation into all newly synthesized

proteins. By supplying a “light” or a “heavy” form of a particular amino acid (e.g., 12

C- and 13C-labeled L-lysine, respectively) in the media formulation, light and heavy

cell population can be generated. These cells can be directly mixed after the cell

culture experiment as their related proteins remain distinguishable and then quan-

tifiable by MS (Ong and Mann 2006; Van Hoof et al. 2007). In addition to cell

culture, several approaches were followed to monitor protein dynamics in living

animals. Nowadays, almost all model organisms from bacteria to rodents can be

fully labeled with SILAC (Mann 2014).

“Stable isotope labeling of mammals” (SILAM) is an alternative method to

SILAC intended to generate stable isotope-labeled animals. Rauniyar et al. detailed

a method of metabolic labeling on rats with heavy nitrogen using 15N-enriched

spirulina diet (Rauniyar et al. 2013).
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Due to the tight requirements on medium properties coupled with time-

consuming and expensive processes, in vivo labeling methods tend to display

limited applicability for quantitative proteomics studies (Sap and Demmers

2012). In particular, in the case of protocols targeting culture cell proteins, the

request for dialyzed serum used to prevent natural amino acid contaminations may

interfere with optimal cell line growth. Additionally, the downstream conversion of

labeled arginines to prolines has been reported in the literature (Van Hoof et al.

2007). Considering higher organisms, studies relying on SILAC were reported with

specimen such as mice (Krüger et al. 2008), flies (Sury et al. 2010), and plants

(Gruhler et al. 2005), but the method is yet to be applied on human or bigger

mammalian or human tissues due to technical, financial, and ethical considerations.

3.2 Label-Free Quantification

In contrast to label-based approaches, label-free quantification methods are cost-

effective and simple and can be applied to dozens or even hundreds of samples,

providing that sample preparation and LC-MS analysis are performed under strictly

controlled conditions (Bantscheff et al. 2007; Neilson et al. 2011). In order to

minimize the experimental variability, label-free proteomics workflows do not

normally include protein fractionation steps and therefore may lead to lower

numbers of identified and quantified proteins compared to label-based methods.

Rapid development of new MS technologies and sample preparation workflows

help to close this gap. In the early 2000s, the identification of a few hundred

proteins in biological samples required days of sample pre-fractionation and MS

analysis (Washburn et al. 2001), while current proteomics workflows and technol-

ogies allow for the identification of the complete yeast proteome in a single hour

(Hebert et al. 2014). This impressive progress is the result of reproducible and

multiplexed gel-free and bottom-up sample preparation protocols being developed

which require minimal sample material (e.g., FASP, PCT, SP3, etc.) (Zougman

et al. 2009; Hughes et al. 2014; Shao et al. 2015) and of improvements in the

sensitivity and speed of MS systems (Richards et al. 2015). In the near future, the

same technical advances may lead to the analysis of samples containing complete

expressed mammalian proteomes with an estimated 10,000–12,000 proteins within

a few hours (Mann et al. 2013). Unfortunately, for animals other than the most

common model organisms, the same proteomics workflows are impaired by the

limited availability of genomic data and/or well-annotated protein databases. This

often leads to a lower number of identified proteins (Soares et al. 2012). Hopefully,

the rise of next-generation sequencing (NGS) technologies will lead to greater

availability of genomics resources for animal species.

Independently of the organism under study, the current proteomics label-free

experiments go beyond producing long list of protein identifications. High-quality

proteome-wide quantitative information can be produced even for a large set of sam-

ples. Figure 2 shows the main steps of the three most relevant bottom-up label-free
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quantification approaches: (A) data-dependent acquisition (DDA), with both MS and

MS2 quantification which is used for discovery studies; (B) targeted quantification

[multiple and parallel reaction monitoring (MRM, PRM)]; and (C) data-independent

acquisition (DIA) (Aebersold and Mann 2016). Each one of these workflows will be

described in the following sections.

3.2.1 Data-Dependent Acquisition (DDA): Shotgun Proteomics

A typical protein identification workflow begins with extracting proteins from the

samples, followed by their enzymatic digestion into peptides and analysis via

reversed-phase liquid chromatography coupled to mass spectrometry (LC-MS).

The mass spectrometer is normally operated in an alternating mode where both

MS and MS/MS spectra are acquired, using an approach called data-dependent

acquisition (DDA, Fig. 2a). The MS spectra contain the mass-to-charge ratio (m/z)
of the peptide precursors and are normally acquired in a range between m/z 300 and
1500. The most intense peptide signals for each MS spectrum are selected for

fragmentation, and the resulting fragments are acquired in MS2 spectra (Elias and

Gygi 2007; Nesvizhskii et al. 2007). The combination of MS and MS/MS spectra

and the use of database search engines make it possible to identify peptide and

protein sequences.

MS spectra of complex biological samples contain dozens or hundreds of

peptide signals, but the current LC-MS platforms are not fast enough to isolate

and fragment all these ions and instead only sequence the more intense precursors

(hence the name shotgun proteomics). Consequently, in DDA experiments many of

the least abundant analytes are not identified (Domon and Aebersold 2010). None-

theless, shotgun proteomics datasets are rich in quantitative information that can be

extracted in multiple ways from MS and MS2 spectra.

The easiest way to perform label-free protein quantification is by spectral

counting, where the relative amount of protein is estimated by comparing how

many MS2 spectra were acquired for the same protein in two or more LC-MS runs,

or for different proteins within a single sample (Wang et al. 2006; Zhu et al. 2010).

Most search engines provide spectral counting data, making this approach easily

applicable for proteomics studies (Fig. 2a, lower panel). For absolute quantitation,

Ishihama et al. introduced the exponentially modified protein abundance index

(emPAI), which is proportional to protein content in a protein mixture (Ishihama

et al. 2005). Since the detection of peptides in MS is severely affected by their

physicochemical properties, the absolute protein expression index (APEX)

(Lu et al. 2007) was introduced to account for variable peptide detection by MS

techniques and improve the accuracy of the relative and absolute protein

quantification.

Spectral counting MS2 approaches have been frequently used in various animal

proteomics studies since they are powerful and easy to perform [e.g., (Huan et al.

2015; Neely et al. 2015)], but they lack accuracy and linearity (Wang et al. 2006).

The number of detectable peptide signals increases with larger protein abundance,
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but given the way shotgun proteomics works, the number and type of identified

peptides is biased toward abundant peptides and does not always correlate linearly

with their actual abundance (Bantscheff et al. 2007). For this reason, alternative

label-free protein quantification strategies that focus on MS instead of MS2 spectra

have been implemented. These approaches are capable of measuring changes in

protein abundance with higher precision and accuracy (Fig. 2a, lower panel). MS

spectrum-based methods rely on the correlation between protein concentration and

the peak areas its peptides produce. More precisely, the peak area of one or more

peptides in the MS spectra is integrated and used to compare the expression levels

of a protein among samples.

Area-based quantification methods can be used for proteome-wide studies or for

monitoring a few specific peptides. Large-scale proteomics studies require special

software to combine data from several LC-MS analyses and to perform relative

protein quantification. Such software (e.g., MaxQuant (Tyanova et al. 2016),

Progenesis (NonLinear Dynamics 2017), or OpenMS (Sturm et al. 2008)) extract

the retention time, m/z, and area of each peptide signal in each run and align them to

correct for the natural chromatographic variability among LC-MS runs. The aligned

and identified peptides are then quantified, and the data are processed to provide

statistically evaluated quantification results at the protein level. Recently, this

workflow has been applied to investigate mastitis in bovine milk (Mudaliar et al.

2016), the effects of castration on pig meat (Shi et al. 2016), farming practice on

wild gilthead sea bream (Piovesana et al. 2016), growth path on beef production

(Almeida et al. 2017), and weight loss on the mammary gland secretory tissue

proteome of goat (Hernández-Castellano et al. 2016).

Examples of label-free quantification studies measuring only a few peptides are

the evaluation of protein degradation throughout the ham dry-curing process

(Gallego et al. 2016a, b) and the quantification of proteins of the parasite Anisakis
simplex in fish (Fæste et al. 2016). In these studies quantification is performed

without any of the abovementioned software, but by analyzing the extracted ion

chromatograms (XICs) of each target peptide in each sample. This is feasible if the

number of proteins of interest is small. However, if only a handful of proteins are of

interest but these need to be quantified across many samples, targeted mass spec-

trometry monitoring methods are usually better suited than DDA. The following

section describes the two most widely used targeted MS techniques: multiple

reaction monitoring (MRM) and PRM.

3.2.2 Targeted MS Techniques: Multiple/Parallel Reaction Monitoring

(MRM/PRM)

Multiple reaction monitoring (MRM) is a targeted MS approach which has been

applied to a wide range of proteomics studies (Picotti et al. 2009). In a MRM

experiment, only a list of preselected precursor (peptide) and fragment pairs,

so-called transitions, are monitored (Fig. 2b). MRM analyses are performed on

triple quadrupole (QqQ) instruments: during the MS analysis, peptide mixtures
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enter the first quadrupole (Q1), which lets only a selected precursor m/z transit to
the second quadrupole (Q2) for fragmentation (Lange et al. 2008). The fragments

are transferred to the third quadrupole (Q3) which only lets fragments with a

selected m/z pass to the detector (Fig. 3a). Within a few seconds, the mass

spectrometer cycles through all transitions on the list and acquires the

corresponding precursor and fragment intensities with much higher sensitivity

than DDA. This allows quantification of medium- to low-abundant peptides down

to 50 copies per cell (Picotti et al. 2009). Due to the use of a transition list, MRM

ensures that the same set of proteins and peptides is measured across many samples

without the missing data points typical for DDA experiments making it especially

suitable for quantification studies (Picotti and Aebersold 2012).

A drawback of this type of targeted MRM methods is that the user needs to

decide a priori which peptides and which fragments he wants to monitor in the

experiment. The selected target peptides should be unique for the protein of interest

(proteotypic), and both precursor and fragment should ionize well in order to be

detectable in a mass spectrometer. This depends on peptide length, charge, post-

translational modifications, the occurrence of missed cleavages, fragment charge,

and other characteristics (Lange et al. 2008). Therefore, MRM transitions need to

be optimized a priori on peptide and fragment level to ensure that the most intense

fragments yielding the best signal with least interference are monitored. This makes

transition selection a time-consuming process. Using synthetic peptides can accel-

erate assay development and allows high-throughput generation of transition lists

(Picotti et al. 2010). Once a set of MRM transitions has been optimized, they can be

reused and shared with the scientific community via dedicated databases (Institute

for System Biology 2004; Picotti et al. 2009; Kusebauch et al. 2016).

In recent years a novel targeted method called parallel reaction monitoring

(PRM) emerged (Bourmaud et al. 2016). It relies on instruments combining a

quadrupole mass filter with a high-resolution mass analyzer, such as an orbitrap

or a time-of-flight analyzer. Similar to MRM, the quadrupole acts as mass filter and

lets only preselected precursor m/z pass. After fragmentation of the precursor, a full

fragment ion spectrum is acquired in the high-resolution mass analyzer (Figs. 2b

and 3b). MRM and PRM share many common features, but PRM has the advantage

that suitable fragments can retrospectively be selected from the full product ion

spectra, reducing the time required for selecting the best transitions. Additionally,

peptide fragments are measured in a low-resolution, low mass accuracy quadrupole

in MRM experiments which can lead to false-positive signals. Validation with

synthetic peptides spiked into a sample might therefore be necessary. PRM offers

an advantage here since more fragments are monitored and with higher resolution,

which increases the information content of the spectra and reduces the risk for false

positives.

A multitude of software is available to support the selection of peptide transi-

tions and data analysis of MRM and PRM results. Among them are Skyline

(MacLean et al. 2010) and SpectroDive [Biognosys (Ori et al. 2016)], as well as

MS instrument vendor software. These software tools assist with automated data

analysis and visualize transitions as peaks of co-eluting fragments. Peptides are
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quantified by integrating the area under the most intense transition or the summed

area of all transitions (Fig. 2b, lower panel).

The number of animal proteomics studies where targeted proteomics has been

used is still limited, but both MRM and PRM have great potential. For example,

PRM was recently used to discriminate and quantify cashmere fibers in commercial

finished fabrics that have undergone heavy chemical treatment and as an alternative

to light microscopy for assessing the authenticity of cashmere fibers and textiles

(Li et al. 2016). Another interesting application is the detection of indirect markers

of steroids treatment in bovine muscle using MRM (Stella et al. 2015). In this study,

the authors developed a method to quantify 28 candidate protein markers whose

expression is significantly altered after the administration of steroids.

In the two cited studies, only a few dozen peptides and proteins are monitored,

but targeted techniques allow quantification of several hundred peptides in a single

run. However, typically several peptides are monitored per protein of interest to

ensure its unambiguous quantification. Thus, even when several hundred peptides

are monitored, the number of proteins that can be quantified per run is limited. If a

large number of proteins need to be quantified, DIA methods might be more

suitable than targeted MS approaches.

3.2.3 Data-Independent Acquisition (DIA)

Within the last 5 years, DIA emerged as a new mass spectrometry approach which

further expands the proteomic toolbox (Law and Lim 2013). DIA methods offer

reliable peak detection and similar sensitivity and dynamic range as the targeted

techniques. However, instead of measuring only a limited number of targets as in

MRM and PRM, they strive to identify and quantify all peptides in a sample,

potentially the whole proteome in one run. A further advantage of DIA over

targeted MS methods is that it does not require prior knowledge of the sample

content.

The term DIA summarizes a number of individual techniques such as hyper

reaction monitoring (HRM), sequential windowed acquisition of all theoretical

fragment ion mass spectra (SWATH), MSe and all-ion fragmentation, and many

others (Gillet et al. 2012; Bilbao et al. 2015; Bruderer et al. 2015). While DDA and

targeted MS methods isolate a single precursor for fragmentation (mass window,

1–2 Th), all DIA methods fragment larger mass windows (e.g., of 25 Th width)

containing several peptide precursors. The fragments are acquired on a high-

resolution mass analyzer (Fig. 2c), resulting in complex MS/MS spectra containing

fragment ions from several precursors (Fig. 3c).

Usually, DIA experiments do include the acquisition of MS spectra but focus

mainly on the acquisition of fragment ion spectra (MS/MS). As a consequence,

peptide identification and quantification are typically based on MS/MS data. Data

analysis is challenging since DIA spectra contain fragments from several precur-

sors. Therefore, specialized software is used, such as Spectronaut (Biognosys),

OpenSWATH, SWATH 2.0 (SCIEX), Skyline, or DIA-Umpire (Reiter et al.
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2011; Bernhardt et al. 2012; R€ost et al. 2014; Bilbao et al. 2015; Tsou et al. 2015;

Hu et al. 2016). These programs group co-eluting fragments into MRM-like peaks,

assign peptide identities to the data, and integrate peak areas for quantification, thus

making data analysis easy for users.

Different methods exist for assigning peptide identities to the fragment ion

peaks. The majority of workflows rely on a peptide-centric approach and spectral

libraries for this task. A number of spectral libraries for different organisms and

tissues are publicly available, and good results can be achieved using these

resources (Institute for Systems Biology 2013; Muntel et al. 2015). Nonetheless,

the best peptide identification results are attained with a spectral library generated

from DDA runs acquired on the same samples as the DIA runs. Thus during the

DDA runs for library generation, the sample type, sample preparation, chromatog-

raphy setup, and instrument parameters should be as similar as possible to the

conditions used in the final DIA experiment. Many of the abovementioned analysis

software have built-in features to compile a spectral library from the resulting DDA

fragment ion spectra and their database search results (e.g., from MaxQuant,

Proteome Discoverer, Mascot, etc.). Other data analysis workflows do not require

an existing spectral library: DIA-Umpire uses a data-centric approach to detect

peaks and assemble fragments into pseudo-MS2 spectra (Tsou et al. 2015). These

spectra can be searched using conventional search engines that assign peptide

identifications by matching with theoretical spectra. Moreover, DIA-Umpire can

generate a spectral library from the pseudo-MS/MS spectra which can be used to

extract quantitative data from the DIA runs.

DIA’s advantages over the classic mass spectrometry approaches have led to

DIA being termed “next-generation proteomics.” DIA fragments and attempts to

sequence all peaks eluting from the chromatography column. Thus, it allows a

broader coverage of the proteome compared to targeted techniques which monitor

only limited sets of targets, and to DDA where only the more intense precursors are

fragmented. Additionally, DIA is not affected by inconsistent precursor selection,

and missing peptide identification data points are rare in DIA compared to DDA

experiments (Bruderer et al. 2015). The reliable peak picking makes DIA

approaches suitable for monitoring the same peptides across many samples (e.g.,

replicates, conditions, timepoints).

Finally, DIA techniques offer excellent sensitivity (attomolar range) and a large

dynamic range spanning four orders of magnitude (Gillet et al. 2012). These

numbers are almost comparable to what can be achieved using targeted MS but

without the need to decide a priori which peptides to monitor in an experiment.

A DIA approach (SWATH) has been recently applied to monitor the effects of

high temperature on broiler production efficiency and meat yield (Tang et al. 2015).

More than 2300 proteins were relatively quantified in broiler liver under different

heat stress, leading to the identification of broiler self-regulation mechanisms.

Another example where the SWATH method was applied is the identification of

boar seminal plasma and the comparison of ejaculate portions, with the aim to

identify proteins with potential roles as sperm function and fertility biomarkers

(Perez-Pati~no et al. 2016).
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4 Absolute Quantification

All the strategies presented in the previous section allow straightforward relative

quantification of proteins between several samples. Absolute quantification, how-

ever, requires that a molar or mass concentration (or even number of copy per cell)

for each of the proteins of interest could be determined. To allow such a determi-

nation, targeted methods are usually used such as MRM and PRM in combination

with an addition of a known amount of an internal standard during the sample

preparation. This known amount of internal standard allows the calculation of the

concentration of the peptides of interest. As the proteins are digested using specific

protease (usually trypsin) before LC-MS/MS, the quantification is done at the

peptide level, and the concentration of the protein is deduced from those of the

proteotypic peptides chosen for this protein.

Absolute quantification is often applied to a limited number of proteins (vali-

dated biomarkers for clinical assay, proteins for food safety, etc.) although recently

this number is increasing. In this context, Borchers and coworkers have quantified

simultaneously 45 proteins in plasma (Kuzyk et al. 2009) and 136 proteins in urine

(Percy et al. 2015).

The calculation of the peptide/protein concentration is done either by

constructing a calibration curve or by single-point calibration. In proteomics,

single-point calibration is most often used, mainly due to the unavailability of a

blank matrix [a sample similar to the one studied but that does not contain the

protein(s) of interest]. For single-point calibration, the amount of the internal

standard is multiplied by the ratio of the area of the target analyte divided by the

area of internal standard to calculate the amount of target peptide.

As mentioned in the section of experimental design, it is quite mandatory for

absolute quantification to run quality control (QC) samples with each series of

experiment. These QC samples will allow assessing whether, among others, recov-

ery of the targets, digestion efficiency, and LC-MS/MS system have been

performed equivalently between the series of analyses.

The internal standard should ideally have the same physicochemical properties

as the analyte to quantify in order to account for any modification happening to the

analyte during sample preparation (loss, adsorption, absorption, chemical modifi-

cation, etc.) and for any variation encountered during mass spectrometric analysis

(ionization efficiency, ion suppression due to matrix effect, etc.). For LC-MS/MS

analyses, the golden standard is the isotopic dilution (ID) method where the internal

standard is the same molecule as the target analyte but labeled with stable isotopes (
13C, 15N, 18O, 2H, etc.). ID is usually combined with MRM analysis and now

also PRM.

In isotopic dilution, the sooner the internal standard is added, the better it can

account for loss, degradation, or any event happening from the sample preparation

to the MS detection. Currently, proteins are quantified after protease digestion, and

the constitutive peptides are measured in the mass spectrometer. The first isotopi-

cally labeled internal standard used in proteomics was thus a peptide. The isotopic
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dilution method was first used for peptides in 1983 combined with fast-atom

bombardment mass spectrometry (Desiderio and Kai 1983) and in 2003 in combi-

nation with MRM (Barnidge et al. 2003; Gerber et al. 2003). If the internal standard

is produced in-house, purification, verification of identity, and quantification are the

most important points to control to ensure its adequacy.

Historically, deuterium was the first isotope used for stable isotope labeling.

However, the replacement of hydrogen by deuterium causes a change in the

physicochemical properties of the molecule leading to, among others, a slight

change in the retention time in reversed-phase chromatography (Ciccimaro and

Blair 2010). As a consequence, the 13C and 15N stable isotopes are nowadays the

most employed for isotopic labeling in the field of isotopic dilution coupled to

LC-MS/MS.

The full panel of internal standards available in quantitative proteomics has been

extensively reviewed recently (Kito and Ito 2008; Brun et al. 2009; Villanueva et al.

2014). In the next sections, only the most commonly used types of stable isotope-

labeled standard are presented: peptides, synthetic concatemer proteins, and full-

length proteins.

4.1 Stable Isotope-Labeled Peptides (AQUA)

As peptides are measured by LC-MS2 for protein identification and quantification,

themost evident internal standard is the isotopically labeled peptide corresponding to

the target peptide. As peptides can be chemically synthetized, a stable isotope-labeled

amino acid can be easily inserted into the peptide sequence. Deuterium was first used

for this labeling, but now 13C and 15N are preferred because they do not induce a

change in retention time in reversed-phase chromatography. Consequently, the

peptide and its stable isotope-labeled standard perfectly co-elute. This is of great

help in complex matrix to ensure that the proper target peptide is detected and

quantified (Lange et al. 2008).

Peptides labeled with 13C and 15N were used by Gerber and coworkers to

quantify both unmodified and phosphorylated peptides of phosphoproteins in

whole cell lysate (Gerber et al. 2003). Those peptides are purified and accurately

quantified using amino acid analysis (AAA). They named this strategy “AQUA” for

absolute quantification, and this acronym, that later became a trade name, is now

widely used by the proteomics community as a general reference to this kind of

labeled peptides.

As trypsin is the most commonly used protease for digestion, the most used

amino acids for isotope labeling are arginine (R) and lysine (K) as trypsin cleaves at

the carboxyl side of both of these residues. This allows access to the complete series

of y fragment ions (usually the most intense fragments in triple quadrupole instru-

ment) that display a mass shift compared to the endogenous peptide fragments

[mass shift of 8 Da for K (13C6,
15N2) and 10 Da for R (13C6,

15N4)].
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The advantages of AQUA peptides are their ease of use and their commercial

availability within a short delay of production (4–8 weeks) (Thermo Scientific

2017).

The drawbacks of AQUA peptides are:

– As they are peptides, they cannot be introduced in the beginning of the sample

preparation and so cannot account neither for protein pre-fractionation/

precipitation nor for digestion efficiency/completeness.

– Some peptides will present problems for quantitative resolubilization if provided

dry (Brun et al. 2007; Mirzaei et al. 2008). To decrease this problem, ordering

AQUA peptides in solution is recommended.

– Loss of peptides by adsorption of peptides onto the tube surfaces.

– Limitations due to chemical synthesis (length up to 15 amino acids, some

patterns are not possible, etc.) (Brun et al. 2009).

– Costs are quite high (~$400 per peptide) if many proteins have to be quantified.

For larger study, a statistical tool for “sparse reference labeling” has been

developed to reduce the number of necessary AQUA peptides (Chang et al.

2014). This tool is applicable when the targeted proteins have interactions between

them and the research goal is well defined before designing the experiment.

4.2 Concatemers (QconCAT)

In 2005, Beynon and coworkers present a new strategy for absolute quantification

of several proteins with only one internal standard: QconCAT, a synthetic protein

made of a concatenation of tryptic peptides for quantification (Q peptides) (Beynon

et al. 2005; Pratt et al. 2006). This synthetic protein is produced in Escherichia coli
and could be easily labeled by supplying isotope-labeled amino acids in the growth

media. The QconCAT is then purified and quantified using amino acids analysis.

In the original article, the QconCAT was first produced in media containing 15

NH4Cl as sole nitrogen source (Beynon et al. 2005); this implies a mass shift

different from peptide to peptide in function of their amino acid sequence. Now,

as for AQUA peptides, stable isotope-labeled lysine and arginine are usually

employed which enables the entire series of y fragment ions to be mass shifted

from those of the target peptide.

QconCAT was applied in the domain of farm animals: a QconCAT was designed

for chicken skeletal muscle proteins, i.e., triose-phosphate isomerase, glyceralde-

hyde 3-phosphate dehydrogenase, beta-enolase, alpha-actin, and actin polymeriza-

tion inhibitor (Rivers et al. 2007). Another study using QconCAT in horses has been

set up to detect acute phase proteins (Bislev et al. 2012; Bundgaard et al. 2014).

Similar strategies, such as PolySIS protein with labeled lysine residues (Ander-

son and Hunter 2006) and peptide-concatenated standard (PCS), which differs from

QconCAT in the presence of the natural flanking sequences at both ends of each
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peptide and in the production in a cell-free system (Kito et al. 2007), have been

almost concomitantly developed.

The advantages of concatemers are:

– Some peptides that cannot be chemically synthetized are produced in QconCAT

protein(s).

– Only one addition on internal standard for several peptides and proteins reduces

pipetting inaccuracy impact. Moreover, all the peptides present in the QconCAT

are released in a 1:1 ratio, therefore limiting the problem of solubility and/or

adsorption on tubes of synthetic peptides. If different ranges of concentrations

for different target proteins are expected, it would be possible to incorporate

several copies of the same peptides to change this 1:1 ratio (Brun et al. 2009).

– Especially for the PCS type of concatemers, the digestion efficiency can be

estimated between the different peptides if compared to unlabeled synthetic

individual peptides.

– QconCATs are commercially available.

The drawbacks of the concatamers are as follows:

– It cannot be introduced at the beginning of process and so does not account for

protein fractionation step (Zeiler et al. 2012).

– The concatamers have no folding to maximize their digestion efficiency, but

doing so, they cannot reflect the same digestion efficiency as for the targeted

protein(s) (Rivers et al. 2007; Brun et al. 2009; Brownridge and Beynon 2011;

Lebert et al. 2015).

– QconCATs are more expensive than AQUA peptides if only a few proteins

(around 8) have to be quantified (PolyQuant 2017).

4.3 Full-Length Labeled Protein (PSAQ)

Full-length labeled protein is the most appropriate internal standard for protein

quantification as it can be introduced at the beginning of the process, just after

protein extraction, and can therefore account for any loss, degradation, or modifi-

cation happening during the whole process of the sample. Protein standard absolute

quantification (PSAQ) was first introduced by Brun and coworkers in 2007 (Brun

et al. 2007) for the quantification of two superantigenic toxins from Staphylococcus
aureus (SEA and TSST-1). They produced these two proteins with all labeled-

lysine and labeled-arginine amino acids in vitro and quantified these proteins after

purification by AAA. In this study, they showed that the PSAQ strategy enables a

better accuracy and inter-peptide consistency than both AQUA peptides, which

showed diverging results between 2 peptides of the same protein, and QconCAT,

which showed an underestimate of concentration certainly due to digestion effi-

ciency difference between QconCAT and protein (Brun et al. 2007).
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SILAC (stable isotope labeling by/with amino acids in cell culture)

metabolomics labeling was adapted by Mann and coworkers to produce stable

isotope-labeled proteins, a technique they named “Absolute SILAC” (Hanke et al.

2008). Full-length expressed stable isotope-labeled proteins for quantification

(FlexiQUANT) is a variant of PSAQ method which includes a specific FLEX

peptide tag in the produced protein for the accurate concentration determination

of the produced protein after tryptic digestion (Singh et al. 2009). Recombinant

isotope labeled and selenium quantified (RISQ) is another variant where the

quantification of the produced labeled protein relies on ICP-MS through the

replacement of all methionine residues by selenomethionine ones in the produced

sequence (Zinn et al. 2010).

The major advantage that makes PSAQ strategy the golden standard for protein

quantification relies in the fact that it can be introduced before protein fractionation

to account for the recovery yield of the analyte and also that it should have the same

digestion efficiency as the target protein. The latter point is not necessarily true

because recombinant proteins do not always have the same folding as the natural

proteins.

The drawbacks of PSAQ strategy are:

– It is not suited for PTM as the proteins are produced in cell-free media (Brun

et al. 2009).

– This technique is generally restricted to soluble proteins (Zeiler et al. 2012).

– The folding of the labeled protein may not be the same as the natural protein.

Therefore a difference in digestion efficiency could arise between the target and

the standard (Villanueva et al. 2014).

– The price is quite high and a development/production is needed for each target

protein (Villanueva et al. 2014).

5 The Case of PTMs in Quantitative Proteomics

Posttranslational modifications (PTMs) and their regulation are involved in the

control of many cellular functions. Their study represents therefore an essential task

in order to understand complex biological mechanisms. Besides prominent modi-

fications such as phosphorylation, glycosylation, or acetylation, at least 200 PTMs

were reported so far, making their study very complex, especially in the context of

possible crosstalks between them.

From the analytical point of view, several challenges are present in quantitative

PTM analyses. In contrast to proteins for which several peptides are generated, a

given PTM can only be detected on one peptide, leading to both detection and

identification/localization difficulties. This is especially true for highly regulated

modifications such as phosphorylation that can be only transiently present on a

given site.
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This effect results in the frequent necessity to use enrichment strategies during

sample preparation. This is however at the cost of high amounts of starting material.

Depending on the PTMs studied, various approaches were proposed and rely on

antibodies, other proteins (such as lectins used to enrich N-glycosylated proteins/

peptides), or other materials like TiO2 (for phosphopeptide enrichment). Enrich-

ment is however not possible for all modifications.

Apart from this enrichment step, usual proteomic workflow can generally be

applied in order to detect PTMs. Some precautions have however to be taken in

order to generate peptides suitable for LC-MS/MS, and alternative proteolytic

enzymes or chromatography phases can be requested. This can be, for instance,

the case in phosphorylation and glycosylation studies in which unusually hydro-

philic peptides can be generated.

In this section, we will review two very important PTMs, phosphorylation and

glycosylation, and have an overview on several other modifications.

5.1 Phosphoproteomics

Phosphorylation is a key PTM involved in many biological regulation processes that

can occur on serine, threonine, and tyrosine residues, representing around 1.85

million residues that could theoretically be phosphorylated in the human proteome

(von Stechow et al. 2015). The main challenge in quantitative phosphoproteomics is

therefore to detect changes in occupancy of particular sites (potentially several per

proteins) as this modification exhibits in addition a highly dynamic nature. Moreover,

low abundance of some phosphorylated peptides makes them difficult to detect and

quantify in raw samples. This is due either to the low expression of some proteins or

to the low phosphorylation yield of some more abundant proteins, for instance, if

only a subset localized in a particular cell compartment is modified. As mentioned

above, an enrichment step is therefore often mandatory in phosphorylation analyses.

Two approaches were described so far, depending on modifications sites. Phospho-

Ser and phospho-Thr residues containing peptides are enriched using metal ion (such

as Fe3+ or Ti4+) or metal oxide (TiO2) affinity chromatography (Zhou et al. 2011). On

the other hand, tyrosine phosphorylation (which is 3000 times less abundant than

phospho-Ser and phospho-Thr) analysis is usually performed after antibody-based

enrichment (Rush et al. 2005). Quantitative phosphorylation data are usually

obtained by bottom-up approach potentially involving peptide labeling. In this

case, labels are generally introduced by two ways. Several authors used previously

described SILAC MS1-based methodology (well adapted to cell culture) (Oda et al.

1999), while others performed chemical peptide labeling using either MS1-based

(dimethyl labeling) or MS2-based (ITRAQ or TMT) labels (Boersema et al. 2009).

These methods were successfully applied in the meat science field. For instance,

dimethyl labeling was used in order to study postmortem phosphorylation status of

porcine muscle proteins. Authors highlighted changes in phosphorylation of
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184 sites belonging to 93 proteins within 24 h, potentially influencing the meat

development (Huang et al. 2014).

Following enrichment and data collection, the interpretation of the data is the

last but crucial step in the phosphoproteomic workflow. Numerous specialized tools

are currently available allowing performing appropriate statistical analyses and thus

highlighting activation of particular signaling pathways (Rudolph et al. 2016).

5.2 Glycosylation

Glycosylation is characterized by an intrinsic heterogeneity resulting from compe-

tition and kinetic effects during their biosynthesis in endoplasmic reticulum and

Golgi apparatus. Their quantification takes therefore place at two levels: first, one

can study the global glycosylation pattern of sample [composed of one or more

protein(s)]. This glycomic approach is performed by isolating N- or O-glycans. Its
drawback is the loss of localization information. On the other hand, the

glycoproteomic approach aims at detecting and quantifying the heterogeneity at

the glycosylation site level, but can potentially lead to very complex data treatments

and interpretations. These two approaches are reviewed in this section.

5.2.1 Quantitative Glycomics

Glycans are released by hydrolysis of the glycosidic bond between its first mono-

saccharide and the lateral chain of its carrier amino acid residue. N-Glycans are

usually enzymatically hydrolyzed using PNGase F, PNGase A, Endo H, etc., pre-

serving the reducing end on the structure. This is an excellent reactive group that is

usually used for fluorescent labeling (with compound such as 2-aminobenzamide,

etc.). When coupled to liquid chromatography separation, this represents a major

quantification strategy (Bigge et al. 1995), however, not allowing to properly identify

compounds, which can be problematic in complex samples. On the other hand, O-
glycan is generally chemically hydrolyzed using reductive β-elimination, irreversibly

removing the reducing end of the glycan and therefore impeding any aldehyde-

reactive labeling. Until recently, mass spectrometry-based quantitative glycomic

experiments were performed using either label-free or mass shift isotopic labeling

approaches, implying MS1-based quantification. In the last case, label is introduced

in several ways using 13C- or 2H-labeled permethylation reagents (Alvarez-Manilla

et al. 2006; Kang et al. 2007), PNGase digestion in 18O water (Tao and Orlando

2014), or using the reducing end of N-glycans. This approach was also very recently
applied on O-glycans relative quantification in an elegant protocol involving their

nonreducing release (Wang et al. 2017). As described earlier for peptides, these two

approaches suffer from several drawbacks. We can cite among others ionization

efficiency variations (in label-free approach) and additional spectral spectra com-

plexity (in mass shift approach).
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In order to overcome these limitations, isobaric labeling-based quantification

was recently implemented in the glycomic field. The aldehyde-reactive group of N-
glycans was obviously used to add reagents such as aminoxyTMT (allowing 6-plex

experiments) (Zhou et al. 2016), “QUANTITY” (Yang et al. 2015a), or iARTs

(Yang et al. 2013). The principle of this methodology is similar to that which exists

for peptides and allows a relative quantification at the MS2 level. However, no

similar approaches allowing isobaric labeling of O-glycans have been reported so

far. Apart from the untargeted experiments, efforts were made in parallel to develop

targeted quantification of released glycans by MRM, in order to reach sensitivity

and specificity of detection. This strategy was successively applied on both fluo-

rescently labeled glycans (allowing detection limits around 100 attomoles to be

reached) (Zhang et al. 2012a) and permethylated glycans (Zhou et al. 2015). This

strategy is however still limited by the lack of standards which are only available

for milk oligosaccharides and some N-glycans (Ruhaak and Lebrilla 2015), making

absolute quantification difficult for many glycans.

5.2.2 Quantitative Glycoproteomics

As mentioned previously, glycosylation is characterized by an important heteroge-

neity. This means that a particular site may be occupied by different glycans but

also that two sites even from the same protein may carry different glycan panels. To

characterize these complex situations, the usual glycoproteomics workflow start as

inproteomics with trypsin digestion. Then, due to their heterogeneity and their

underrepresentation in peptide mixtures, glycopeptides are usually enriched using

affinity (lectin, HILIC) chromatography even if strategies involving covalent bind-

ing (hydrazide chemistry, etc.) were also described. These methods were recently

compared in a study showing that ion pairing ZIC-HILIC enrichment is particularly

efficient for this purpose (Zhang et al. 2016). Two main parameters can then be

assessed for every site: its occupancy and the glycosylation pattern in various

biological conditions. Occupancy rate can be different in various conditions and

for different sites. Even if it is generally high (so that the main variability comes

from the glycans heterogeneity), it may be affected in various diseases explaining

why several authors were interested in developing appropriate occupancy quanti-

fication strategies. These strategies are based on relative or absolute measurement

of the deglycosylated N-glycopeptides (differing from unoccupied glycosites by the

presence of E instead of N, after hydrolysis by PNGase). These methods are either

relative [label-free or involving isotope labeling such as ITRAQ and 18O labeling

(Tian et al. 2011; Pan et al. 2012, 2014; Zhang et al. 2012b)] or absolute (Hülsmeier

et al. 2007). Beside the occupancy, the second main challenge of quantitative

glycoproteomics is the detection of sometimes small changes in the glycosylation

pattern of one or more given site(s). Enriched glycopeptides are identified using

CID fragmentation, and electron transfer dissociation (ETD) is often used for

localization confirmation (Hoffmann et al. 2016). Quantitative information can be

obtained using label-free comparison (with normalization performed site by site
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and expressing data as percentage of each glycoform) (Plomp et al. 2014) or

labeling methods. TMT labeling and quantification protocol was recently adapted

by Ye et al. in order to increase labeling efficiency and reporter ions detection

(Ye et al. 2013). Finally, a targeted approach involving MRM was also recently

developed and uses oxonium ions and glycopeptide fragment Y1 ion to ensure

specificity. This ion is generated by CID or HCD of glycopeptides and corresponds

to peptide only retaining the first core N-acetylglucosamine residue. This ion is

therefore sequence specific, while oxonium ions are glycan specific (Song et al.

2012; Sanda et al. 2013; Ruhaak and Lebrilla 2015).

5.3 Examples of MS-Based PTMs Quantitative Proteomics

Mass spectrometry has also proved its analytical power in the study of other PTMs.

Even if it is not possible to do an exhaustive compilation of these applications here,

some of them deserve additional illustrations. As model example, we can study

modifications occurring on histones. Due to its importance in epigenetic regulation

of gene expression, histones PTM through methylation, acetylation, ubiquitination,

as well as phosphorylation and other PTMs have been investigated by many

researchers and led to the concept of “histone code” (Strahl and Allis 2000;

Kakutani et al. 2001), now known as “histone PTM crosstalk.” Here again, mass

spectrometry and proteomics approaches were used to decipher these complex

modifications and their relationships. To date a bottom-up approach remains the

most common approach in this task. However, ensuring reproducible digestion is a

key point in order to obtain an accurate quantification of modified peptides. In

histone particular case, some adaptions were done to the usual protocol to take into

account the high proportion of basic residues in histones. In order to avoid gener-

ating too small or overlapping peptides, trypsin may be replaced by Glu-C. Alter-

natively, propionyl derivatization of free lysine residues followed by trypsin

digestion was also described. This derivatization step also allows introducing

labeled derivatives and therefore comparing histone PTMs in various conditions

(Britton et al. 2011; Önder et al. 2015). An additional post-digestion derivatization

using phenyl isocyanate was recently introduced to quantify low-abundant forms by

ensuring a “sufficient” hydrophobicity and therefore improving retention and

ionization of peptides before their LC-MS/MS analysis (Maile et al. 2015).

SILAC is another widely used tool in histone biology and was, for instance, used

by Bonenfant and coworkers to study various histones PTMs during cell cycle

(Bonenfant et al. 2007). Apart from the histone case, substoichiometric non-labile

PTMs such as acetylation (Choudhary et al. 2014) or ubiquitination (Rose et al.

2016) of proteins have also been studied using antibody-based enrichment of

acetylated or diGly-containing peptides followed by their isotopic labeling. It is

interesting to note that iTRAQ labeling was found to offer higher sensitivity than

TMT in a wide acetylome study, highlighting possible influence of isobaric labels

on peptide detection (Svinkina et al. 2015).
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In heavily modified proteins like histones, the presence of PTM crosstalks

represents an additional challenge that can be only partially addressed using

bottom-up approach. Indeed, long-range crosstalks leading, for instance, to simul-

taneous presence of two modifications separated by a long sequence may not be

detected using traditional protocols. Alternative methodologies of protein sequenc-

ing were developed, thanks to the capabilities of ETD, electron capture dissociation

(ECD), or matrix-assisted laser desorption ionization in-source decay (MALDI-

ISD) to fragment entire proteins (top-down) or large peptides (middle-down). For

instance, ECD was successfully used to describe the more than 40 acetylated and

methylated H4 histone forms and their occurrence throughout the cell cycle

(Mackay et al. 2008; Pesavento et al. 2008). Knowing the ability of the alternative

fragmentation techniques to preserve labile PTMs such as phosphorylation or

glycosylation [reviewed in (Wiesner et al. 2008)], there is no doubt that these

promising tools will be used more extensively in the future.

6 Promising Tools

6.1 MS Imaging and Guided Quantitative Proteomics

Proteomic analysis is often performed on samples in which the part bringing useful

information may only constitute a few percents. This is in particular the case for

heterogeneous samples (among which biopsies are a clear example) in which inter-

esting signals are diluted by non-informative ones. Identifying regions of interest

(ROIs) represent therefore an essential step in order to focus analyses on informative

parts of the samples. These samples can be prepared in various ways. Formalin

fixation combined with paraffin embedment (FFPE tissue processing) is a common

method for long-term sample conservation in biobanks (Xu 2010; Wiśniewski et al.

2011; Magdeldin and Yamamoto 2012). FFPE tissue blocks indeed represent a gold

mine for biomarkers discovery studies. Fresh frozen tissues can also be used and are

actually easier to use in IMS. In both cases, a pre-purification at the sample level is a

key step to improve limits of detection and quantification of low-abundant species.

Until recently, there was an unmet need of downscaling the proteomic workflow, in

particular the amount of laser microdissected tissues to cope with selective capture of

specific tissue types. Several groups have optimized strategies to minimize the

number of cells required for differential proteomics. A number of cells around

2500 are now commonly achieved yielding a correct number of protein identification

and quantification (Longuespée et al. 2014, 2016) (Fig. 4).

The first step for micro-proteomics is the definition of the region to be laser

microdissected. Different types of images can be used, among which the classical

histochemical or immuno-histological staining ones (de Deus Moura et al. 2012).

However, in the absence of known markers, a fully hypothesis-free method has to

be used. MALDI imaging, coupled with the very high performances of new

imaging mass spectrometer, represents such hypothesis-free visualization and can
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therefore be viewed as the ultimate “molecular histology” method for wide appli-

cations in clinical proteomics and pharmacology.

MALDI imaging is now well described and 5–20 microns lateral resolution can

be reached. After data acquisition, images can be reconstructed for every peak of

the whole mass range, providing huge amount of molecular information. Experi-

ments can be focused on low mass chemicals such as lipids and small molecules or

on medium or higher mass, looking at peptides or proteins signals. For FFPE

tissues, different protocols were proposed. It was shown that a first step of antigen

retrieval improves the subsequent protein identification analysis (Shi et al. 2006).

Since 2016, faster MS imagers based on time-of-flight instruments can provide

images in <1 h at lower lateral resolution (Prentice and Caprioli 2016). If needed,

the images can be further acquired at higher lateral resolution to improve delimi-

tation of ROIs, at the cost of higher acquisition times. In both case, the laser beam

raster allows a better use of the sample material.

Several compounds may be emitted at the same nominal mass implying that

many ionic species are present in the spectra. Therefore, the ultra-high mass

resolution of Fourier transform instruments is a growing tool for in situ identifica-

tion (Ly et al. 2016). Several additional strategies can improve both the identifica-

tion and the limit of detection. The matrix choice is important as different

biomolecules will be ionized using different matrices. In addition, additives may

help ionization, and recently nanoparticles have also been used to increase the

signal (Sugiura and Setou 2010).

Finally, ion mobility can help simplifying the spectra as it can separate con-

formers. Indeed, fully isobaric compounds may also be separated provided that the

cross section resolution is sufficient. A new method called trapped ion mobility

spectrometry (TIMS) can also selectively accumulate signals from low abundance

analytes.

Fig. 4 Illustration of the collection of a tissue piece by LMD and the verification of its presence at

the bottom of the tube through a binocular microscope. From a breast cancer tissue piece

containing 2700 cells, it was possible to retrieve 1400 protein identifications (Longuespée et al.

2016)
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Beside MALDI imaging, the analyses of small molecules including lipids as

well as peptides and intact small proteins can also be performed using desorption

electrospray ionization (DESI) (Hsu et al. 2015). In its new version, lateral resolu-

tion has been improved (nanoDESI) and can be very useful on fresh tissue (Laskin

et al. 2012).

6.2 Top-Down Proteomics

In this approach, the entire proteins are the biomolecules to quantify and identify.

The difficulty to handle intact proteins and the relative low dynamic range for their

quantification as intact analytes led to the “gel-free” proteomics. For a decade,

progress in both separation methods and mass spectrometry has allowed the devel-

opment of top-down proteomics in which intact proteins are identified and quanti-

fied. This approach is especially interesting in the previously discussed application

of PTMs crosstalks.

From the mass spectrometry point of view, the production of highly charged ions

and the introduction of high mass (more correctly high m/z) capacity allow detecting

pseudo-molecular ions of medium to high mass intact proteins. This is of great value

to characterize pure protein samples. Combined with activation methods such as

electron capture dissociation (ECD) or electron transfer dissociation (ETD),

electrospray ionization is a valuable tool to obtain structural characterization on

intact proteins (Toby et al. 2016). Labile PTMs such as phosphorylation or glyco-

sylation are kept intact allowing characterizing the heterogeneity of the protein

batches. MS/MS spectra however are quite complex, presenting different charge

states for various fragments. Without strong bioinformatics support, manual exam-

ination of spectra is very tedious and not compatible with high throughput. Turning to

mixtures makes the situation more complicated. UPLC (or nanoUPLC) of proteins

mixtures is still a challenge, and other separation methods such as capillary electro-

phoresis are quickly developing but do not yet constitute a mature standard method

(Catherman et al. 2014). This presently limits top-down proteomics to low complex-

ity mixtures or to targeted analysis intended at monitoring the status of PTMs

(Gregorich et al. 2016). However, some clinical cases of protein profiling without

the use of MS/MS have been described thanks to their isotopic signature (Xiao et al.

2017). Most of the examples described only utilize the highly accurate mass of

specific intact proteoforms (Shortreed et al. 2016).

This is largely linked to the fact that MS technology has been driven for two

decades toward efficient and automated peptides analysis, including post-

acquisition data handling.
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6.3 Middle-Down Proteomics, a Compromise or a Real
Breakthrough?

Bottom-up and top-down proteomics present both advantages and limitations. The

bottom-up approach is now mature, and a solid software basis exists. It requires

however extensive sample preparation and has still difficulties with labile PTMs

and with high extensive sequence coverage. Most mass spectrometers are designed

and optimized for this approach. On the other hand, the top-down strategy requires

less sample handling and is the method of choice to profile proteoforms in low

complexity systems and for relatively low molecular weight proteins. Working with

larger peptides arising from limited digestion with the so-called middle-down

approach could take advantage from the two existing strategies (Cannon et al.

2010; Sidoli et al. 2015). Optimized conditions for enzymatic digestion have

been described (Laskay et al. 2013). ECD is a candidate activation method to

fragment the peptides keeping intact PTMs (Moradian et al. 2014; Sweredoski

et al. 2015). With the improvement of bioinformatics tools, middle-down proteo-

mics will find applications when the determination of PTMs is important.

6.4 Looking at Interactions

6.4.1 Hydrogen/Deuterium Exchange

Interactions between proteins can be analyzed using mass spectrometry. The first

strategy aims at labeling regions which are accessible by deuterons present in bulk

solvent, the interaction regions remaining unlabeled. The method is known as

hydrogen deuterium exchange (HDX). This mapping allows probing both intra-

and intermolecular interactions (Wales and Engen 2006; Tsutsui and Wintrode

2007). An alternative approach consists in exchanging all protons before interac-

tions, monitoring the retro-exchange once the interaction is realized. The whole

mass shift can be measured as a function of time to access to the kinetics of

interactions. Regions of exchange can be observed at the peptide level after the

enzymatic digestion and LC-MS. It requires quenching of the exchange reaction by

adequate pH adjustment and working at low temperature to avoid scrambling.

Localization of exchanged positions at the amino acid level can be achieved by

MS/MS of peptides, but the scrambling in the H/D positions may occur and must be

strictly controlled. HDX was namely used to probe the structure and the dynamics

of interactions in complexes (Ramisetty and Washburn 2011; Li et al. 2014).
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6.4.2 Cross-Linking

Another strategy to map interactions consists in “freezing” the partners in their

interaction conformation using covalent linkers. The linkers are chemically

designed to react with specific amino acids. Their lengths allow probing different

distances between regions in interaction, being intra- or more often intermolecular.

The digestion of the cross-linked (XL) species produces different peptide types that

can be resolved by mass spectrometry. From the sequence of the peptides and the

distances determined from the linkers lengths, a mapping of the interactions is

possible. Quantitative XL-MS (qXL-MS) extends the capabilities of XL-MS. By

introducing isotopically labeled linkers or SILAC-labeled samples, it allows for

comparison across different experimental conditions and different biological states

(Zhong et al. 2017).
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Gallego M, Mora L, Toldrá F (2016b) Peptidomics as a tool for quality control in dry-cured ham

processing. J Proteomics 147:98–107. https://doi.org/10.1016/j.jprot.2016.02.020

Gan CS, Chong PK, Pham TK, Wright PC (2007) Technical, experimental, and biological

variations in isobaric tags for relative and absolute quantitation (iTRAQ). J Proteome Res

6:821–827. https://doi.org/10.1021/pr060474i

Geiger T, Wisniewski JR, Cox J, Zanivan S, Kruger M, Ishihama Y, Mann M (2011) Use of stable

isotope labeling by amino acids in cell culture as a spike-in standard in quantitative proteomics.

Nat Protoc 6:147–157. https://doi.org/10.1038/nprot.2010.192

Gel-Free Proteomics 91

https://doi.org/10.1016/j.bbrc.2014.02.041
https://doi.org/10.1016/j.jpba.2015.04.013
https://doi.org/10.1016/j.jpba.2015.04.013
https://doi.org/10.1038/nmeth.2806
https://doi.org/10.1021/acs.jproteome.6b00881
https://doi.org/10.1038/nrm3841
https://doi.org/10.1038/nrm3841
https://doi.org/10.1007/s00216-012-6012-9
https://doi.org/10.4155/bio.09.185
https://doi.org/10.1097/PAI.0b013e318255bafa
https://doi.org/10.1002/bms.1200100806
https://doi.org/10.1038/nbt.1661
https://doi.org/10.1038/nmeth1019
https://doi.org/10.1038/nmeth1019
https://doi.org/10.1007/s00216-012-5918-6
https://doi.org/10.1016/j.chroma.2016.01.002
https://doi.org/10.1016/j.chroma.2016.01.002
https://doi.org/10.1007/978-1-4612-4380-9_8
https://doi.org/10.1016/j.foodchem.2015.09.062
https://doi.org/10.1016/j.jprot.2016.02.020
https://doi.org/10.1021/pr060474i
https://doi.org/10.1038/nprot.2010.192


Gerber SA, Rush J, Stemman O, Kirschner MW, Gygi SP (2003) Absolute quantification of

proteins and phosphoproteins from cell lysates by tandem MS. Proc Natl Acad Sci USA

100:6940–6945. https://doi.org/10.1073/pnas.0832254100

Gillet LC, Navarro P, Tate S, Rost H, Selevsek N, Reiter L, Bonner R, Aebersold R (2012)

Targeted data extraction of the MS/MS spectra generated by data-independent acquisition: a

new concept for consistent and accurate proteome analysis. Mol Cell Proteomics 11:

O111.016717–O111.016717. https://doi.org/10.1074/mcp.O111.016717

Gregorich ZR, Peng Y, Cai W, Jin Y, Wei L, Chen AJ, McKiernan SH, Aiken JM, Moss RL,

Diffee GM, Ge Y (2016) Top-down targeted proteomics reveals decrease in myosin regulatory

light-chain phosphorylation that contributes to sarcopenic muscle dysfunction. J Proteome Res

15:2706–2716. https://doi.org/10.1021/acs.jproteome.6b00244

Gruhler A, Schulze WX, Matthiesen R, Mann M, Jensen ON (2005) Stable isotope labeling of

arabidopsis thaliana cells and quantitative proteomics by mass spectrometry. Mol Cell Prote-

omics 4:1697–1709. https://doi.org/10.1074/mcp.M500190-MCP200

Guevel L, Lavoie JR, Perez-Iratxeta C, Rouger K, Dubreil L, Feron M, Talon S, Brand M,

Megeney LA (2011) Quantitative proteomic analysis of dystrophic dog muscle. J Proteome

Res 10:2465–2478. https://doi.org/10.1021/pr2001385

Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R (1999) Quantitative analysis of

complex protein mixtures using isotope-coded affinity tags. Nat Biotechnol 17:994–999.

https://doi.org/10.1038/13690

Hakimov HA, Walters S, Wright TC, Meidinger RG, Verschoor CP, Gadish M, Chiu DKY,

Str€omvik MV, Forsberg CW, Golovan SP (2009) Application of iTRAQ to catalogue the

skeletal muscle proteome in pigs and assessment of effects of gender and diet dephytinization.

Proteomics 9:4000–4016. https://doi.org/10.1002/pmic.200900049

Hanke S, Besir H, Oesterhelt D, Mann M (2008) Absolute SILAC for accurate quantitation of

proteins in complex mixtures down to the attomole level. J Proteome Res 7:1118–1130. https://

doi.org/10.1021/pr7007175

Hebert AS, Richards AL, Bailey DJ, Ulbrich A, Coughlin EE, Westphall MS, Coon JJ (2014) The

one hour yeast proteome. Mol Cell Proteomics 13:339–347. https://doi.org/10.1074/mcp.

M113.034769

Hernández-Castellano LE, Ferreira AM, Nanni P, Grossmann J, Argüello A, Capote J, Cai G,

Lippolis J, Castro N, de Almeida AM (2016) The goat (Capra hircus) mammary gland

secretory tissue proteome as influenced by weight loss: a study using label free proteomics. J

Proteomics 145:60–69. https://doi.org/10.1016/j.jprot.2016.03.030

Hoffmann M, Marx K, Reichl U, Wuhrer M, Rapp E (2016) Site-specific O -glycosylation analysis

of human blood plasma proteins. Mol Cell Proteomics 15:624–641. https://doi.org/10.1074/

mcp.M115.053546

Hsu C-C, Chou P-T, Zare RN (2015) Imaging of proteins in tissue samples using nanospray

desorption electrospray ionization mass spectrometry. Anal Chem 87:11171–11175. https://

doi.org/10.1021/acs.analchem.5b03389

Hu A, Noble WS, Wolf-Yadlin A (2016) Technical advances in proteomics: new developments in

data-independent acquisition. F1000Research 5:419. 10.12688/f1000research.7042.1

Huan P, Wang H, Liu B (2015) A label-free proteomic analysis on competent larvae and juveniles

of the Pacific oyster Crassostrea gigas. PLoS One 10:e0135008. https://doi.org/10.1371/

journal.pone.0135008

Huang H, Larsen MR, Palmisano G, Dai J, Lametsch R (2014) Quantitative phosphoproteomic

analysis of porcine muscle within 24h postmortem. J Proteomics 106:125–139. https://doi.org/

10.1016/j.jprot.2014.04.020

Hughes CS, Foehr S, Garfield DA, Furlong EE, Steinmetz LM, Krijgsveld J (2014) Ultrasensitive

proteome analysis using paramagnetic bead technology. Mol Syst Biol 10:757–757. 10.15252/

msb.20145625

92 D. Baiwir et al.

https://doi.org/10.1073/pnas.0832254100
https://doi.org/10.1074/mcp.O111.016717
https://doi.org/10.1021/acs.jproteome.6b00244
https://doi.org/10.1074/mcp.M500190-MCP200
https://doi.org/10.1021/pr2001385
https://doi.org/10.1038/13690
https://doi.org/10.1002/pmic.200900049
https://doi.org/10.1021/pr7007175
https://doi.org/10.1021/pr7007175
https://doi.org/10.1074/mcp.M113.034769
https://doi.org/10.1074/mcp.M113.034769
https://doi.org/10.1016/j.jprot.2016.03.030
https://doi.org/10.1074/mcp.M115.053546
https://doi.org/10.1074/mcp.M115.053546
https://doi.org/10.1021/acs.analchem.5b03389
https://doi.org/10.1021/acs.analchem.5b03389
https://doi.org/10.12688/f1000research.7042.1
https://doi.org/10.1371/journal.pone.0135008
https://doi.org/10.1371/journal.pone.0135008
https://doi.org/10.1016/j.jprot.2014.04.020
https://doi.org/10.1016/j.jprot.2014.04.020
https://doi.org/10.15252/msb.20145625
https://doi.org/10.15252/msb.20145625


Hülsmeier AJ, Paesold-Burda P, Hennet T (2007) N-glycosylation site occupancy in serum

glycoproteins using multiple reaction monitoring liquid chromatography-mass spectrometry.

Mol Cell Proteomics 6:2132–2138. https://doi.org/10.1074/mcp.M700361-MCP200

Institute for System Biology (2004) PeptideAtlas. http://www.peptideatlas.org/

Institute for Systems Biology (2013) SWATHAtlas. http://www.swathatlas.org/index.php

Ishihama Y, Oda Y, Tabata T, Sato T, Nagasu T, Rappsilber J, Mann M (2005) Exponentially

modified protein abundance index (emPAI) for estimation of absolute protein amount in

proteomics by the number of sequenced peptides per protein. Mol Cell Proteomics

4:1265–1272. https://doi.org/10.1074/mcp.M500061-MCP200

Kakutani T, Paszkowski J, Matzke AJ, Kooter JM, Benito MI, Walbot V, Haverkamp TH, Van

Luenen HG, Stein P, Hayashi H, Schultz RM, Cogoni C, Faugeron G, Baskar R,

Grossniklaus U, Springer PS, Holding DR, Groover A, Yordan C, Martienssen RA,

Vinkenoog R, Adams S, Spielman M, Dickinson HG, Scott RJ, Byrne M, Timmermans M,

Kidner C, Martienssen R, Cambareri EB, Aisner R, Carbon J, Sanmiguel P, Mauricio R,

Cubas P, Vincent C, Coen E, Chen ZJ, Pikaard CS, Comai L, Lee HS, Richards E,

Chandler V, Jacobsen S (2001) Translating the Histone Code. Science (80– ) 293:1074–1081

Kang P, Mechref Y, Kyselova Z, Goetz JA, Novotny MV (2007) Comparative glycomic mapping

through quantitative permethylation and stable-isotope labeling. Anal Chem 79:6064–6073.

https://doi.org/10.1021/ac062098r

Karp NA, Lilley KS (2007) Design and analysis issues in quantitative proteomics studies.

Proteomics. https://doi.org/10.1002/pmic.200700683

Kito K, Ito T (2008) Mass spectrometry-based approaches toward absolute quantitative proteo-

mics. Curr Genomics 9:263–274. https://doi.org/10.2174/138920208784533647

Kito K, Ota K, Fujita T, Ito T (2007) A synthetic approach toward accurate mass spectrometric

quantification of component stoichiometry of multiprotein complexes. J Proteome Res

6:792–800. https://doi.org/10.1021/pr060447s

Krüger M, Moser M, Ussar S, Thievessen I, Luber CA, Forner F, Schmidt S, Zanivan S, Fässler R,
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Proteomic Research in Farm Animal Serum

and Plasma

Laura Soler and Ingrid Miller

Abstract Proteomics is one of the modern tools for in-depth study of the protein

and peptide composition of complex protein mixtures and also has major applica-

tions in the field of animal science. Blood-derived fluids such as serum and plasma

are rather unique biological samples as their protein content is contributed by the

summation of all cellular proteome sets in the organism. Thus, they are a valuable

source of information, reflecting the physiopathological status of the individuals.

Being easy to obtain, they were and still are often the samples of choice to study

physiology, investigate or diagnose diseases, as well as monitor and compare the

influence of potentially harmful substances in different species.
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1 Methodological Aspects

1.1 Proteomic Methods

Nowadays, two main methodological approaches exist in proteomics: gel-based and

gel-free. Historically, gel-based methods were the first developed, relying on

two-dimensional electrophoresis (2DE) as a combination of isoelectric focusing

(separation according to protein charge) and SDS-PAGE (separation according to

protein size), both under denaturing and reducing conditions (Miller 2011). Serum

and plasma were among the first samples for which identification maps were

established, in the beginning based on specific or cross-reactive antibodies, later on

identifying proteins by mass spectrometric (MS) methods. Among the species of

interest were several farm animals—bovine (Wait et al. 2002; Talamo et al. 2003),

porcine (Miller et al. 2009), ovine (Chiaradia et al. 2012), chicken (Huang et al.

2006), and lately also fish (Braceland et al. 2013). These maps of healthy animals

were created to serve as reference patterns for comparison with serum/plasma of

diseased animals and usually showed patterns of serum/plasma without any

pretreatment or pre-fractionation. One application for the bovine serum map was a

study on several acute phase proteins during development of clinical and subclinical

mastitis. Data showed positive correlation of results of proteomic- and immunoassay-

based quantification for the selected proteins (Alonso-Fauste et al. 2012).

The more recent proteomic approach is comparison of samples from two or more

different pathophysiological states or breeds. Investigating specimens with similar

analytical history but from different time points, healthy/diseased or exposed/

nonexposed animals, allows flexibility in sample preparation and analysis/separa-

tion. In the electrophoretic field, this trend is nowadays best utilized by fluorescence

difference gel electrophoresis (DIGE), where up to three previously fluorophore-

labeled samples may be separated in one gel. This minimizes gel to gel variation

and increases sensitivity and accuracy in quantitative comparisons (Timms and

Cramer 2008; Miller 2012).

Due to the rapid development of devices and equipment, gel-free MS methods

today show high sensitivity and a large variety for different applications. This,

together with more refined sample pretreatment, was, for instance, able to extend

the list of bovine serum proteins (Faulkner et al. 2012; Henning et al. 2014;

Skrzypczak et al. 2011). Combination of MS with high-resolution multidimensional

chromatography prevails, but inclusion of other methods is possible as well

(Mansor et al. 2013). Quantification is based on isotopic or chemical labels or

performed in a label-free mode (Gevaert and Vandekerckhove 2011; Bantscheff

et al. 2012).

Identification of peptides, either from tryptically digested protein spots or from

separated peptide mixtures, is achieved by searches in dedicated databases. Protein

databases [UniProtKB (http://www.uniprot.org/uniprot/), NCBI database (http://

www.ncbi.nlm.nih.gov/guide/proteins/)] encompass a wide variety of organisms,

including among them the most common proteins from farm animal species. Still,
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in some cases it may be necessary to identify proteins by de novo sequencing or as

homologues of related species (Soares et al. 2012). Repositories have been set up

lately to collect protein/peptide data and to use them as a source for further progress

in the field—PRIDE (Vizcaino et al. 2009), the Global Proteome Machine Database

(Craig et al. 2004), and PeptideAtlas (Deutsch et al. 2008). The PeptideAtlas

contains a large set of farm animal protein data, for example, on cow (Bislev

et al. 2012a) and pig (Hesselager et al. 2016) proteomes.

Whereas general proteomic investigations are holistic and inductive, formulat-

ing hypotheses only based on study results, the latest developments in the MS field

also allow targeting of specific analyte sets by selected reaction monitoring (SRM).

Based on their unique protein-specific peptides, they may become helpful tools for

future clinical use and also in veterinary applications (Bislev et al. 2012b; Marco-

Ramell et al. 2013).

Also in animal studies, the number of studies applying MS methods has mean-

while outperformed the number of investigations performed by 2DE. They benefit

from high degree of automatization, high sensitivity, and growing databases.

Nevertheless, previous studies, including also human serum, have shown that the

“proteome” detected by various methods differs, that there is a considerable degree

of proteins monitored only with one type of approach, and, overall, that MS- and

gel-based methods are complementary (Anderson et al. 2004). Additionally, the

search for disease biomarkers revealed that there are cases where not only the

concentration of one or more specific proteins is important but also the type of

modification or size of the molecule (protein species or proteoforms). This may be

easier to detect (but not to identify) with gel-based methods, as this often changes

the spot pattern (Rogowska-Wrzesinska et al. 2013; Oliveira et al. 2014).

Surface-enhanced laser desorption/ionization (SELDI) is an MS method where

intact analytes are enriched on chips based on their affinity to specifically modified

surface. It allows profiling of samples and search for disease-specific markers by

comparing MS peak patterns under different conditions. With particular care to

avoid interferences, it may be a helpful tool in the search for marker proteins,

specifically smaller polypeptides (Poon 2007).

Serum or plasma may additionally serve as immunological “reagent,” for

screening for antibodies or autoantibodies in the respective individual. These

immunoproteomic applications are helpful to detect previous or present contact

with bacteria, viruses, parasites, or allergenic substances and may be combined with

a large panel of methods.

1.2 Serum versus Plasma

Serum is obtained from blood after coagulation of fibrin along with the cellular

components and their removal by centrifugation, while for plasma preparation

anticoagulants (citrate, heparin, EDTA) are added to the collection tubes or used

to pre-coat the sample tubes. Thus, the main differences in the proteome are
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coagulation-related proteins, mainly the presence/absence of fibrinogen (Kim et al.

2007; Miller et al. 2010). Though both sample types may be used for evaluation of

protein patterns, reference ranges or concentrations of particular proteins/protein

families may be sample-type specific [for instance, lipoprotein fractions (Collins

and Olivier 2010)]. Investigations of human serum vs. plasma samples have

detected considerable differences in the low-molecular-weight proteome and

peptidome, due to release of peptides derived from cellular components or the

clot (Tammen et al. 2005). Similarly, pre-analytical factors such as patient fasting,

hemolysis, sample handling (clotting time, time lag, centrifugation speed), and

storage (temperature, freezing/thawing) markedly influence protein patterns and

call for strict standardization (Hsieh et al. 2006; Hassis et al. 2015).

1.3 Species Specificity

Serum/plasma consists of a multitude of different proteins with a large variety of

functions: carriers for metals, hormones, lipids, vitamins, drugs; enzymes, inhibitors,

hormones, defense against harmful agents, buffers. Single components (may) vary

depending on species and physiopathological conditions (Eckersall 2008). Though

the main proteins are usually present throughout animal species, protein properties

(isoelectric point, size, modifications) and concentrations may show species-

dependent particularities (examples given below). This limits comparability of

patterns between species and makes investigation of single species mandatory.

One of the most important acute phase markers in most species is haptoglobin

(Hp), a glycosylated protein whose levels in serum are consistently increased

during infections. It forms a tetramer of 2α- and 2β-chains, but for humans two

different types of α-chains exist (two genotypes, resulting in three phenotypes of the
protein, Fig. 1, top panel). Vertebrates show corresponding types but either with the

α2 (ruminants-) or the α1-chain (other species) (Meier et al. 1980). Pattern in

two-dimensional electrophoresis reflects the differing protein properties (Fig. 1,

bottom panels). Additionally, Hp concentration in healthy bovines is very low

(Wait et al. 2002), whereas the protein is well detectable in baseline status of

other species [Fig. 1, (Miller 2011)].

The acute phase protein serum amyloid A (SAA) is another example for species

specificity. In most species the SAA family consists of two main forms (SAA1 and

SAA2) with neutral pI, circulating in serum and produced in the liver, and an

additional alkaline family member, SAA3, mainly produced locally and not con-

tributing to circulating levels. In the pig, however, the main circulating form is

biochemically more similar to the SAA3 homologue of those other species, which

may explain why most antibodies did not cross-react with pig SAA and also why

the pig is resistant to AA-amyloidosis (Soler et al. 2013).

Various acute phase proteins are known, depending on the animal species, and

may respond in a species-dependent way and time course (Eckersall and Bell 2010).

For instance, α1-acid glycoprotein has been widely reported as a positive acute
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phase marker in many species, notably in the chicken, where it is one of the major

markers of inflammation (O’Reilly and Eckersall 2014). However, this protein is a

negative acute phase protein during a range of experimental infections and aseptic

inflammation in the pig (Heegaard et al. 2013), whereas in the same species,

increased serum levels have been described during obesity (Rødgaard et al. 2013)

and treatment with antimicrobial growth promotors (Soler et al. 2016).

1.4 Proteoforms

Proteomics allows a more detailed characterization of protein heterogeneity, in

other words the detection of different proteoforms, often due to posttranslational

Fig. 1 Haptoglobin chains in serum 2DE patterns of different species. Serum samples of different

species: (a) human (mixed haptoglobin phenotype), (b) bovine (cow with inflammation), and (c)

pig. Detailed views from gels of IPG pH 4-10NL and 10–15% gradient gel for SDS-PAGE, silver

stain, 0.5 μl serum. For details, see Miller et al. (2009). SA serum albumin, apo A-I apolipoprotein
A-I, single haptoglobin chains are indicated (α1-, α2-, β-chain)
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modifications (PTM; in serum frequently due to glycosylation). Change of PTM

may be a sign of disease or predisposition; thus, monitoring of proteoforms may

help arrive at biomarker candidates with a better diagnostic performance than the

overall protein concentration of the given protein.

Two examples of pig acute phase proteins show the high resolution and useful-

ness of modern proteomic methods: Hp was characterized regarding the glycosyl-

ation of its β-subunit (O- and N-glycosylated, contrary to human). In a viral

infection by PCV2-SD, all proteoforms were upregulated to a similar extent, thus

confirming that determination of overall Hp concentration was a good enough test

(Marco-Ramell et al. 2014). At the same time, the negative acute phase marker

apolipoprotein A-I (Apo A-I) showed differential regulation of the protein’s three
main spots in 2DE (corresponding to the immature form and the two mature forms,

where no difference in PTM could be detected). Indications for a correlation

between pattern changes and severity of infection or type of infectious agent

were found (Marco-Ramell et al. 2015).

1.5 Reducing Serum/Plasma Complexity

Protein composition of serum/plasma shows high complexity, both in number and

concentration of constituents. Concentrations span over more than ten orders of

magnitude between highly abundant and trace proteins (Anderson and Anderson

2002). Low-abundance and trace proteins are regarded as typical leakage products

from diseased, dying, or dead cells originating from different organs of the body.

This makes them particularly interesting for investigations aiming at diagnosis and

health monitoring (instead of more invasive sample sources, like biopsies). Prote-

omics, as a sensitive method able to discern also different often organ- or tissue-

specific modifications of proteins, has proven to be an appropriate tool for this task.

The large dynamic range of serum/plasma proteins is a challenge for in-depth

investigations, as this is much more than modern analytical techniques can cover

(Altelaar and Heck 2012). The general recommendation is removal of major serum

proteins or sample pre-fractionation, to enable detection of minor components.

Still, analysis of medium- to high-abundance proteins has its benefits, for instance,

evaluating level and pattern of acute phase proteins or modifications or isoforms

characteristic for diseases/disorders (Marco-Ramell et al. 2014, 2015). Sample

pretreatment bears the risk of unintentionally modifying ratios between proteins

and proteoforms or of removing potentially interesting marker proteins (Gianazza

et al. 2016). Studies on the “albuminome” have shown that even albumin-depletion

methods may remove many more proteins than intended (Holewinski et al. 2013).

A wide range of methods has been suggested for sample treatment prior to

proteomic experiments. This includes removal of high- to medium-abundance

proteins, for instance, by immunoaffinity methods using up to 14 specific antibodies

immobilized on beads (Liu et al. 2006). These devices have been developed for

application on human samples, and their use in animal sera has to be critically
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evaluated before use (Bandow 2010). An often suggested first step is depletion of

albumin and immunoglobulins (Faulkner et al. 2011), but as they comprise about

60–70% of overall serum protein, this may not be sufficient. Other or additional

ways to simplify the serum proteome are salting out, precipitation at low pH or with

organic solvents (Fernández et al. 2011; Henning et al. 2015), and different

electrophoretic or chromatographic steps (ion exchange, reversed phase chroma-

tography) (Miller 2011; Whiteaker et al. 2007). The development of combinatorial

peptide ligand libraries (CPLL) has added another method that allows species-

independent enrichment of minor serum components (Righetti et al. 2006; Marco-

Ramell and Bassols 2010; Di Girolamo et al. 2014). Often, a combination of

different methods either performed in parallel or consecutively may help to mine

deeper into the proteome (Soler et al. 2016; Jmeian and El Rassi 2009; Puangpila

et al. 2015; Stalder et al. 2008). Examples for three of these methods are given in

Fig. 2, using pig serum as source: dialysis at low pH to decrease the concentration
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Fig. 2 Pretreatment of serum samples for depletion of major proteins or enrichment of minor

components: (1) molecular weight marker (LMW, GE Healthcare Life Sciences, Munich, Ger-

many). (2) Pig serum 1 (starting material for samples in lanes 3–6). ProteoMiner (Bio-Rad,

Hercules, CA, USA): (3) fraction of major proteins that were removed (fall-through peak of

cartridge) and (4) enriched minor proteins (bound to resin). For details, see Soler et al. (2016).

ProteoPrep Albumin and IgG Depletion Sample Prep Kit (Protea, Morgantown, WV, USA):

(5) fraction of major proteins that were removed (bound to resin) and (6) albumin/IgG-depleted

fraction (fall-through peak of cartridge). For details, see Soler et al. (2016). (7) Pig serum

2 (starting material for samples in lanes 8–9). Dialysis of serum at pH 4.2 according to Henning

et al. (2015): (8) supernatant and (9) redissolved precipitate. Samples marked with asterisks have

lower concentrations of major serum components. SDS-PAGE in 10–15% gradient gels

(140 � 140 � 1.5 mm), silver stain. The main serum proteins are indicated: Hb hemoglobin, Hp
ß haptoglobin ß-chain, Ig L immunoglobulin light chain, Ig γ IgG H(γ)-chain, SA serum albumin,

Tf transferrin
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of a few highly abundant proteins (lanes 8, 9), removal of albumin and IgG (lanes

5, 6), and enrichment of low-abundance proteins (lanes 3, 4). As to be seen, in our

hands low-pH dialysis did not markedly change the band pattern of pig serum

(in contrast to Henning et al. 2015), whereas the two affinity methods were able to

evidently reduce the abundance of albumin and transferrin. Combining data from

both enrichment steps with analysis of unfractionated serum and thus investigating

three serum proteome (sub)sets from the same samples allowed covering a wider

range of analytes in a feeding study with oxytetracycline (Soler et al. 2016).

Alternatively, fractionation according to isoelectric point may be performed

either before the proteomic separation (Miller 2011; Westbrook et al. 2001) or by

applying the complex sample on so-called zoom gels, i.e., two-dimensional elec-

trophoresis where the first dimensional IPG run is performed in narrow range pH

gradients (Hoving et al. 2000; Marco-Ramell et al. 2014). Sample fractionation may

also be achieved on the peptide level, after tryptic digestion of the proteins, utilizing

different properties of the peptides.

2 Topics of Serum/Plasma Proteomics in Farm Animal

Species

Advantages and limitations of serum/plasma proteomics in farm animals have been

extensively reviewed (Almeida et al. 2015; Bendixen et al. 2011; de Almeida and

Bendixen 2012; Di Girolamo et al. 2014; Eckersall et al. 2012), mainly in the areas

discussed below.

2.1 Animal Health and Disease

Serum and plasma represent the most convenient sample types to collect in order to

investigate the pathogenesis and/or the time course of a disease and so for the

detection of biomarkers. Serum proteomics can help unraveling the alterations

associated with different infections of relevance for veterinary sciences. This is

the case of bovine paratuberculosis and avian coccidiosis, both diseases leading to

important economic losses. Serum proteomics has helped identifying some proteins

possibly implicated in the pathogenesis and response against these infections, as

well as the stage of the infection. More specifically, transferrin, gelsolin isoforms α
and β, some complement components, a copper amine oxidase, coagulation factors

II and XIII B polypeptide, as well as fibrinogen γ-chain and its precursor were

identified as showing differential abundances in paratuberculosis (You et al. 2012),

whereas malate dehydrogenase 2, a subunit of NADH dehydrogenase 1 alpha

subcomplex, and an ATP synthase were detected as potential early diagnostic

markers for avian coccidiosis (Gilbert et al. 2011). In fish, two 2DE-based
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proteomic studies have been investigating host responses in search of health bio-

markers. The first study employed a model of trauma in the loach to identify

possible markers of inflammation, such as parvalbumin, gastrin 71, and the signal

recognition protein (Wu et al. 2004). The second study aimed at investigating the

host response against the salmonid alphavirus, the etiological agent of pancreas

disease in marine Atlantic salmon (Braceland et al. 2013). Results identified some

proteins (creatine kinase, enolase, and malate dehydrogenase) that changed in

abundance in correlation with tissue pathology as well as others that were correlated

with the stage of the infection (hemopexin, transferrin, and apolipoprotein)

(Braceland et al. 2013). 2DE coupled with MS has also helped describing the

serum proteome changes related with the inflammatory, oxidative, and lipid metab-

olism alterations associated with the development of laminitis in cows (Dong et al.

2015); the exposure to swine fever virus causing modifications in pig proteins

associated with inflammation, blood coagulation, and angiogenesis (Sun et al.

2011); or the acute phase proteins changing their abundance in the course of

ovine rhino-tracheobronchitis (Chiaradia et al. 2012).

Early changes in the serum proteome associated with the predisposition to

develop a particular pathology may serve as prognostic biomarkers. Serum prote-

omics has been employed in order to identify cows and sheep prone to develop

postpartum uterine infection; finding suitable markers would represent an important

tool for reproductive postpartum disease management (Cairoli et al. 2006;

Chiaradia et al. 2012). In both species the serum proteome changes occurring at

peripartum showed that levels of α1-acid glycoprotein could be employed as a

prognostic biomarker of endometritis predisposition (Cairoli et al. 2006; Chiaradia

et al. 2012).

Adding gel-based proteomic data to results from other -omic methods has often

revealed a broader, more detailed picture. The combination of proteomic and

metabolomic data has proven superior to results from single methods, for example,

for providing a prognosis for the outcome of bovine respiratory disease (Aich et al.

2009). Likewise, the same method combination was able to better describe the

complex biological events associated with combined stress and viral infections in

cattle (Aich et al. 2007). A good example for the complementarity even of different

proteomic approaches is the comparison of the serum proteome of healthy cows

with those from animals suffering from clinical and subclinical mastitis (Turk et al.

2012). The combination of peptidic profiling using MALDI-TOF, 2DE, and shot-

gun proteomics provided at first an overview of the quality of samples for proteo-

mic evaluation, a factor that is often neglected but is in fact crucial for a correct

interpretation of results. Combined results from proteomic analyses gave an over-

view of all inflammatory and oxidative changes associated with this condition but

more interestingly identified the protein vitronectin as a very promising biomarker

for the detection of subclinical mastitis, a condition that is hard to detect at the farm

level (Turk et al. 2012).

The use of technical approaches other than 2DE proteomics is less common in

animal clinical sciences, although they have been applied successfully and are

becoming more popular. Shotgun proteomics of plasma has been used in a study
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of foot rot in the dairy cow in search for possible factors associated with this

disease, such as the peptidoglycan recognition protein L and keratin sulfate pro-

teoglycan (Sun et al. 2013). Shotgun proteomics could also distinguish the host

response toward two pathogens that are difficult to detect separately in the cow:

Mycobacterium tuberculosis and Mycobacterium paratuberculosis (Seth et al.

2009). It also identified some proteins that could be considered possible biomarkers

of foot-and-mouth disease virus-infected pigs, such as apolipoprotein A-IV precur-

sor, haptoglobin, and probable chemoreceptor glutamine deamidase cheD (Liu

et al. 2011). Existing shotgun proteomic and traditional biochemistry data may be

employed in serum proteomics to design targeted assays based on the use of

LC-MS/MS technology for the multiple quantification of already known bio-

markers. Though up to now scarce in veterinary sciences, data from robust targeted

proteomic assays for a given protein have been described to correlate very well with

immunometric quantifications (Bislev et al. 2012b). Also a targeted SRM assay for

quantification of different acute phase proteins in pig serum proved to be a good

alternative to commercial kits for the multiple quantification of biomarkers (Marco-

Ramell et al. 2013).

The combination of different proteomic biomarkers or “biomarker profiles” can

give a combined measure associated with the studied condition. Biomarker profiles

are potentially better at defining a complex pathophysiological condition than

single biomarkers, and clinical proteomics is moving its focus to the identification

of such panels as fingerprints that can define a diagnostic phenotype (Gruys et al.

2006; Koene et al. 2012). In animal sciences, there is a growing interest in

identifying and implementing the use of disease biomarker profiles, for example,

as established by SELDI. It has been employed in ovine serum from animals

diagnosed with paratuberculosis, finding that the proteins transthyretin and

α-hemoglobin were differentially abundant in healthy and diseased animals

(Zhong et al. 2011). In pigs, serum SELDI profiles were useful for the early

detection and identification of viral infections in an experimental model for porcine

circovirus-associated disease (PCVAD), consisting of porcine circovirus type

2 (PCV2) infection in combination with either porcine parvovirus (PPV) or porcine

reproductive and respiratory syndrome virus (PRRSV; Koene et al. 2012).

2.2 Animal Physiology, Stress, and Nutrition

Applications of serum/plasma proteomics in farm animals go beyond its use in

clinical sciences and also include studies on physiology, welfare, and nutrition in

farm animals (Bendixen et al. 2011; Eckersall et al. 2012). Serum proteomic

analysis is in this sense a powerful tool to understand connections between geno-

type, phenotype, and environmental and managing factors. These remain poorly

understood and need to be known to balance production, health, and well-being.

Identification of biomarkers through proteomics for feed efficiency in livestock as

well as the identification of pathways with distinct expression patterns between
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animals that differ in feed efficiency could therefore be useful for animal produc-

tion. In this sense, serum proteomics has been employed to identify biomarkers

such as gelsolin, vitronectin, and serpin A3 linked with increased swine feed

efficiency (Grubbs et al. 2016). Likewise, the proteins plasminogen and vitamin

D-binding protein precursor were found in hens as highly correlated with early

sexual maturity and increased egg production (Huang et al. 2006).

Ethical production of food is nowadays a main concern of consumers. In

parallel, it has been confirmed that handling procedures creating stress in farm

animals have a negative impact on the quality of the final product and on the cost of

production. The objective evaluation of stress is required in order to improve

animal care and management in farm animals. This aspect of animal production

is discussed in detail in this book in the chapter “Proteomics and Animal Stress.”

Serum proteomics has proven to be a good tool for the discovery and use of

biochemical biomarkers to evaluate the stress response in farm animals. Some

examples in the literature include the evaluation of the stress response toward

individual housing of sows (Marco-Ramell et al. 2016), housing at high stocking

density in pigs (Marco-Ramell et al. 2011), the response to heat stress in lactating

dairy cows (Fuquay 1981), fish handling stress (Liu et al. 2008), and the adaptation

of cows to harsh breeding conditions (Marco-Ramell et al. 2012).

2.3 Food Safety

The use of growth-promoting agents (GPAs) in meat production to increase feed

conversion and lean meat production has been a common practice in the past. The

use of such substances, among them anabolic and sexual steroids (mainly andro-

gens and estrogens), β2-agonists, and antimicrobials, pose a serious risk for public

health, and many countries have banned their use (Brameld and Parr 2016). This

has created, on one hand, the need of finding natural, harmless alternatives to GPAs

and, on the other hand, the need of accurately identifying the illicit use of these

treatments. Serum/plasma proteomic analysis can help in both fields. When looking

for natural alternatives that help boosting the performance of farm animals, the first

step is understanding the mechanism of action by which antimicrobial substances

employed at subclinical dose worked as growth promoters (Brown et al. 2017). The

serum proteome of recently weaned pigs fed with oxytetracycline showed some

signs that helped explain the switch to an energy-saving phenotype thanks to an

anti-inflammatory effect as well as a protective effect against lipid oxidation (Soler

et al. 2016). As a natural alternative to antimicrobials, probiotics have been

proposed. The effect of exposing the rainbow trout to two different probiotics

(Aeromonas sobria GC2 and Bacillus sp. JB-1) has been explored in the serum

proteome. Opposite to expected, results showed that the use of these probiotics was

associated with the development of an acute phase response (Brunt et al. 2008).

The second consequence of the banning of GPAs is the present need to find

sensitive ways of detecting their use. The analytical detection of these substances is
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often very complicated, since they are present in low doses in the analytical samples

and have a structure that is similar to some natural hormones. In turn, the evaluation

of the molecular changes associated with their use could be more suitable as a

means to detect their use. Serum proteomics has been employed for the latter in an

extensive way, as it offers an overview of the changes linked with the use of GPAs.

The general conclusion is that a combination of markers of different biological

functions should be employed, as the use of GPAs affects different physiological

processes including an altered hepatic metabolism, an acute phase reaction activity,

the response to sexual hormones, and the action on the musculoskeletal system

(Kinkead et al. 2015; McGrath et al. 2013). A relationship between the treatment

with different substances and an increase of proteins with phospholipid binding

function, among them β2-glycoprotein 1 (Della Donna et al. 2009), a specific

truncated form of Apo A-I (Draisci et al. 2007), and serum paraoxonase

1 (Guglielmetti et al. 2014), has been found associated with the use of different

illicit substances.

2.4 Animal Models of Human Medicine

Large animal models of disease for human medicine are increasingly employed to

overcome some disadvantages of rodent models. Differences in size, anatomy,

physiology, etc. between rodents and men have forced researchers to look for

alternative models, of which the pig seems to be one of the most suitable

(de Almeida and Bendixen 2012). Some studies have successfully applied serum

proteomics in pig models of disease, such as models of acute sepsis

(Thongboonkerd et al. 2009) or nonalcoholic steatohepatitis (Bell et al. 2010) to

decipher the molecular response to a given condition with the objective of trans-

lating results to human medicine.

3 Conclusions and Future Perspectives

Achievements of the last decades clearly show the added value of proteomics in

biological research and now also in the field of animal proteomics. However, over

the years proteomic methods have been and are still being refined, and newer

research reveals the advantages of determining proteoforms both in research dis-

covery phase and in diagnosis. Additionally, new technical developments in the

field increase sensitivity and allow mining deeper into the very low-abundance

protein population of serum/plasma. This, together with the growing interest in

animal-related studies, will help to further enhance in-depth knowledge in the

future, even in comparatively well-studied samples like serum/plasma.
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Proteomic Research in Urine and Other Fluids

Gloria Isani, Enea Ferlizza, and Jarlath E. Nally

Abstract Urine is an ideal biological sample. It is an important source of clinical

biomarkers of systemic and renal diseases and can be obtained repeatedly without

causing stress. Different analytical protocols for the study of the urine proteome

have been used, from the simplest electrophoresis on agarose gels to the most

sensitive and complex 2DE. As with urine, a range of bodily fluids (saliva,

cerebrospinal, bronchoalveolar, amniotic fluids) are amenable to the tools of pro-

teomics. The identification and characterization of the protein content of such fluids

are being used to provide novel insights into the evolutionary adaptations of farm

and domestic animal species and to characterize their normal physiological state. A

comprehensive review on the application of proteomics to these biological samples

is presented.

Keywords Saliva • Cerebrospinal fluid • Bronchoalveolar fluid • Amniotic

fluid • Electrophoresis • Veterinary medicine • Farm animals
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AGE Agarose gel electrophoresis

CAM Cellulose acetate membrane

HRE High-resolution electrophoresis

PrPC Physiological prion protein

GO Gene ontology

CSF Cerebrospinal fluid

BALF Bronchoalveolar fluid

1 Urine

Urine, produced by healthy kidneys under normal physiological conditions, con-

tains a relatively small amount of protein. In general, molecules with an effective

radius exceeding ~4 nm are not able to pass via the glomerular filter, and most

proteins and protein fragments are reabsorbed along the tubule (Geckle 2007). A

few proteins are secreted by the kidney, e.g., uromodulin. The abnormal presence of

protein in urine is defined as proteinuria. Proteinuria provides insights into the

systemic (presence of proteins derived from plasma) and local (proteins of kidney

origin) pathophysiology from a clinical perspective. As a consequence, urine is

considered an ideal source for biomarkers of clinical significance. Moreover, urine

samples can be obtained repeatedly, in large quantities and noninvasively.

As the study of the urinary proteome originated and developed in human

medicine, a short introduction summarizing the fundamental stages of urinary

proteome characterization in humans is presented. Subsequently, different analyt-

ical protocols for the study of the urinary proteome will be discussed, from the

simplest assays used during clinical assessments to the most sophisticated used only

for research, with some reference to their use in veterinary medicine, and a possible

standard protocol for the analysis of urine applicable to normal and proteinuric

samples.

1.1 Urinary Proteomics: A Long-Standing Tradition

The first studies on the protein composition of normal urine were performed in

1979, applying two-dimensional electrophoresis (2DE) at a time when this prote-

omic technique was still in its infancy (Anderson et al. 1979). In 2004 Oh et al.

(2004) defined a preliminary urine proteome map and annotated 113 different

proteins on a 2D gel by peptide mass fingerprinting. Many other studies followed

in subsequent years, and recently, a number of large-scale proteomic studies have

been carried out to improve our knowledge on the urinary proteome from healthy

individuals. By combining data from different studies published to date, at least

3000 different proteins and peptides have been identified in urine (Molina et al.

2011; Di Meo et al. 2017). Marimuthu et al. (2011) compared the proteins identified

in their study with two other large-scale studies previously performed by Adachi
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et al. (2006) and by Li et al. (2010). Six hundred and fifty-eight proteins were

commonly identified in all three studies and thus represent a universal panel of

proteins physiologically present in human urine. Out of these, albumin,

uromodulin, heavy and light chains of immunoglobulins (Ig), and transferrin are

the most represented. These proteins are generally classified following nephronal

localization and functional criteria. Kidney secretory and structural proteins, serum

and transport proteins, coagulation and complement factors, immunoglobulins, and

other immune proteins, enzymes, metal-binding proteins, and lipoproteins are some

of the possible functional categories reported by Candiano et al. (2010). The most

abundant proteins in human healthy urine are reported in Table 1.

Wide variability of the urine proteome from healthy individuals has been related

to gender, age, diet, physical exercise, drug consumption, and environmental

conditions. The extent and sources of this intra- and interindividual variability

have been investigated by several studies (Oh et al. 2004; Thongboonkerd et al.

2006; Nagaraj and Mann 2011; Molina et al. 2011; Liu et al. 2012; He et al. 2012;

Guo et al. 2015; Pastushkova et al. 2016).

In addition, the urinary proteome is characterized by a highly dynamic range of

almost five orders of magnitude (Nagaraj and Mann 2011). Therefore, the most

challenging proteins to identify are low abundance proteins, and many of them are

yet to be characterized. One innovative technique that has been developed to

overcome this limitation is the use of beads coated with hexameric peptide ligand

libraries; this allows for the enrichment of low abundant proteins while removing

the most abundant ones (Decramer et al. 2008; Candiano et al. 2010; Filip et al.

2015).

Many of the proteins identified in large-scale proteomic analysis on normal

human urine are now under investigation in clinical trials to validate their use as

sensitive and specific biomarkers of disease. Chronic kidney disease, acute kidney

injury (AKI), and diabetic nephropathy are only three of the diseases studied

extensively in human medicine using proteomic techniques on urine (Andersen

et al. 2010; Lhotta 2010; Devarajan 2011). Such diseases are also highly prevalent

in animal medicine, which could benefit from the discovery of novel biomarkers of

health.

1.2 Urinary Proteomics in Veterinary Medicine: An
Unexplored but Promising Field

Despite the importance of proteomics techniques and their potential for biomarker

discovery and diagnostics, high costs and limited interest by animal researchers and

clinicians have resulted in few applications of proteomics to urine samples in

veterinary medicine, and, as a consequence, fragmentary data are present in the

literature. Pyo et al. (2003) studied the urinary proteome in cows by 2DE to search

for potential biomarkers of early pregnancy. Simon et al. (2008) applied difference
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gel electrophoresis (DIGE) to discover biomarkers of bovine spongiform enceph-

alopathy (BSE) in bovine urine. Nabity et al. (2011) applied DIGE and SELDI-TOF

to urine samples from dogs affected by hereditary nephropathy.

More recent studies have applied proteomic techniques to explore the urinary

proteome in healthy dogs, cows, and cats (Brandt et al. 2014; Bathla et al. 2015;

Ferlizza et al. 2015), while the urinary proteome of pigs and other farm animals

remains mostly unexplored. These preliminary studies are a starting point for future

Table 1 Most abundant proteins found in urine from healthy humans (Molina et al. 2011;

He et al. 2012)

He et al. (2012) Molina et al. (2011)

A1BG Alpha-1B-glycoprotein A1BG Alpha-1B-glycoprotein

AHSG Alpha-2-HS-

glycoprotein

ACP2 Lysosomal acid phosphatase

AMBP α1-Microglobulin/

bikunin precursor

ALB Serum albumin

AZGP1 Zinc alpha-2-glycopro-

tein 1

AMBP α1-Microglobulin/bikunin precursor

CD14 Monocyte differentia-

tion antigen CD14

AZGP1 Zinc-alpha-2-glycoprotein

COL6A1 Collagen alpha-1(VI)

chain

CADM4 Cell adhesion molecule 4

CTSD Cathepsin D CD14 Monocyte differentiation antigen CD14

DNASE1 Deoxyribonuclease-1 CDH1 Epithelial cadherin

GAA Lysosomal alpha-

glucosidase

GAA Lysosomal alpha-glucosidase

GC Vitamin D-binding

protein

GSN Gelsolin

HPX Hemopexin HSPG2 Basement membrane-heparan sulfate

proteoglycan core protein

KNG1 Kininogen 1 KLK3 Prostate-specific antigen

ORM1 Orosomucoid 1 KNG1 Kininogen-1

PIGR Polymeric immunoglob-

ulin receptor

MASP2 Mannan-binding lectin serine protease

2

PTGDS Prostaglandin-H2

D-isomerase

PEBP4 Phosphatidylethanolamine-binding

protein

RBP4 Plasma retinol-binding

protein

PRSS3 Trypsinogen 4

SERPING1 Plasma protease C1

inhibitor

PTGDS Prostaglandin -H2 D-isomerase

UMOD Uromodulin QPCT Glutaminyl-peptide cyclotransferase

SDR9C7 Orphan short-chain dehydrogenase/

reductase

SECTM1 Secreted and transmembrane protein 1

SERPINA1 Alpha-1-antitrypsin

TF Serotransferrin

UMOD Uromodulin
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research that can focus on the proteome of urine under physiological conditions

compared to that during specific clinical pathologies.

1.3 Methods and Protocols for Sample Preparation

The prerequisite for each analytical technique to obtain reliable results is the

appropriate treatment of samples in order to preserve their integrity and, at the

same time, avoid/remove any interference. Therefore, one of the priorities in the

field of urinary proteomics is to optimize the protocol for sample preparation, due to

the presence of interfering molecules and ions, of a wide dynamic range and of the

differences in protein concentration between healthy/non-proteinuric and diseased/

proteinuric animals.

1.3.1 Sample Collection and Stability

The discussion on sample collection procedures (free catch, cystocentesis, cathe-

terization) is out of the scope of the present chapter, but it is important to bear in

mind that they can modify the urine protein composition, particularly in animals,

because it is not possible to collect 24-h urine as routinely done in humans.

Although in humans it has been reported that the variation of intraday samples is

limited (Khan and Packer 2006; Thongboonkerd et al. 2006), where possible, we

suggest collecting a morning urine sample by free catch in order to limit variables

and stress for animals.

The literature reports that urine is stable for hours at room temperature, a few

days in the fridge (þ4 �C), and for years in the freezer (�20 �C) (Candiano et al.

2010). Molina et al. (2011) found differences in the number of protein spots in urine

samples frozen at �20 �C (without protease inhibitors) compared to fresh urine

samples and to samples stored at�80 �C; therefore, we recommend storing samples

at �80 �C. The use of protease inhibitors is not recommended because they may

change the urinary proteome, in particular in healthy/non-proteinuric samples

which contain few proteases.

1.3.2 Sample Treatment and Protein Quantification

Different protocols have been proposed to concentrate and desalt urine from healthy

individuals before 2DE or SDS-PAGE, including ultrafiltration, precipitation, lyoph-

ilization, and ultracentrifugation (Thongboonkerd et al. 2006; Martin-Lorenzo et al.

2014). We recommend precipitation with trichloroacetic acid and washing the pellet

with ethanol or 80% acetone as the method of choice for 2D urine proteome analysis,

because this protocol provides high protein recovery yield and a large number of

protein spots that can be visualized in 2D gels. An interesting alternative can be

offered by centrifugal filtration with 3 kDa cutoff filters; it is less time-consuming and
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allows the elimination of interfering ions and metabolites and is easy to perform

without chemical treatment. Different methods are available for protein quantifica-

tion, from automated analysis used in the clinical laboratory to protocols applied

mainly in research. In the clinical routine, urine proteins are determined by a

spectrophotometric automated method based on pyrogallol red, while other methods

are the preferred choice in the research field (e.g., Bradford or Lowry).

1.4 Gel-Based Proteomics: From Zone Electrophoresis
to DIGE

Different electrophoretic approaches are available, characterized by increasing

analytical sensitivity and protein separation performances from semiautomated

agarose gel electrophoresis to 2D-DIGE. All these techniques have advantages

and disadvantages when applied to urine samples obtained from farm animals.

1.4.1 Agarose Gel Electrophoresis

Agarose gel electrophoresis (AGE) and, less frequently, cellulose acetate mem-

brane (CAM) electrophoresis are used to separate serum proteins in routine clinical

analysis, but they are rarely applied to urine. Zone electrophoresis on CAM or AGE

allows the separation of proteins in native conditions on the basis of the mass/

charge ratio yielding the identification of four to six zones (albumin, alpha 1, alpha

2, beta 1, beta 2, and gamma globulins) (Eckersall 2008). CAM is currently seldom

applied to urine samples because separated zones are relatively wide, while the

resolution and limit of detection are low; as a consequence, in many laboratories, it

has been replaced by AGE. AGE, generally performed on semiautomated systems,

is characterized by good reproducibility for both qualitative and quantitative anal-

ysis and can be considered to be the easiest, cheapest, and fastest approach to

separate, visualize, and quantify urine albumin and globulins. Ferlizza et al. (2017)

applied AGE on high-resolution gels (HRE) to urine samples collected from

healthy and diseased cats. The same analytical approach was previously used by

Giori et al. (2011) for canine urine. These results suggest the use of HRE-AGE in

clinical practice to obtain additional information useful for the evaluation of kidney

function. Nevertheless, this technique presents a few disadvantages; the first relates

to the low sensitivity of staining based on acid violet that limits the analysis of urine

samples with protein concentrations lower than 40 mg/dL (Fig. 1). The second

limitation relates to the difficulty in defining the limit of detection and thus

quantification. Despite these disadvantages, AGE can be considered to be a useful

diagnostic tool offering additional clinical information to urinalysis.

A method complementary to AGE, which can provide additional information to

improve characterization of the urinary proteome, is SDS-AGE, also performed by

semiautomated systems. This method separates proteins according to their
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molecular mass and allows the visualization of different protein profiles related to

their nephronal origin: glomerular, tubular, or both. The glomerular pattern is

characterized by high molecular mass bands (>70 kDa) that contain proteins

derived from plasma due to damage of the glomerular filtration barrier. On the

other hand, the tubular pattern is characterized by low molecular mass bands

(<70 kDa) that contain proteins derived from impaired tubular reabsorption; a

mixed pattern is characterized by the presence of both high and low molecular

mass proteins. SDS-AGE has been applied by different authors to evaluate kidney

function in dogs and cats affected by several pathologic conditions (Bonfanti et al.

2004; Abate et al. 2005; Schellenberg et al. 2008; Gerber et al. 2009; Giori et al.

2011; Paltrinieri et al. 2015; Lavoué et al. 2015). The predominant limitations of

analysis are time-consuming protocols, the inability to cut bands for the subsequent

identification by mass spectrometry (MS), and the relatively high cost of the

analysis.

1.4.2 1D SDS-PAGE

The classical approach for protein separation is based on 1D SDS-PAGE; in this

case, proteins are separated on the basis of their molecular mass under denaturing

conditions. This method provides for veterinary medicine the best quality/price

ratio, with a good resolution for protein separation, high reproducibility and high or

very high sensitivity, depending on the staining used (Coomassie, silver nitrate or

fluorescent), and relatively low cost (Fig. 2, Isani et al. unpublished results). This

technique was used to investigate urine protein composition particularly in com-

panion animals (Raila et al. 2007; Miyazaki et al. 2007; Schaefer et al. 2011;

Lemberger et al. 2011; Brandt et al. 2014; Ferlizza et al. 2015) and to a lesser

extent in farm animals and nonconventional species (Halbmayr and Schusser 2002;

McLean et al. 2007; Alhaider et al. 2012). The higher sensitivity of the staining

Fig. 1 Examples of urine samples analyzed by HRE-AGE. Samples were collected from healthy

dogs and from dogs affected by leishmaniasis
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protocols allows relatively easy characterization of a healthy urine profile.

SDS-PAGE allows for the visualization of different patterns (tubular, glomerular,

or mixed) to identify the nephronal origin of proteins in urine. Moreover, since this

technique can be performed also in nonreducing conditions, it is possible to

separate proteins according to their original size allowing a better visualization of

the native proteome, and nonreducing SDS-PAGE can be performed to better

discriminate the different kinds of gammopathies. Furthermore, SDS-PAGE can

be performed as a preparative step for subsequent protein identification by MS

allowing an accurate characterization of the protein profile and the respective

identification of putative biomarkers of nephropathy.

The main disadvantage of SDS-PAGE is that the electrophoretic profile of

proteinuric samples can contain many protein bands, indicating a proteome too

complex to allow complete separation and characterization.

1.4.3 2DE in Combination with MS, Including DIGE

The best method to separate and visualize the complexity of the urine proteome by

means of gel-based proteomics is 2DE. However, in veterinary medicine, its

application to urine samples is still limited and restricted to a few species (Pyo

et al. 2003; Miller et al. 2004, 2014; Bathla et al. 2015; Ferlizza et al. 2015). Low

reproducibility is one of the major disadvantages affecting 2DE, but this has been

Fig. 2 Example of urine samples collected from cows analyzed by 1D SDS-PAGE. Urine samples

collected from one cow before (BP) and during pregnancy (months [M] 1-2-3-4-5-6-7-8). Two μg
of proteins were loaded, separated on 12% gel in MOPS buffer, and stained with silver staining
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significantly improved in recent years. 2D-DIGE overcomes this limitation but has

rarely been applied in veterinary medicine research. 2D-DIGE has been used to

identify markers of BSE in bovine urine samples (Simon et al. 2008; Plews et al.

2011). In 2011, Nabity et al. applied 2D-DIGE on urine samples of dogs affected by

X-linked hereditary nephropathy identifying putative markers of nephropathy.

Figure 3 presents a simplified scheme of a standard protocol used in our

laboratory (Isani and Ferlizza) for urine analysis from sample collection to protein

identification by mass spectrometry.

Fig. 3 Standard protocol for urine proteome separation. 1D SDS-PAGE: optimal protein amount

of 5–10 μg for minigel (8 � 8 cm) and Coomassie staining. Depending on urine protein

concentration, centrifugal filtration (3 kDa cutoff) in case of healthy urine, or dilution with

ultrapure water for proteinuric samples. 2DE: optimal protein amount of 250–300 μg for 17 cm

strip and Coomassie staining. After 10%TCA precipitation, wash pellet with ethanol or 80%

acetone, air-dry, and store at �20 �C
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1.5 Urine Proteome and Clinical Application in Farm
Animals

Despite the economic importance and the worldwide distribution of farm animals,

limited data is available on the characterization of the urinary proteome of healthy

animals. The authors are not aware of a complete map of the urinary proteome for

any species of veterinary interest, including farm animals (cow, sheep, goat, horse).

On the other hand, proteomic techniques have been applied to the characterization

of other biological samples from farm animals, e.g., milk and meat, as recently

reviewed (Almeida et al. 2015).

1.5.1 The Urinary Proteome of Bovine and Other Ruminants

Under normal physiological conditions, ruminant urine contains a low amount of

proteins and has a basic pH that can interfere not only with the semiquantitative

dipstick test used in a clinical setting but also with other analytical methods. As a

consequence, attention should be paid when determining total proteins in urine of

ruminants, and the use of pyrogallol red is suggested. In healthy dairy cows and

heifers, mean values of 13.4 mg/dL and 19.4 mg/dL total urine proteins were,

respectively, determined by the authors.

Typical 1DE profiles of urines from Friesian heifers and cows (Bos taurus) are
reported in Fig. 4 (Isani et al., unpublished results). There are common bands with

apparent molecular mass of 97, 86, 78, 70, 59, 38, 27, and <12 kDa, the most

abundant of which probably corresponds to albumin (70 kDa).

The first characterization of bovine urine was reported by Pyo et al. (2003)

applying 2DE on urine samples collected from 30 pregnant and 20 nonpregnant

cows. However, of the over 200 spots detected and selected for MS identification,

less than 5% could be identified due to the incomplete database annotation for the

bovine species, whose genome was not sequenced at that time. Nevertheless, one of

the protein spots was identified as bovine pregnancy-associated protein which

showed a high correlation to pregnancy and was considered by the authors as a

useful diagnostic biomarker of pregnancy in cows.

In 2015, the urine from Karan Fries cows was analyzed by 2DE leading to the

identification of more than 1500 proteins (Bathla et al. 2015). These proteins were

categorized by gene ontology (GO) classification. On the basis of cellular locali-

zation, identified proteins were mainly cytoplasmic (29%), extracellular (20%), or

belonged to an organelle fraction (20%). Classification by molecular function

indicated that a large majority of these proteins were involved in catalytic activity

(32%) and binding (30%); classification by biological process categorization indi-

cated that they were mainly involved in metabolism (25%) and cellular processes

(20%). The study of Bathla et al. (2015) was the first high-throughput approach to

characterize the bovine urinary proteome which provided a database and considered

to be the starting point for future studies focused on biomarker discovery in cows.
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Other studies have exploited and applied the potential of proteomics on urine

samples aimed at discovering alternative biomarkers of BSE applicable to the

development of diagnostic tests. In 2008, 2D-DIGE lead to the identification of a

cluster of 16 spots containing 5 proteins, namely, clusterin, Ig gamma-2 chain C

region, similar to uroguanylin, cystatin E/M, and cathelicidin 1, with differential

abundance in urine of control versus BSE-infected cows (Simon et al. 2008). These

proteins were considered specific for monitoring disease progression, and the

authors suggested that they may also provide new information on the biochemical

basis of BSE infection. Subsequently, the influence of sex, breed, and age was

investigated. Results demonstrated that, at the clinical stage of the disease, these

factors significantly affected the urinary proteome, through a specific panel of

proteins which showed high accuracy to discriminate between control and infected

cattle (Plews et al. 2011). In addition to BSE, ketosis, an important metabolic

disorder affecting dairy cows during the parturition/first days of lactation periods,

is a big issue in farm animal medicine that still needs early predictors. The study of

Xu et al. (2015) was the first to report SELDI-TOF-MS application to the proteome

of urine in large animals, leading to the identification of 11 proteins underrepre-

sented in urine of cows affected by ketosis. Fibrinogen, C1 inhibitor, and

osteopontin were associated with the inflammatory response, VGF nerve growth

factor inducible and amyloid β were associated with the neuronal function, while

serum amyloid A and apolipoprotein CIII were associated with lipid metabolism;

the remaining four were cystatin C, transthyretin, hepcidin, and human neutrophil

peptides.

Fig. 4 Examples of urine samples collected from healthy Friesian heifers and cows analyzed by

1D SDS-PAGE. Two μg of proteins were loaded, separated on 4–12% gel in MES buffer, and

stained with silver staining. Putative uromodulin, transferrin, and albumin bands, identified on the

basis of apparent molecular mass, are indicated
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Few studies have applied proteomics on urine samples from goats (Capra
hircus) and sheep (Ovis aries). Ozgo et al. (2009) studied the urine proteins in

young goats by SDS-PAGE to evaluate the maturation of the glomerular filtration

barrier. Neonatal proteinuria and its changes during the first month were related to

the presence of low molecular mass proteins (<67 kDa). The authors did not

identify these proteins, but hypothesized that proteinuria was due to an adaptive

mechanism for the removal of excess protein taken up with colostrum as also

reported in foals (Jeffcott and Jeffcott 1974).

In 2012, Palviainen et al. (2012a) applied 2DE to urine from 12 sheep to search

for novel biomarkers of acute kidney injury (AKI). AKI was induced in sheep by

the administration of ketoprofen via catheterization, and urine samples were col-

lected and analyzed by 2DE. Calbindin-D28k, retinol-binding protein, and antigen-

presenting glycoprotein CD1d were detected only in the urine of the AKI group.

The presence of these proteins in urine confirmed the tubular involvement during

AKI in sheep, suggesting that calbindin-D28k and antigen-presenting glycoprotein

CD1d proteins may represent sensitive and specific biomarkers of kidney injury.

Sheep, similar to cows and humans, is a target of transmissible spongiform enceph-

alopathies, which in this species is known as scrapie. Andrievskaia et al. (2008)

applied SDS-PAGE and Western blotting on urine samples from healthy and

naturally scrapie-infected sheep to detect and quantify the physiological prion

protein (PrPC). PrPC was identified in very low levels in urine of healthy control

animals (0.04 ng/mL), while 21% of scrapie-infected sheep presented elevated

concentrations (0.6–4.7 ng/mL).

1.5.2 The Urinary Proteome of Other Farm Animals

Though the pig (Sus scrofa) is an economically important species and a consoli-

dated model for translational medicine, data on the characterization of its urinary

proteome is lacking. Our preliminary data on pig urine proteome is reported in

Fig. 5 (Forni and Isani, unpublished results). Noteworthy is the low abundance of

high molecular mass proteins and the presence of putative albumin at 67 kDa. The

putative uromodulin at 90–100 kDa is also present in urine from healthy specimens

along with many different low molecular mass proteins.

Studies on the characterization of the urinary proteome from horses (Equus
caballus) are scarce. SDS-PAGE was applied for qualitative and quantitative

evaluation of urine proteins in healthy and diseased horses (Halbmayr and Schusser

2002) and before and after exercise (Scarpa et al. 2007). Data were quite similar to

those obtained by the authors, who analyzed urine from healthy and diseased horses

(Isani et al., unpublished results) (Fig. 6). Noticeable is the presence of an abundant

band at 90–100 kDa attributable to uromodulin on the basis of molecular mass,

followed by putative transferrin and albumin. The presence of different thin bands

between 73 and 61 kDa is intriguing; they might be albumin isoforms due to

posttranslational modifications as reported in human urine (Barratt and Topham

2007). The bands at 58 and 27 kDa might be assigned to the heavy and light chains
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of IgG, respectively. In specimens affected by renal, gastrointestinal, and orthope-

dic diseases, the concentration of putative uromodulin declines, similar to obser-

vations reported also by Halbmayr and Schusser (2002). Also in horses, the

decrease of uromodulin in urine seems to be a common sign of renal impairment,

as reported in humans and dogs (Lhotta 2010; Raila et al. 2014). Other studies

applied acetate and agarose gel electrophoresis to equine urine as a diagnostic tool

Fig. 5 SDS-PAGE of urine samples collected from piglets (3 months old). Three μg of proteins

were loaded on a 12% gel in MOPS buffer and stained with (a) Coomassie brilliant blue staining or

(b) silver staining. Putative uromodulin and albumin bands, identified on the basis of apparent

molecular mass, are indicated

Fig. 6 SDS-PAGE of urine samples collected from healthy horses. Two μg of proteins were

loaded on 4–12% gel in MES buffer and stained with silver staining. The magnification highlights

the thin bands between 73 and 61 kDa
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for the evaluation of peripartum stress and multiple myeloma. Jeffcott and Jeffcott

(1974) analyzed proteinuria in foals during the first 24 h of life reporting the

presence of low molecular mass proteins and the absence of gamma globulins.

Geelen et al. (1997) evidenced an increase of IgG, whereas Pusterla et al. (2004)

reported that the electrophoretic pattern presented peaks in the albumin and gamma

globulin zones and that the gamma globulin fraction consisted mainly of IgA.

1.5.3 The Urinary Proteome of Companion Animals

Companion animals, though less investigated than humans, can be considered good

models for future application of proteomic techniques to urine of farm animals. In

recent years, research has shed light on the urinary proteome of a man’s best friend.
Urine of healthy dogs (Canis familiaris) is characterized by the presence of a few

abundant proteins, namely, albumin, uromodulin, and immunoglobulin light chains,

and in entire male adult dogs, of the prostate-specific proteins (Miller et al. 2014).

Differently from other animal species, sex-specific proteins, e.g., arginine esterase

similar to human prostate-specific antigen, represent most of total urine proteins in

adult entire males, in contrast to females and castrated males. Similarly, in human

urine, a total of 20 protein spots with more than a twofold change were identified

and related to the prostate origin in males (Guo et al. 2015). The most complete

characterization of the normal urinary proteome in dogs was recently performed by

Brandt et al. (2014), who investigated exosomal and soluble proteins from dog

urine by 1D SDS-PAGE combined with LC-MS/MS. Authors identified 391 and

214 proteins in exosomal pellets and urine supernatants, respectively. Interestingly,

52% of the exosomal fraction and 62% of soluble proteins identified in this study

have been already identified in the human urinary proteome, and some of these

proteins, e.g., uromodulin and retinol-binding protein, are already being used as

urinary biomarkers for renal and extrarenal diseases in humans, pointing out the

importance of the dog as an animal model for translational medicine.

Different studies have also applied proteomic techniques to dog urine to identify

novel biomarkers of disease. In particular, the urinary proteome was investigated in

dogs affected by nephropathy (Miller et al. 2004, 2014; Forterre et al. 2004; Nabity

et al. 2011), different types of urinary stones (Forterre et al. 2006), transitional cell

carcinoma (Bracha et al. 2014), envenomation by the bite of Vipera berus berus
(Palviainen et al. 2012b), or infected byDirofilaria immitis (Hormaeche et al. 2014)

and by Leishmania infantum (Zaragoza et al. 2003; Ferlizza et al. 2013).

On the other hand, urine proteome in the domestic cat is still to be completely

characterized. Only in recent years, two studies have analyzed the urinary proteome

of healthy cats by 1D SDS-PAGE and 2DE (McLean et al. 2007; Ferlizza et al.

2015), yielding a preliminary proteomic map. The most abundant proteins are

albumin, transferrin, uromodulin, and, in entire males, cauxin. Moreover, other

low molecular mass proteins (<70 kDa) were identified as haptoglobin and Ig light

chains and high molecular mass proteins (>70 kDa) as alpha-2-macroglobulin.

Finally, few studies applied proteomic techniques to search for novel biomarkers in
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urine of cats affected by chronic kidney disease (Ferlizza et al. 2015), tubular

nephropathy (Miyazaki et al. 2007), urinary tract infection, idiopathic cystitis and

urolithiasis (Lemberger et al. 2011), and azotemia (Jepson et al. 2013).

2 Proteomics of Saliva and Other Bodily Fluids in Farm

Animals

As with urine, a range of bodily fluids are amenable to proteomics tools. The

identification and characterization of the protein content of such fluids are being

used to provide novel insights into the evolutionary adaptations of farm and

domestic animal species and to characterize their normal physiological state.

Results can be used to understand animal physiology, improve livestock produc-

tivity and welfare, and provide biomarkers of stress and animal disease.

2.1 Proteomics of Saliva

The identification and characterization of the proteome of saliva has been pioneered

in human samples, to define pathophysiological-related changes relevant to disease

pathogenesis and diagnostics. Such studies provide insights into the proteome and

diagnostic potential of saliva and identify it as an amenable sample readily avail-

able from farm and domestic animals for detailed proteomic analysis (Mavromati

et al. 2014). However, it is clear that there is significant variation in the protein

content of saliva from different mammalian species, which likely reflects distinct

evolutionary and environmental lineages (de Sousa-Pereira et al. 2013).

Gland-specific saliva can be collected directly from individual salivary glands

which include the parotid, submandibular, sublingual, and minor salivary glands.

Their respective characterizations allow for insights into gland-specific pathology.

Whole (mixed) saliva comprises secretions from each of these salivary glands in

addition to constituents of non-salivary origin readily detected in the oral cavity;

these include gingival crevicular fluid, expectorated bronchial and nasal secretions,

serum and blood derivatives from oral wounds, bacteria and their respective

products, viruses, fungi, cellular components, and food debris. Collectively, the

components of whole saliva comprise a bodily fluid essential for the health of the

oral cavity and which functions to facilitate maintenance of homeostasis, food

digestion, and protection from pathogens. Saliva comprises a complex hypotonic

aqueous solution composed of more than 99% water that contains a range of

proteins, peptides, enzymes, hormones, sugars, lipids, electrolytes, and a plethora

of other compounds. Saliva is a relatively easy sample to collect; collection is

noninvasive and stress-free. It can be performed multiple times on the same animal

and in a relatively short time. Collectively, these factors make it an ideal candidate

to screen for the identification of protein/peptide biomarkers of health status.
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A cross-species comparison of the proteome of saliva was performed on seven

mammalian species classified into four major evolutionary groups: ungulates (which

include the order Artiodactyla, sheep and cattle, and the order Perissodactyla, horse),

glires (which include rodents and lagomorphs: rat and rabbit), carnivores (dog), and

primates (human) (de Sousa-Pereira et al. 2015). Distinct protein profiles were

observed for each group, and only seven protein families were common to all groups;

common protein families included carbonic anhydrase, albumin, polymeric immu-

noglobulin receptor, prolactin-inducible protein, lactoperoxidase, glutathione-S-

transferase P, and keratin. Collectively, these protein families have antibacterial

activity, buffer capacity, and lubrication activity. This comparative approach is

defining a proteomic signature characteristic of each species and their respective

environmental adaptation. For example, amylase, which plays a key role during

digestion since it catalyzes the hydrolysis of glycosidic bonds from diet polysaccha-

rides such as starch, was identified in the saliva of rodents, lagomorphs, carnivores,

and ungulates. In contrast, latherin was identified only in horse saliva; this is a protein

family that helps mastication of large quantities of dry food and reflects an adaptive

mechanism to environmental constraints for horses. Goats have a higher tolerance

than sheep to plant allelochemicals in their diet which has been hypothesized to

correlate with the existence of tannin-binding proteins identified in goat, but not

sheep, saliva (Austin et al. 1989; Narjisse et al. 1995).

Although saliva is amenable to the tools of proteomics, several studies have

highlighted the importance of standardizing the collection and handling of saliva

prior to analysis. Inherent variability and experimental artifacts during sample

preparation and analysis have led to the proposal and development of standardized

methodologies to collect, process, and extract samples, e.g., centrifugation for

removal of food debris (Vitorino et al. 2012a, b; de Sousa-Pereira et al. 2015).

Consideration must also be given to the fact that the secretion of saliva into the oral

cavity results in the exposure of saliva to a large number of proteolytic activities

that can be of endogenous and exogenous origin and that can rapidly process and

modify salivary proteins. Protease inhibitors can be advantageous, but their use can

also increase sample complexity and interfere with mass spectrometry. These

variables are further compounded in animal studies compared to human studies

when one must also consider the variation of animal diets, the mode of digestion,

and the logistics of sample collection. Such considerations include inter- and

intraindividual variability (Jehmlich et al. 2013), response to age and different

environmental conditions, variability due to genetic polymorphisms, and the col-

lection of stimulated versus unstimulated samples. Saliva composition is mainly

under autonomic control and changes rapidly in response to a wide range of

different chemical and mechanical stimuli (D’Amato et al. 1988; Edwards and

Titchen 2002, 2003; Scocco et al. 2011). All samples of saliva should be processed

immediately upon collection. Analysis of porcine saliva showed that its protein

composition changes during storage at �20 �C, so preservation of samples at

�80 �C is recommended (Messana et al. 2008; Gutiérrez et al. 2011a).

Porcine saliva has long been used as an analytical sample for specific pathogen

disease diagnosis, either by direct detection of pathogen or indirectly via the

136 G. Isani et al.



detection of specific antibodies (Gutiérrez et al. 2014). Multiple analytes have been

detected and measured in porcine saliva and include haptoglobin (Hiss et al. 2003),

cortisol (Ruis et al. 1997), estrone sulfate (Ohtaki et al. 1997), progesterone

(Moriyoshi et al. 1996), and immunoglobulin (Van der Stede et al. 2001; Devillers

et al. 2004). With the advent of increasingly sensitive instrumentation, C-reactive

protein (CRP) was quantified in samples from healthy compared to diseased pigs as

an indicator of pig health and welfare monitoring. The limit of detection for salivary

CRP was 0.47 ng/mL, and salivary concentrations were ~322-fold lower than that

of serum. Saliva samples could be stored at 20 �C for several days without

compromising test results, and levels of CRP could differentiate healthy pigs

from those with a variety of inflammatory conditions (Gutiérrez et al. 2009).

Subsequent studies determined that while amounts of CRP were not influenced

by circadian pattern, the amounts of other acute phase proteins such as haptoglobin

differed according to early morning versus late afternoon sample collection; this

highlights another variable (circadian rhythms) to consider for sample analysis as

well as the need to report components of saliva as ranges rather than absolute values

(Gutiérrez et al. 2013a). Initial studies using one- and two-dimensional electropho-

resis and immunoblotting confirmed the complex dynamic nature of the porcine

salivary proteome and provided 2D gel proteomic maps of salivary proteins includ-

ing immunoglobulins (Gutiérrez et al. 2011b). Multiple protein isoforms are attrib-

uted to fragmentation, bacterial degradation, endogenous truncation, glycosylation,

and phosphorylation. Thirteen proteins were identified by mass spectrometry

(Gutiérrez et al. 2011b). Improved databases and comparative analyses increased

this to 20 unique proteins and provided normalization strategies to identify a panel

of biomarkers that could discriminate clinically infected pigs compared to their

healthy counterparts (Gutiérrez et al. 2013b). Porcine saliva and serum share

several proteins highlighting the potential for these to act as markers of general

health. The most abundant porcine salivary proteins include lipocalins, in contrast

to amylase which comprises up to 25% of the human salivary proteome. Porcine

saliva also contains proline-rich proteins, but note that their detection on gels is

stain dependent (Miller et al. 2006). Enrichment for glycoproteins using boronic

acid allowed for the detection of differential expression of carbonic anhydrase VI,

α-1-antichymotrypsin, and haptoglobin by 2D gel electrophoresis of saliva derived

from pigs suffering rectal prolapse; interestingly, glycopatterns of haptoglobin in

saliva differed to that of haptoglobin derived from serum (Gutiérrez et al. 2016).

Cows secrete on the order of 150 liters of saliva per day (Bailey 1961). A

comprehensive proteome analysis of bovine saliva identified 402 salivary proteins

and 45 N-linked glycoproteins using three different strategies: nontargeted, targeted,

and glycocapture (Ang et al. 2011). In the nontargeted approach, four prefractionation

methodologies were performed based on different physiochemical properties and

included SDS-PAGE (electrophoretic mobility), off-gel fractionation (protein isoelec-

tric point), reverse-phase HPLC (protein hydrophobicity), and strong cation exchange

HPLC (peptide charge). This nontargeted approach facilitated the identification of

396 proteins by MS, only 10% (42) of which were identified in all approaches,

highlighting the need for multiple complementary strategies for comprehensive
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analyses. The targeted approach used publicly available information to create a list of

peptides for identification by mass accuracy and resolution on the mass spectrometer; it

is limited by the magnitude of selected databases used to generate a user list. The

glycocapture approach utilized hydrazide coupling methodology to enrich for

glycosylated peptides prior to MS and provides the complete N-glycoprotein profile

of bovine saliva. The most abundant proteins in bovine saliva are similar to that of

human with the notable absence of amylase and the presence of short palate, lung and

nasal epithelium carcinoma-associated protein 2A (BSP30), and odorant-binding pro-

tein (Ang et al. 2011). In buffalo, protein content of whole saliva has been monitored

through all stages of the estrus cycle (Muthukumar et al. 2014). Collectively, 179 pro-

teins were identified from saliva taken at different stages of the estrus cycle, but 37 of

these were expressed exclusively during estrus; the expression of β-enolase and TLR

4 in saliva was validated by immunoblot as an indicator of estrus in buffalo

(Muthukumar et al. 2014).

Sheep secrete on the order of 10 liters of saliva per day (Kay 1960). Separation

of the ovine salivary proteome by SDS-PAGE followed by MS identified 319 pro-

tein families and a predominance of proteins associated with metabolism and

inflammation (de Sousa-Pereira et al. 2015). Three hundred and twenty-four unique

proteins were identified compared to only 74 unique proteins that were identified in

bovine saliva when processed in the same way; for example, CATHL1 and

CATHL2, members of the cathelicidin family, were identified in sheep saliva,

whereas only CATHL4 was identified in bovine saliva, suggesting differential

evolutionary pressures. Analysis of ovine saliva collected directly from the parotid

gland comprised 260 protein spots evident by 2D gel electrophoresis, 106 of which

were identified using MALDI-TOF MS and 11 by LC-MS/MS totaling 26 different

proteins, several of which show evidence of phosphorylation and/or glycosylation

(Lamy et al. 2009). Identified proteins function primarily as transporters (i.e.,

annexin, apolipoprotein, haptoglobin, serum albumin, serotransferrin, transthyretin,

vitamin D-binding protein, hemoglobin, lactoferrin, lactoglobulin, casein) followed

by immune modulation (e.g., immunoglobulin and antimicrobials). As with all

complex protein samples, multiple fractionation and identification strategies are

advised for a more comprehensive analysis of protein content. Comparison of sheep

parotid gland secretions with that of goats was very similar by 2DE; only three

proteins were identified as unique to goats, apolipoprotein A-IV, hemoglobin, and

cathelicidin-3 precursor, compared to two proteins which were unique to sheep,

clusterin and transthyretin precursor (Lamy et al. 2009). Sheep and goats that were

conditioned on Quebracho tannin extract showed increased total protein content

and proteomic changes in parotid saliva (Lamy et al. 2011); however, no constitu-

tive changes in tannin-binding salivary proteins were detected.

LC-MS/MS has also been applied to saliva derived from horses (de Sousa-

Pereira et al. 2015). Of the 195 unique proteins identified, 57 were found only in

saliva from horses with systemic inflammation which included acute phase proteins

such as serum amyloid A, fibrinogen, haptoglobin, and alpha1-acid glycoprotein

(Jacobsen et al. 2014).
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2.2 Proteomics of Other Bodily Fluids

Proteomic analysis has been pioneered on an assortment of alternative bodily fluids in

a subset of domestic animal species including cerebrospinal fluid, bronchoalveolar

lavage fluid, and amniotic fluids.

Cerebrospinal fluid (CSF) is a potential source of biomarkers of aging and

neurodegenerative disorders which can be detected and characterized using the

tools of proteomics. Since CSF surrounds the brain and spinal cord and acts as an

intermediate between blood and nervous tissue, its proteomic content reflects the

metabolic state of normal versus diseased brain tissue. Analysis of bovine CSF from

75 suspect cases of bovine spongiform encephalopathy (BSE) compared with

38 normal cattle by 2D gel electrophoresis showed consistent differences including

the presence of apolipoprotein E and two unidentified proteins of 35 and 36 kDa

with a pI of 5.5 (Jones et al. 1996) and as similarly observed by Hochstrasser et al.

(1997). A comprehensive reference map of bovine CSF proteins has been generated

and includes the identification of 66 different proteins, 58 of which had not been

previously identified in bovine CSF (Brenn et al. 2009). Charge isoforms were

identified for nearly all proteins. The high salt content and low amounts of protein

in CSF require optimal sample preparation. The effect of four different sample

treatments to ovine CSF was compared; protein precipitation with acetone or using

a 2D cleanup kit showed best sample recovery in terms of protein gel spots of 2DE

gels compared to the use of two different spin columns. However, the 53 kDa

transthyretin tetramer was not identified in samples treated with the 2D cleanup kit

but was retained in samples treated with acetone or spin columns (Chen et al. 2006).

Ovine CSF has been used to study age-related changes in composition; results

indicate that there is an age-related reduction in CSF turnover which has a concen-

trating effect, and therefore, CFS protein concentrations should be normalized

according to their age-specific turnovers before comparison with samples from

different age groups (Chen et al. 2010). Among 103 proteins identified in ovine

CSF, 41 were differentially regulated according to photoperiod; 18 were more

abundant during long days, and 23 were more abundant in short days (Teixeira-

Gomes et al. 2015). Equine CSF had been analyzed for the presence of apolipo-

proteins associated with high-density lipoproteins; as is the case in plasma, apo A-II

circulates as a homodimer, whereas there appears to be a higher percentage of

acylated apo A-I in CSF compared to plasma (Puppione et al. 2012).

The respiratory health of domestic farm animals can be determined via the

proteome content of bronchoalveolar lavage fluid (BALF), which contains secreted

peptides and proteins derived from airway mucosa and alveolar surfaces that

contribute to host defenses. The antimicrobial peptides, prophenin-2 and PR-39,

and the calcium-binding protein calgranulin C were reproducibly upregulated in

BALF of pigs chronically infected with Actinobacillus pleuropneumoniae (Hennig-
Pauka et al. 2006). Concentrations of PR-39 were significantly (P < 0.05)

increased in BALF (median of 4.8 nM) but not in serum (median of 2.5 nM) on

day 21 after infection. With the advent of the Sus scrofa genome database, a
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comprehensive analysis of porcine BALF and methacholine-induced tracheal

secretions identified 3858 porcine-specific proteins that encompass a diverse

array of functions that include host defense, molecular transport, cell communica-

tion, and cytoskeletal and metabolic functions (Bartlett et al. 2013). Cattle that are

subjected to stressors such as transportation, weaning, and comingling demonstrate

an increased susceptibility to bacterial pneumonia which in turn is associated with

elevated levels of endogenous glucocorticoids. Consistent with the initiation of an

acute phase response, dexamethasone-treated cattle have increased levels of alpha-

1-acid glycoprotein and alpha-1-antitrypsin in BALF which was detected by 2DE,

while levels of alpha-HS-glycoprotein were decreased (Mitchell et al. 2007).

Treatment with dexamethasone also induced adipocyte fatty acid-binding protein

and odorant-binding protein as well as alpha-enolase, cofilin-1, and immunoglob-

ulin J chain. Similar results were obtained in BALF samples collected from weaned

and transported calves (Mitchell et al. 2008). LC-MS/MS of bovine BALF identi-

fied 88 unique proteins, of which 20 were only detected in samples collected from

steers with experimentally induced clinical pneumonia with Mannheimia
haemolytica (Boehmer et al. 2011). Differences in protein pattern/concentration

were detected between sham- and M. haemolytica-infected steers for haptoglobin,

as well as the antimicrobial peptides cathelicidin-1 and cathelicidin-4 and

inter-α-trypsin inhibitor heavy chain-4. A genetic linkage study linked eight can-

didate genes with proteins in BALF collected from healthy and recurrent airway

obstruction-affected horses (Racine et al. 2011). The equine genome allowed for

the identification of 582 proteins in normal cell-free equine BALF confirming

genome annotation and providing functional annotation and as well as a framework

for continued analysis of the biological significance of BALF protein content

(Bright et al. 2011).

Characterization of the equine amniotic fluid proteome is a prerequisite to study

changes during disease associated with pregnancy and thus to identify biomarkers

of health status or embryonic abnormalities (Isani et al. 2016). Thirty-four proteins

were identified of which 12 were associated with the extracellular matrix highlight-

ing their important role during the development of fetal tissues. The three most

abundant proteins were albumin, major allergen Eqc1, and fibronectin. No immu-

noglobulin was detected in equine amniotic fluid. A reference map for the equine

amniotic membrane has been established (Galera et al. 2015). From gel-based

proteomics, 49 spots were excised and 43 proteins were identified by LC-MS/

MS. Shotgun proteomics allowed the identification of 116 proteins; only 10 protein

identifications were common to both analyses. A comparison of the proteomic

profile of the chorioamnion and corresponding caruncle for buffalo embryos asso-

ciated with normal or retarded development by 2D-DIGE identified decreased

concentration of proteins involved with protein folding (HSP 90-alpha,

calreticulin), calcium binding (annexin A1, annexin A2), and coagulation (fibrino-

gen alpha-chain) (P < 0.05), whereas proteins involved in protease inhibition

(alpha-1-antiproteinase, serpin H1, serpin A3-8), DNA and RNA binding (hetero-

geneous nuclear ribonucleoproteins A2/B1 and K), chromosome segregation

(serine/threonine-protein phosphatase 2A), cytoskeletal organization (ezrin), cell
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redox homeostasis (amine oxidase-A), and hemoglobin binding (haptoglobin) were

upregulated (P < 0.05) (Balestrieri et al. 2013). The identity of 139 individual

protein species was confirmed in bovine amniotic and allantoic fluids collected at

day 45 of gestation using two strategies: first, 2DE combined with MALDI-TOF-

MS/MS and LC-ESI-MS/MS analysis of individual protein spots and, second, a

global protein snapshot of the enriched 5–50 kDa protein fraction by LC-ESI-MS/

MS and LC-MALDI-TOF-MS/MS (Riding et al. 2008). Immunoglobulin was

identified in bovine allantoic fluid at day 45 of gestation. Amniotic and allantoic

fluids collected from pregnant ewes experimentally infected with Chlamydophila
abortus or Toxoplasma gondii also contain immunoglobulin specific for antigens

derived from their respective infectious agent (Marques et al. 2011, 2012). In both

cases, results suggest both a maternal and fetal source of immunoglobulin.

3 Conclusions

Proteomics provides for the characterization of complex biological samples. Bodily

fluids, including urine, saliva, CSF, and BALF, and amniotic fluids are readily

amenable to the tools of proteomics. Though farm animals are mammals that are

characterized by high homology at the genomic, proteomic, and metabolic level, it

is clear that they are readily discriminated by differences in their respective

proteomes. This is exemplified by the characterization of urine and saliva which

provides unique insight into an animal’s normal physiological state. The continued

characterization of such fluids can be used to further provide insights into how

animals respond to environmental pressures, as well as defining biomarkers of

pathophysiological-related changes to health and fitness.
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Colostrum Proteomics Research: A Complex

Fluid with Multiple Physiological Functions

Lorenzo E. Hernández-Castellano, Craig R. Baumrucker, Josef Gross,

Olga Wellnitz, and Rupert M. Bruckmaier

Abstract This chapter addresses several aspects related to colostrum, from its

synthesis in the mammary gland to the absorption of the colostrum components

by the newborn and its effects on the maturation of the immune and digestive

system. This chapter also describes the different colostrum fractions, considering

high and low abundant proteins. Additionally, the function of those proteins and

their role on the passive immune transfer and nutrition in the newborn animal are

also included. Finally, it will be described how different proteomics tools have been

utilized in order to answer questions about colostrum associated immunology and

nutrition in newborn ungulates.

Keywords Colostrum • Farm animals • Proteomics • Immune system • Mammary

gland
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MS Mass spectrometry

MALDI Matrix-assisted laser desorption/ionization

TOF Time of flight

iTRAQ Isobaric tag for relative and absolute quantitation

MFGM Milk fat globule membrane
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PIT Passive immune transfer

TJ Tight junctions

FcRn Fc receptor of the neonate

IgG Immunoglobulin G

SCNT Somatic cell nuclear transfer

UPLC Ultra performance liquid chromatography

LTQ Linear trap quadrupole

SLS Small litter size

LLS Large litter size

BTF3 Basic transcription factor 3

MCM3 Minichromosome maintenance complex component 3

FABPs Fatty acid-binding proteins

HSPs Heat stress proteins

DIGE Difference gel electrophoresis

APP Acute-phase proteins

PGF Placental growth factor

TNF-α Tumor necrosis factor alpha

TNF-β Tumor necrosis factor beta

VEGF Vascular endothelial growth factor

HAP High abundant proteins

LAP Low abundant proteins

IGF-1 Insulin-like growth factor-1

EGF Epidermal growth factor-like peptide

2DE Two-dimensional electrophoresis

XDH/XO Xanthine dehydrogenase/oxidase

C3 Complement component 3

LBP Lipopolysaccharide-binding protein

FN1 Fibrinectin 1

SAA Serum amyloid A

APO Apolipoproteins

1 Introduction

Colostrum, the first postpartum secretion of the mammary gland, is the first source

of nutritional components such as fat, lactose, vitamins, and minerals for newborn

animals (Hernández-Castellano et al. 2014a). Colostrum is different from mature

milk as it has higher protein and fat content. The higher protein content is princi-

pally associated with increased immunoglobulin (Ig) content. The early neonatal

provision of Igs provides decreased risk of disease until its own immune system

develops (Hernández-Castellano et al. 2014a; Ontsouka et al. 2003). While a

number of mammalian species transfer dam Igs to the fetus by placental transfer,

this is not the case for ungulate species. Therefore, colostrum is the only source of

Igs to the ungulate. The relation between colostrum and newborn survival has been

exhaustively characterized in many species such as cattle, sheep, goats, horses, and
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pigs (Argüello et al. 2004; Tyler et al. 1999; Hernández-Castellano et al. 2015a;

Braun et al. 1983; Scoot et al. 1972). Additionally, colostrum contains a complex

mixture of proteins that actively participate in the protection of the neonate against

pathogens and other postpartum environmental challenges (Bendixen et al. 2011).

Because of the wide range of protein concentrations present in colostrum, the

identification of the whole colostrum proteome is complex. In order to reduce

complexity and in consequence increase the coverage of the colostrum proteome,

it is necessary to pretreat colostrum and then study the different fractions separately

[Fig. 1; (Ontsouka et al. 2003; Nissen et al. 2012)]. After that, two major proteomics

strategies can be performed, either at the protein level [top-down approach;

(Westermeier and Naven 2002)] or after the digestion of the protein mixture to

peptides [bottom-up approach; (Gevaert and Vandekerckhove 2011)]. In the

top-down approach, proteins are first separated according to their charge (isoelec-

tric point) and then separated by molecular weight in a polyacrylamide gel and,

finally, analyzed by mass spectrometry (MS) (Almeida et al. 2015). One of those

analyses is based on the matrix-assisted laser desorption/ionization (MALDI)-time

of flight (TOF) MS, which is a robust, sensitive, and relatively inexpensive method

able to identify thousands of proteins in a specific tissue or fluid. In the bottom-up

approach, intact proteins are first labeled, then enzymatically digested to peptides,

separated by chromatography, and, finally, analyzed by MS. One of the most

common approaches based on this strategy is the isobaric tag for relative and

absolute quantitation (iTRAQ).

In the last years, proteomics has been used to characterize protein changes in the

transition from colostrum to milk in several species (Nissen et al. 2012; Reinhardt

and Lippolis 2008; Stelwagen et al. 2009; Hernández-Castellano et al. 2016a; Yang

et al. 2016; Lu et al. 2016), to define the mammary gland proteome during different

lactation stages (Cugno et al. 2016; Beddek et al. 2008; Hesselager et al. 2016;

Hernández-Castellano et al. 2016b), to determine proteolytic processes in the

Fig. 1 Schematic procedure for the separation of the three main colostrum protein fractions. One

fraction can be obtained upon centrifugation: fat and the surrounding milk fat globule membrane

(MFGM). The skimmed colostrum can be treated with ultracentrifugation or acidification (or both)

to obtain the last two fractions: caseins and whey proteins. Adapted from Hernández-Castellano

et al. (2014a)
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stomach and gut of piglets upon colostrum intake (Danielsen et al. 2011), or to

describe changes in the blood proteome profile of lambs after colostrum intake

(Hernández-Castellano et al. 2014b, 2015b).

2 Placentation, Mammary Gland, and Colostrogenesis

in Eutherian Species

As can be observed in Table 1, the complexity and number of layers of the

epitheliochorial [cows, horses, and pigs (Padua et al. 2010; Horsley et al. 1998;

Porter 1973)] and synepitheliochorial [sheep and goats (Wooding and Burton 2008;

Wooding et al. 1986)] placentas do not allow an adequate transfer of Igs from the

dam to the fetus compared to the hemochorial placenta of other species such as

humans or mice (Kirby and Bradbury 1965; Prystowsky 1958). Therefore, most of

the newborn farm animals are considered agammaglobulinemic [calves, foals,

camels, and piglets (Wooding and Burton 2008; Al-Busadah 2007; Erhard et al.

2001; Brignole and Stott 1979)] or hypogammaglobulinemic [lambs and kids

(Hernández-Castellano et al. 2015a)] at birth. In those species, colostrum intake

and the absorption of colostrum proteins play an essential role in the passive

immune transfer (PIT) and ultimately on newborn survival rates (Stelwagen et al.

2009; Hernández-Castellano et al. 2015c; Hadorn et al. 1997).

During a short period before parturition, the mammary gland secretes diverse

components either by local synthesis at the mammary gland or through the transfer

of components from the maternal bloodstream into mammary secretions

Table 1 Placental layers and transfer of immunoglobulin G (IgG) in different species

Cow Horse Pig Goat/sheep Dog Human Mice Rabbit

Fetal layers

Chorionic endothelium X X X X X X X X

Connective tissue X X X X X X

Chorionic epithelium X X X X X X

Maternal layers

Uterine epithelium Xa X X

Connective tissue X X X X

Uterine endothelium X X X X X

Total number of layersb 6 6 6 5 4 3 1 1

IgG transfer (mainly)

Uterus X X X X

Colostrum X X X X X
aThe number of layers in cow placenta seems to be inconsistent as some authors have classified it

as epitheliochorial [six layers (Padua et al. 2010)] and others as synepitheliochorial [five layers

(Wooding and Burton 2008)]
bThe transfer of IgG (and other immune components) through the placenta decreases as the

number of placental layers increases
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(Barrington and Parish 2001; Baumrucker and Bruckmaier 2014). This process is

known as colostrogenesis and can be affected by the mammary gland development

during pregnancy (Castro et al. 2011), which is regulated by several factors such as

hormones (predominantly estradiol, prolactin, and progesterone), breed, nutrition,

litter size, length of dry period, and health status of the mother (Castro et al. 2011;

Lerias et al. 2014; Farmer 2013).

Colostrum components are secreted by different mechanisms (Baumrucker and

Bruckmaier 2014); therefore, proteins present in colostrum are either directly

synthesized in the mammary gland or are transferred from the bloodstream

(or both). The appearance of factors in mammary colostrum secretions may occur

by one or more of the nine different pathways shown in Fig. 2.

Pathway 1 shows a fluid-phase endocytosis process that occurs during

colostrogenesis and is the major means of IgG1 entrance into cytoplasmic

endosomes. As these endosomes become acidified (pathway 2), the IgG1 specifi-

cally binds to the Fc receptor of the neonate (FcRn) and can be recycled (pathway 3)

to the extracellular fluid or transcytosed (pathway 4) to the colostrum secretions.

Fig. 2 Pathways of mammary epithelial cell transport during colostrogenesis. Pathway 1, fluid-

phase endocytosis; pathway 2, endosome FcRn/IgG1 binding; pathway 3, FcRn/IgG1 recycling;

pathway 4, FcRn/IgG1 transcytosis; pathway 5, passage through leaky tight junctions (TJ);

pathway 6, diapedesis of blood cells; pathway 7, apocrine secretion of mammary synthesized

components; pathway 8, merocrine secretion of fat; pathway 9, cytoplasmic crescents secreted

within the milk fat globule (MFG)
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The regulation of these two pathways occurs via specific small G proteins. Blood

components may also enter the colostrum through leaking tight junctions (pathway

5) where serum albumin and perhaps blood cytokines and lactoferrin may enter.

Pathway 6 shows that blood leukocytes and small amounts of B cells may enter

colostrum by the process of diapedesis. These cells synthesize and secrete cytokines

and contribute to colostrum regulatory factors. Mammary synthesized components’
(lactoferrin/others) secretion occurs by an apocrine mechanism (pathway 7) and

merocrine mechanism for fat secretion (pathway 8). Endocrine components that are

fat soluble, such as steroid hormones, are known to pass biological membranes (enter

cells) andmay have cellular binding proteins that provide retention capacity in aqueous

solutions or are secreted in themilk fat. Also secreted within theMFGM is amixture of

mammary cell cytoplasmic components (cytoplasmic crescent, pathway 9).

Regarding the use of proteomics, Talbot et al. (2010) used a 2D MALDI-TOF

MS and an ion trapMS approach to describe the importance of annexins I, II, V, and

VII during placentation in dairy cows. In the study of Talbot et al. (2010),

trophectoderm cell lines from somatic cell nuclear transfer (SCNT) cows, known

for having increased pregnancy failure (abortion and developmental abnormalities

of the offspring), showed lower expression of those proteins compared to the

control cows. Those proteins are involved in crucial processes during pregnancy:

inhibition of placental blood coagulation (annexin V), tissue immunomodulation

and apoptosis (annexin V), intracellular membrane fusion (annexins I, II, and VII),

signal transduction for cell differentiation (annexins I and II), extracellular matrix

remodeling via plasminogen activation (annexin II), and, indirectly, the matrix

metalloproteinases and prostaglandin synthesis regulation. In pigs, Lee et al.

(2015) using a nano acquity ultra performance liquid chromatography (UPLC)

together with an Orbitrap linear trap quadrupole (LTQ) Velos MS studied placental

proteomics differences between small litter size (SLS) and large litter size (LLS)

sows. Those authors found 6 and 13 upregulated proteins in SLS and LLS, respec-

tively. In the SLS group, some of the increased proteins were associated to

proteolysis processes (calpain, cytosolic nonspecific dipeptidase, prenylcysteine

oxidase, and ubiquitin). Increased proteolytic degradation has been associated to

proteins undergoing oxidative damage (Lappas et al. 2011), affecting the placenta

structure and functionality which could explain the reduced litter size of those

piglets. From the 13 proteins identified in the LLS group, puromycin and RBP4

were the most relevant proteins as both of them have been related to the litter size in

mice and humans, respectively (Osada et al. 2001; Chan et al. 2011).

In ruminants and pigs, developmental changes in the mammary gland during late

pregnancy colostrogenesis have not been deeply studied using proteomics. Some

studies performed in water buffalo (Jena et al. 2015) and mice (Davies et al. 2006)

can provide some insight of the ongoing processes during colostrogenesis in domestic

ungulates. Using a 2D MALDI-TOF MS approach, Davies et al. (2006) described

how the basic transcription factor 3 (BTF3), increased during pregnancy, seems to

affect the transcription of the estrogen receptor in the mammary gland during

pregnancy, regulating mammary alveolar growth in mice. In this study, the

minichromosome maintenance complex component 3 (MCM3), which is required
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for DNA replication and cell proliferation (Ford and Chevalier 1995), was also

increased during pregnancy. It seems that both proteins (BTF3 and MCM3) regulate

mammary gland development in mice and therefore they may affect colostrogenesis.

Proteomics studies performed in heifers and early lactation water buffalo by Jena

et al. (2015) using a two-dimensional difference gel electrophoresis (2-DIGE)

MALDI-TOF/TOF MS approach showed the expression of diverse proteins

involved in mammary gland development. Specifically, fatty acid-binding proteins

(FABPs), ACSL1, and SLC2746, all involved in the regulation of fatty acid uptake

and intracellular transport (Chmurzynska 2006), were increased in water buffaloes

in peak lactation compared to heifers. As described above in placenta tissue,

annexin II seems to also increase in mammary gland tissue at late pregnancy and

progressively decrease during the early lactation period (Jena et al. 2015). In the

mammary gland, this protein is involved in cell proliferation and mammary epi-

thelial cell differentiation processes (Desrivieres et al. 2003). Early lactation water

buffalo also showed upregulation of EEF1D, an essential protein during protein

synthesis, compared to heifers. Heat stress proteins (HSPs) are chaperones that play

an important role in proper folding and translocation of polypeptides across mem-

branes (De Maio 1999). The increased regulation of HSPA5 and HSP27 in early

lactation water buffalo compared to heifers suggests their active participation in the

secretory pathway during colostrogenesis and lactation (Jena et al. 2015).

3 Colostrum Constituents

Colostrum is a complex mixture of water, proteins, carbohydrates, lipids, vitamins,

and minerals (Koldovsky 1989; Blum and Hammon 2000). Immunoglobulins are

certainly one of the most important and abundant proteins in colostrum, being IgG

the most abundant immunoglobulin in ruminant and pig colostrum (Sasaki et al.

1976; Vaerman et al. 1970). As shown in Fig. 3, colostrum also contains other

substances such as antimicrobial and anti-inflammatory agents (Stelwagen et al.

2009; Hernández-Castellano et al. 2016a; Ebrahim et al. 2014), growth factors that

control early gastrointestinal development (Purup et al. 2007), cytokines, enzymes,

and several different peptides (Blum and Hammon 2000; Koldovsky 1980). Inter-

estingly, most of those bioactive compounds are present in colostrum in higher

concentration than in milk, notably Igs, lactoferrin, and growth factors, indicating

the importance of colostrum on the health status of the newborn animal (Scammel

2001; Pakkanen and Aalto 1997).

Several proteomics studies were performed in order to describe the colostrum

proteome. Because of the wide range of protein concentrations and subcellular

locations in colostrum, a few high abundant proteins (HAP), usually studied by

traditional biochemical methods, mask the presence of the low abundant proteins

(LAP). Therefore, most of the proteomics studies performed in colostrum have been

focused in any of the three main physicochemical fractions (whey, milk fat globule

membrane, and casein).
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3.1 Proteins in Whey Colostrum

Soluble proteins compose the whey fraction in colostrum. In cows and sows, this

fraction represents approximately 90% of the total proteins present in colostrum

(Sgarbieri 2004; Klobasa et al. 1987). Colostrum whey contains hundreds of pro-

teins, being β-lactoglobulin, α-lactalbumin, serum albumin, Igs, lactoferrin, and

lactoperoxidase the major constituents in colostrum whey (Ontsouka et al. 2003;

Sgarbieri 2004; Theil and Hurley 2016). While Igs play one of the most important

roles in the PIT, there are other proteins in colostrum whey that actively contribute

to the immune response in the newborn animal. Lactoferrin, for instance, is able to

increase the activity of several leucocytes such as lymphocytes, neutrophils, and

monocytes (Actor et al. 2009) and has been shown to actively contribute to the

reaction to infections caused by E. coli in humans (Bullen et al. 1972). Furthermore,

Hernandez-Ledesma et al. (2008) described how bioactive peptides derived from

either alcalase-, pepsin-, or trypsin-digested β-lactoglobulin act as a bacteriostatic

against E. coli, Bacillus subtilis, and Staphylococcus aureus (El-Zahar et al. 2004;
Pihlanto-Leppala et al. 1999). Colostrum whey also contains growth factors which

stimulate the proliferation and differentiation of the intestinal epithelium (Penchev-

Georgiev 2008), inhibit apoptosis (Blum and Baumrucker 2002), and promote

skeletal muscle development (Marnila and Korhonen 2011). Some of the most

abundant growth factors present in colostrum are insulin-like growth factor-1

(IGF-1), epidermal growth factor-like peptide (EGF), and TGF-β2 (Theil and

Fig. 3 Colostrum composition. APP acute-phase proteins, PGF placental growth factor, TNF-α
tumor necrosis factor alpha, TNF-β tumor necrosis factor beta, EGF epidermal growth factor-like

peptide, IGF-1 insulin-like growth factor-1, VEGF vascular endothelial growth factor
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Hurley 2016; Elfstrand et al. 2002; Nguyen et al. 2007; Kolb and Kaskous 2003;

Blum and Baumrucker 2008).

Most of the proteomics studies have focused on the colostrum whey fraction

from cows. Smolenski et al. (2007) using two-dimensional electrophoresis (2DE)

MALDI-TOF/TOF MS approach found higher concentrations of nucleobindin in

cow colostrum whey compared to milk whey. This protein contributes to the

already described immune properties of the colostrum, promoting the activation

of lymphocytes in humans (Kubota et al. 1998) and mice (Kanai et al. 1993). In

another study using a similar proteomics approach, Senda et al. (2011) found

proteins such as the bovine vitamin D-binding protein or different IgG chains

present only in cow colostrum whey and not in milk whey. Those findings reflect

the importance of colostrum not only in the immune protection of the newborn

animal but also on the normal bone formation.

Further advancement in new proteomics approaches with higher sensibilities has

allowed the identification of more components in the colostrum whey. Using an

Orbitrap LTQ MS coupled to a HPLC system, Le et al. (2011) found 36 unique

proteins in cow colostrum whey that were not present in milk whey. Additionally,

those authors also described the presence of 217 proteins in both colostrum and

milk whey. Interestingly, some of those proteins participate in complement activa-

tion (CFH, C3, MBL2, C9, CFD, and CFB), immune response (AZGP1, B2M,

PGLYRP1, CD14, C6, C4BPA, MIF, C1S, and CD46), acute-phase response (F2,

AGP, ITIH4, AHSG, SERPINF2, and SAA), and defensive response against bac-

terial infections (LTF, CSN1S2, CAMP, CATHL2, CATHL5, and CATHL6).

Those results were confirmed using a similar proteomics approach by Zhang

et al. (2015) who identified 208 proteins in colostrum and milk whey from cows

during the first 9 days postpartum, with 64 proteins showing increased regulation in

colostrum whey compared to milk whey. Most of those proteins (47) participate in

different biological processes such as the complement system (C1R, C1S, C3, C6,

C7, C8B, C9, CFB, CFD, CFH, CFI), immune response against bacterial infections

(CATHL1, CATHL2, CATHL3, CATHL4, CATHL5, CATHL6, CATHL7, LPO,

PGLYRP1), immunoglobulin-like proteins (A1BG, AHSG, B2M, BoLA, PIGR,

IGJ, IGK, IGLL1), and acute-phase proteins (ORM1, F2, C3, FN1, SERPINF2,

ITIH4, SAA1, SAA3). In addition, other immune-related proteins were identified in

this study (AZGP1, B4GALT1, BOLA-NC1, MUC15, CHI3L1, CLU, CRISP3,

GLYCAM1, GP2, HP, RNASE4).

Those results reflect the great and wide range of LAP present in colostrum whey

that can participate in several immune processes and actively contribute to the

defense of the newborn animal.

3.2 Proteins in the Milk Fat Globule Membrane

As can be observed in the Fig. 4, the MFGM is a three-layer membrane composed

of proteins and phospholipids that covers the milk fat globule (Keenan and
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Dylewski 1995). The MFGM mostly originated from the endoplasmic reticulum

membrane and the plasma membrane (Cebo 2012). As described by Mather (2000),

there are eight HAP in the MFGM that can be measured by traditional biochemical

methods. From those HAP, xanthine dehydrogenase/oxidase (XDH/XO) and

mucin-1 have been shown to participate in the protection against pathogens (both

proteins are shown in Fig. 4). Particularly, XDH/XO is a protein essentially

synthesized in the mammary gland (Parks and Granger 1986), reaching maximum

concentrations during late pregnancy and early lactation in mice (Kurosaki et al.

1996) and cows (Zhang et al. 2015). In addition to the secondary antibacterial

function of this protein as a source of H2O2 for lactoperoxidase, XDH/XO induces

the expression of genes encoding, for instance, adhesive proteins, cell receptors,

and other components of the immune system (Mather 2000). MUC-1 is a glyco-

protein with the capacity of binding and sequestering pathogenic microorganisms in

the gastrointestinal tract (Peterson et al. 1998; Schroten et al. 1992); therefore, the

presence of this protein in colostrum can protect the suckling neonate against

external microorganisms.

Fig. 4 Structure of the milk fat globule and schematic representation of the milk fat globule

membrane. Adapted from (Lopez 2011)
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Besides HAP, LAP present in colostrum MFGM seems to play crucial roles in

the immune protection, in the nutrient absorption, and in the bone and musculo-

skeletal development. In this way, Lu et al. (2016) using an EASY-nLC-Orbitrap

LTQ Velos approach observed several acute-phase proteins that were increased in

goat colostrumMFGM compared to milk MFGM. Increased proteins with immune-

related properties were identified as complement component 3 (C3),

lipopolysaccharide-binding protein (LPB), fibrinectin 1 (FN1), and serum amyloid

A (SAA). Similar studies performed by Reinhardt and Lippolis (2008) using a

shotgun proteomics approach coupled with iTRAQ labeling of peptides quantified

protein changes in colostrum and milk MFGM from cows. Those authors identified

138 proteins in the colostrum MFGM from which 19 were upregulated compared to

milk MFGM on day 7 postpartum. Some of those increased proteins were identified

as apolipoproteins (APO), specifically APO A-I, C-III, E, and A-IV. Apolipopro-

teins participate in the lipoprotein metabolism through the absorption, transport,

and redistribution of lipids among various cells and tissues (Mahley et al. 1984).

The presence of these proteins in colostrum may increase and facilitate the absorp-

tion efficiency of nutrient which is crucial in newborn animals. Additionally, other

proteins with immune functions that are usually found in the whey fraction were

also found in the MFGM (the Ig mu chain region, lactoferrin, or the FC fragment of

IgG). In another study, Yang et al. (2016) using iTRAQ labeling and a LC-MS/MS

approach found 21 proteins increased in cow colostrum MFGM compared to milk

MFGM. Besides APO A-I and E, in which functions have been described above,

serine protease HTRA1 and ribonuclease-4 were also upregulated.

Serine protease HTRA1 has been described to participate in the osteogenesis

through modification of proteins within the extracellular matrix, and it seems to be

also implicated in musculoskeletal development in humans (Tiaden et al. 2012). On

the other hand, ribonuclease-4 seems to contribute to the organism’s response

against infections caused by diverse pathogens. (Harris et al. 2010) described

how ribonuclease-4 extracted from cow milk was able to reduce the viability of

Candida albicans in vitro. Additionally, (Murata et al. 2013) observed that the

antimicrobial effects of lactoferrin and lactoferricin against E. coli were enhanced
by co-incubation with a mixture of ribonuclease-4 and ribonuclease-5.

3.3 Caseins in Colostrum

Caseins are phosphoproteins found in colostrum and milk in large colloidal parti-

cles (20–300 nm diameter), known as casein micelles. Caseins may be classified

into four main types (αs1, αs2, β, and к). Those proteins participate in several

important biological functions such as ion carriers (calcium, phosphate, iron, zinc,

and copper), bioactive peptide precursors, and immunomodulators (Korhonen and

Pihlanto 2007). According to Clare and Swaisgood (2000), casein-derived peptides

such as casecidin, casocidin I, or isracidin have several antimicrobial activities

against infections caused by Gram-positive bacteria (i.e., Staphylococcus aureus),
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Gram-negative bacteria (i.e., E. coli), and yeast (i.e., Candida albicans). Conse-
quently, peptides derived from caseins are receiving attention as possible sources of

natural bioactivity with health benefits (Silva and Malcata 2005), probably because

they stimulate the innate immune system within the mammary gland and prevent

udder infections during the dry phase (Silanikove et al. 2005).

4 Colostrum Absorption and Maturation of the Immune

and Digestive System of the Newborn

In newborn ungulates, colostrum protein absorption mainly consists of Igs (IgG,

IgM, and IgA, mainly) which are the main absorbed components from colostrum;

however, the absorption of other proteins from colostrum is essential to ensure a

correct PIT (Smith and Foster 2007; Leece 1973). These special conditions for

intact colostrum protein absorption decrease along the first 48 h after birth. Conse-

quently, it is crucial to feed newborn ruminants and piglets with colostrum during

this early time frame (Hernández-Castellano et al. 2015a; Leece 1973; Moore et al.

2005). Besides PIT, colostrum intake also promotes intestinal epithelial cell growth

reflected by the increased villus length and width, crypt depth, and mucosal

thickness in the duodenum, jejunum, and ileum, which improve nutrient absorption

ability and intestinal function development in calves (Blum and Baumrucker 2008;

Guilloteau et al. 1997; Yang et al. 2015). Similar effects on the intestinal develop-

ment have been also observed in newborn small ruminants and piglets as a

consequence of the colostrum intake (Kelly et al. 1993; Moretti et al. 2010,

2014). All these facts make colostrum-deprived animals more susceptible to dis-

eases and increase mortality rates during the first hours of life (Nowak and Poindron

2006; Boyd 1972; Declerck et al. 2016).

Several proteomics tools have been used in order to increase the knowledge

about the ongoing processes during colostrum absorption and maturation of the

immune and digestive system of newborn ruminants and piglets. In newborn calves,

Herosimczyk et al. (2013) using a 2D MALDI-TOF/TOF MS approach observed

increased amounts of APO A-1, A-IV, and FIB γ chain in blood plasma 48 h after

colostrum intake. A similar study using a 2-DIGEMALDI-TOF/TOF MS approach

was performed in newborn lambs by Hernández-Castellano et al. (2014b) who

found four increased proteins in blood plasma 10 h after the first colostrum feeding.

Specifically, APO A-IV, which participates during the enterocyte lipid transport in

fatty foods such as colostrum (Stan et al. 2003), was increased. The other three

increased proteins (fibrinogen (FIB) γ chain, plasminogen, and SAA) participate

through different pathways in the migration of different immune cells such as

neutrophils, monocytes, and T lymphocytes to the infection site (Renckens et al.

2006; Badolato et al. 1994; Xu et al. 1995; Kuhns et al. 2001). Those results were

confirmed by Hernández-Castellano et al. (2015b) using two more sensitive prote-

omics approaches; one for detecting the presence/absence of colostrum proteins in
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blood plasma from lambs (EASY-nLC TripleTOF 5600 MS) and another for

quantifying protein changes in blood plasma from lambs 10 h after the first

colostrum intake (iTRAQ LC-MS/MS). Besides the eight proteins increased in

plasma by the colostrum intake (APO A-IV, B-100 and E, FIB α chain, trypsin

inhibitor, tetranectin, ceruloplasmin precursor, and immunoglobulin μ-chain par-

tial), 26 proteins were exclusively identified in colostrum, whereas they were not

identified in the blood plasma (several Ig fractions, caseins, α-lactalbumin,

nucleobindin-1, peroxiredoxin-1, and junction plakoglobin, among others). Using

a 2D-LC-MS/MS approach, Danielsen et al. (2011) studied the colostrum protein

uptake in the porcine gut as well as the colostrum proteome changes during the first

24 h after birth. In this study, different proteomes (sow colostrum and stomach and

small intestine tissue from piglets) were studied in order to understand how the

individual colostrum proteins pass through the gastrointestinal tract of the newborn

piglet. Those results revealed that Igs seem to be efficiently transported, acquitted,

and retained in the small intestine. In addition, β-lactoglobulin and caseins were

detected at the stomach level, although they were downregulated at the intestinal

level. This indicates that either low amount is taken up by the intestine or that those

proteins are rapidly digested into peptides when they reach the small intestine

(Danielsen et al. 2011). As previously described in this chapter, peptides derived

from those two proteins have been shown to actively participate during the immune

protection against several pathogens. Besides those two components, other colos-

trum proteins such as α-lactalbumin, prophenin-1, lactotransferrin, and peptidogly-

can recognition protein, all well known for their antimicrobial properties (Zimecki

and Kruzel 2007), were identified in the piglet intestine. Milk fat globule-EGF

8, which has been suggested to protect newborn piglets against E. coli infections
(Shahriar et al. 2006) and osteopontin, a protein related to bone and immune

development (Nagatomo et al. 2004; Standal et al. 2004), was also increased in

the piglet intestine after colostrum intake. According to the studies of Danielsen

et al. (2011) and Hernández-Castellano et al. (2015b), it seems that colostrum

contains several compounds that may have an active function in the lumen of the

gastrointestinal tract, whereas others may have functions in the intestinal tissue, in

the bloodstream, or even in other organs. Further studies will be necessary in order

to fully understand colostrum functions and properties. In this way, proteomics can

provide a complementary overview of the involved pathways during processes such

as colostrogenesis or colostrum absorption in the newborn animal.

5 Conclusion and Future Perspectives

Over the years, colostrum has been the focus of several studies which aimed to

describe, explain, and understand the importance of colostrum in the ungulate

species as well as the biological processes that take place in the newborn animal

after feeding colostrum. The use of proteomics in this field has enormously

increased the general knowledge of the proteins present in colostrum and their
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relation to passive immune transfer and the immune system development in the

newborn animal. The continuous development of new proteomic techniques will

increase sensitivity and will allow the identification of very low abundance protein

populations in the colostrum, mammary gland, placenta, intestine, and blood

plasma. All this information will provide better and clearer overview of the diverse

processes that take place during colostrogenesis, colostrum secretion, intestinal

colostrum absorption, and, finally, on the newborn immune system development.
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Proteomics in Milk and Dairy Products

Alessio Soggiu, Paola Roncada, and Cristian Piras

Abstract Milk from different animal species is a valuable source of proteins and

other nutrients for human consumption. Its dynamic range of proteoforms among

animal species provides different nutritional profiles. Milk can be used plain or after

transformation processes such as fermentation, caseification, ripening, and many

others. This chapter will describe the actual role of proteomics to study and address

safety, quality, and transformation processes.

The large-scale study of proteins (proteomics) is able to provide information

about different protein profiles, characteristics of milk, nutrients, lactation stage,

and the relative health status of the animal. More extensively, proteomics is useful

for the assessment of safety and quality of both milk and dairy products.

The aim of this chapter is to summarize the most recent applications of prote-

omics, including the methods for sample preparation and analysis, and to make

them available and applicable for both research and analytical purposes.

Keywords Milk • Dairy products • Proteomics • Peptides • Cheese • Ripening •

Quality • Microbiota
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1-DE One-dimensional electrophoresis

2-D DIGE Two-dimensional difference gel electrophoresis

2-DE Two-dimensional electrophoresis

CE Capillary electrophoresis

CEX Cation exchange

CFU Colony-forming units

DGGE Denaturing gradient gel electrophoresis
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DNA Deoxyribonucleic acid

ESI Electrospray ionization

GO Gene ontology

HIC Hydrophobic interaction chromatography

HPLC High-performance liquid chromatography

IEF Isoelectric focusing

iTRAQ Isobaric tags for relative and absolute quantitation

KEGG Kyoto Encyclopedia of Genes and Genomes

LAB Lactic acid bacteria

LC Liquid chromatography

MALDI-TOF

MS

Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry

MFGM Milk fat globule membrane

MS Mass spectrometry

MS/MS Tandem mass spectrometry

MW Molecular weight

NGS Next-generation sequencing

NSLAB Nonstarter lactic acid bacteria

PAGE Polyacrylamide gel electrophoresis

PCR Polymerase chain reaction

PTM Posttranslational modification

QqQ-MS Triple quadrupole mass spectrometry

qTOF Quadrupole time of flight

RNA Ribonucleic acid

RP Reverse phase

rRNA Ribosomal RNA

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SRM Selected reaction monitoring

SSCP Single-strand conformation polymorphism

TCA Trichloroacetic acid

UHT Ultrahigh temperature processing

UPLC Ultra performance liquid chromatography

αs1-CN Alpha s1 casein

αs2-CN Alpha s2 casein

β-CN Beta casein

Dairy products include all foods that are made from milk and are used for human

nutrition. Among the main species used as source of milk there are cows, water

buffaloes, sheep, goats, donkeys and camels. Milk from these animals can be used

raw or after transformation processes such as fermentation, caseification, ripening,

and many others. This chapter describes the actual role of proteomics to study and

to address safety, quality, and transformation processes.
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1 Analytical Techniques for Milk and Dairy Products

Milk from different animal species represents an extremely valuable source of

proteins and other nutrients in human nutrition.

It is composed by a dynamic range of proteoforms different in all animal species

and responsible for several specific nutritional profiles.

The large-scale study of proteins (proteomics) is able to provide information

about different protein profiles, characteristics of milk, nutrients, lactation stage,

and the health status of the animal during this period (mastitis or other bacterial

infections) (Li et al. 2017).

Because of its importance in the analysis of milk proteoforms, one of the fastest

and easiest ways to analyze the milk proteome is 2D electrophoresis. This method

represents a top-down approach able to study the entire proteins, and it requires

protein fragmentation just for the identification process (MALDI-TOF MS) (Wang

et al. 2006). On the other hand, as bottom-up approach, LC-MS/MS represents a

technique able to deeply analyze milk proteome despite some loss of information

about the different proteoforms (Zhang et al. 2015; Nissen et al. 2012).

In order to deeply analyze the milk proteome and to maximize protein identifi-

cation, it is necessary to use casein depletion (Soggiu et al. 2016) or other combined

fractionation techniques (Hogarth et al. 2004; Mollé et al. 2009).

The protein components of milk play a key role in the transformation process

and are responsible for the characteristics of the final product. Protein fractions of

milk can be divided into two main groups: caseins (CN) and whey proteins. The

main protein constituents are caseins (alpha, beta, gamma, and kappa), which

account for about 80% of the total protein. The remaining 20% of the protein

fraction consist of the whey proteins, represented mostly by β-lactoglobulins,
α-lactalbumins, immunoglobulins, serum albumin, and proteose peptones. Besides,

there are other constituents like free amino acids, urea, and creatine, among others

(Fig. 1).

The protein content of cheese is defined as the content of total nitrogen (protein

and nonprotein nitrogen). The protein nitrogen originates primarily from denatured

casein deriving from acid or enzymatic coagulation and from a small part of whey

proteins that, while being soluble in serum, are still incorporated in the casein

matrix and from insoluble peptides. The nonprotein nitrogen instead comes from

medium-soluble peptides and small-weight molecules like amino acids. Routinely,

total nitrogen is determined by the reference methods according to Kjeldahl (Lynch

and Barbano 1999) or Dumas (Simonne et al. 1997), but both methods are suscep-

tible to adulterations. The Kjeldahl method in particular is a tedious and time-

consuming procedure requiring disposal of hazardous chemicals.

On the other hand, direct protein can be quantitated using different strategies.

The dye-binding methods utilize the dyes Coomassie Brilliant Blue G-250

(according to Bradford), Amido Black 10B, or Orange G that specifically bind to

proteins. The protein content is determined by measuring the intensity of the dye

color, which correlates to the protein concentration. Nowadays these methods are
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used exclusively in the laboratory and have been replaced in food industry by

infrared spectroscopy that measures directly the protein and peptide content,

together with lipids and sugars (Fox et al. 2015).

The chemistry of proteins, in the past, and now proteomics, allowed the analysis

of specific protein components in dairy products by using different and comple-

mentary analytical techniques with different selectivity and specificity. Electropho-

retic and chromatographic techniques, often in combination with mass

spectrometry, are widely used to qualitatively and quantitatively analyze proteins,

peptides, and amino acids in dairy products. Several analytical applications related

to those techniques will be summarized in Sects. 1.2 and 2.1.

1.1 Dynamic Range of Proteins in Milk and Cheese
and Depletion Strategies for Main Components

Mature cow’s milk contains on average 35 g/l of proteins; of these about 80% are

caseins, and about 20% consist of whey proteins. Different fractions of milk caseins

exist. The most abundant of these is α-casein (a heterogeneous protein, with

numerous variants, such as α-s1 and α-s2), followed by β-casein, κ-casein, and
γ-casein (resulting from the degradation of β-casein). The three major serum pro-

teins are β-lactoglobulin, α-lactalbumin, and serum albumin; they represent 50, 20,

and 10%, respectively, of the whey protein fraction. The remaining 20% is com-

posed of immunoglobulins and proteins with enzymatic or antibacterial activity. In

sheep, the casein fraction represents around 80%, 50% in horse and <50% in

human. Whey proteins are proportionally higher in human and nonruminants

(horse, donkey) but lower in ruminants. A qualitative and quantitative description

Whole 
Milk  

Centrifugation 

Fat Layer
MFG

 
 

Skimmed 
milk 

fraction: 
caseins 

and whey 
proteins 

Ultracentrifugation 

Soluble 
fraction: 

whey 
proteins 

Insoluble 
fraction: 
caseins 

Fig. 1 Schematic representation of the fractionation of milk components and their protein

fractions
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of the protein fractions of mature milk from different species was reported (Claeys

et al. 2014).

A comprehensive analysis made on unfractionated whole milk obtained from

five different species has been made using 1-DE and 2-DE coupled with MS (Hinz

et al. 2012). Fractionation of milk, intended as the separation of the casein fraction

from the whey fraction, can be obtained principally using three different tech-

niques: chymosin-induced separation, isoelectric precipitation, and ultracentrifuga-

tion. An investigation has been made to evaluate the protein composition obtained

from different fractionation strategies using 2-DE and tandem mass spectrometry

(Jensen et al. 2012). Other approaches in dairy animals have been directed to the

characterization of specific fractions like whey (Yang et al. 2013), casein (Wang

et al. 2017), or MFGM (Yang et al. 2015) using specific LC-MS/MS approaches.

Cheese is the product obtained from the coagulation of casein in milk (curd).

Major differences in domestic animals (cow, water buffalo, goat, and sheep, listed

according to their importance in milk production) are the concentration and types of

caseins and their ratio to the whey proteins in milk. Diversity in milk composition,

especially in casein profiles, produces differences in cheese proteome profile,

because whey proteins do not precipitate in the curd (or in very low amounts)

during milk transformation. The processing techniques and the ripening substan-

tially affect the protein content of dairy products: in fresh cheese (Mozzarella,

cottage cheese) and soft cheese, the protein content lies between 18 and 25 g/100 g,

while it can be 30 g/100 g or more in hard cheese (Grana Padano and Parmigiano-

Reggiano cheese). In whey products like Ricotta, the protein content ranges from

8.8 to 11.3 g/100 g. Other dairy products are butter (0.9 g/100 g), yogurt (3.5 g/

100 g), fermented milks (2–5.6 g/100 g), and dry milk (26–36 g/100 g) (Muehlhoff

et al. 2013).

While the cheese caseins are insoluble (insoluble nitrogen) in most aqueous

solvents, medium-sized and short peptides as degradation products can be

dissolved, and their concentration increases with the progress of proteolysis. A

large number of analytical techniques for fractionation of the protein component in

cheese take advantage of these solubilization properties. The need to separate the

highly abundant components of the cheese (caseins) from the less abundant (whey

proteins, proteins released by bacteria, peptides) requires the application of specific

fractionation and depletion techniques. These techniques are fundamental comple-

ments to the proteomic analysis in order to characterize the various protein com-

ponents in cheese. All caseins in Cheddar, for example, can be easily separated

from the soluble fraction using an extraction with water at a ratio of 2:1 (water/

grated cheese) at 40 �C for 1 h. In this way it is possible to recover up to 90% of the

nitrogen soluble in the aqueous phase and caseins in the pellet after homogenization

and centrifugation of the resulting mixture (Kuchroo and Fox 1982). This technique

can be easily adapted to other kinds of cheese like Grana Padano (Soggiu et al.

2016), a hard-cooked cheese, or Emmenthal (Gagnaire et al. 2004).

Quantitative casein depletion and isolation from cheese can be obtained using an

acid or so-called isoelectric precipitation of the aqueous extracts at pH 4.6 with 1M

HCl. At this pH that corresponds roughly to their isoelectric point, casein
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coagulation and aggregation can be easily obtained at room temperature, and

aggregates can be sedimented by low-speed centrifugation (Molina et al. 2000;

Fox et al. 2015). If the scope of the investigation is proteomic analysis of caseins,

the pellet has to be washed with acidified water to remove salts, and a wash with an

organic solvent is required to remove lipids (Molina et al. 2000). Most of the

caseins and the deriving high molecular weight peptides are soluble in aqueous

4–8 molar urea solution. This characteristic can be used in the preparation of

samples to be subjected to subsequent separation techniques (Fox et al. 2015).

Hydraulic extraction with a press can be used to obtain an aqueous phase from

the entire cheese. In this way it is possible to process in one experiment a relatively

high sample amount (2–2.5 kg) obtaining a “juice” enriched in soluble proteins

(such as lactoferrin, bovine serum albumin, β-lactoglobulin, and α-lactalbumin as

well as bacterial proteins). Using the same “juice” or samples with similar compo-

sition, it is possible to separate caseins and casein peptides from whey proteins and

bacterial proteins and simultaneously desalt the sample using size-exclusion chro-

matography on Superdex 75 in ammonium acetate buffer (Gagnaire et al. 2004).

The soluble nitrogen fraction (medium to low molecular weight peptides and

whey proteins) can be obtained also by extraction and subsequent precipitation with

suitable acids on already depleted samples.

Trichloroacetic acid (TCA) is widely used as a precipitating agent of proteins

and peptides as well as trifluoroacetic acid or phosphotungstic acid. A further

fractionation of cheese peptides before precipitation can be obtained using solid

phase extraction on C-18 resin in combination with ultrafiltration using membranes

with diverse molecular weight cutoffs (Fox et al. 2015; O’Sullivan and Fox 1990;

Singh et al. 1994).

A schematic summary of the possible processing strategies of milk and dairy

products is represented in Fig. 2. As will be described below, besides

pre-fractionation techniques, there are many other valuable ways to properly

perform a proteomic analysis of milk and dairy products, such as the choice

among a gel-based and a gel-free approach.

1.2 Gel-Based and Gel-Free Approaches: Selected
Applications

Milk is a biological fluid produced by the mammary gland, and it is important for

the nourishment of the offspring. Its nutraceutical properties are eminent, as milk is

an essential source of proteins, amino acids, and nutraceutical peptides (Verma and

Ambatipudi 2016). In order to analyze the complex protein composition of milk and

dairy products, beyond depletion strategies, several different proteomic approaches

may be used which may benefit from protein separation in gels and from electro-

phoresis steps. Also in mass spectrometric-based analyses, additional electropho-

retic steps prior to MS may be of value as a pre-fractionation step to reduce sample
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complexity. This separation can be performed according to the molecular weight of

the proteins, their isoelectric points, or both. In either way it is possible to provide a

first important classification in the study of these complex protein matrices.

1.2.1 Gel-Based Approaches

As previously mentioned, gel-based approaches are able to quickly provide a

visualization of milk protein content in their entire form without a previous tryptic

digestion.

Figure 3 shows a representative 1D electrophoresis (Fig. 3a) and a 2D electro-

phoresis (Fig. 3b) of skimmed cow milk. Main milk proteins identified by mass

spectrometry are indicated in 1-DE and 2-DE.

For example, lately, this technique has been successfully applied for the study of

consequences of heat treatment on camel milk. Authors used 2-D DIGE to evaluate

the changes to the proteomics pattern in the sample at room temperature and after

thermal treatment at 63 and 98 �C (Benabdelkamel et al. 2017).

Bacterial infection could as well be responsible of changing the proteome profile

of milk. About this topic, 2-DE and LC-MS/MS showed that S. agalactiae subclin-
ical mastitis altered the protein profiles of cow milk (Pongthaisong et al. 2016).

Gel-based approaches have been as well widely used in several applications for

the characterization of dairy products. One example of successful application is

lactoferrin

α-lactalbumin

β-casein

albumin

One dimensional
electrophoresis (1-DE)a

κ-casein

Two dimensional 
electrophoresis (2-DE)b

β-lactoglobulin

αs1/s2-casein

β-lactoglobulin

α-lactalbumin

κ-casein

Lactoferrin

β-casein

Albumin

αs1-casein

3 1 0pI
KDa
100

90
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70
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αs2-casein

Fig. 3 Representative 1D electrophoresis (a) and 2D electrophoresis (b) of skimmed cow milk.

Main milk proteins identified by mass spectrometry are indicated in 1-DE and 2-DE
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related to the study of adulterations, for instance, in Mozzarella cheese. More

precisely, one-dimensional electrophoretic techniques like sodium dodecyl

sulfate-PAGE and alkaline urea-PAGE were successfully employed to the evalua-

tion of freshness of the raw materials used in the manufacturing of buffalo Mozza-

rella cheese (Petrella et al. 2015).

Similarly, one-dimensional electrophoretic approaches were successful in the

characterization of artisanal cheese as “Coalho” cheese. The authors performed

SDS-PAGE of the aqueous extracts of “Coalho” cheese and were able to attribute

the protein bands of lactoferrin, β-lactoglobulin, β-lactoglobulin (dimer),

α-lactalbumin, bovine serum albumin, α-casein, β-casein, κ-casein, and

para-κ-casein. The identified proteomic patterns can be used for the characteriza-

tion of this artisanal product (Silva et al. 2016).

From another point of view, gel-based approaches like 2D electrophoresis can be

used for the thorough proteomic evaluation of microorganisms involved in cheese

manufacturing or spoilage as Mucor species. In this case, 2D electrophoresis has

been successfully applied to the study of species-specific proteins responsible for

the adaptive process of Mucor to cheese environment (Morin-Sardin et al. 2017).

1.2.2 Gel-Free Approaches

Since bovine milk and related products are extensively used for human nutrition

purposes, it is consistent to analyze the differences of bovine colostrum and mature

milk in comparison to human. Among the last examples, an advanced iTRAQ

approach coupled with KEGG and GO analysis was used and underlined the

differences among these specimens (Yang et al. 2017a). Interestingly, many of

the differentially represented functions were related to immune and regulatory

functions. The differences between bovine colostrum and milk have been investi-

gated by applying two-dimensional liquid chromatography MS/MS in order to

investigate which proteins could be most relevant to neonatal calf health. This

important study highlighted the presence of 50 proteins specific for colostrum and

13 proteins specific for mature milk (Nissen et al. 2017).

Another iTRAQ proteomic approach made it possible to identify and quantify

920 milk exosome proteins. This study describes the results of a differential

proteomic analysis performed among human and bovine exosomes and represents

a good example of the successful application of this method to study this milk

fraction (Yang et al. 2017b).

The concern about food fraud is increasing especially in dairy products, because

protein changes induced by their transformation processes make analyses of the

products more difficult. One of the most common frauds is related to the addition

of cow milk to goat and sheep milk in dairy products for economic reasons. An

interesting approach to solve this problem utilizes UPLC-QqQ-MS for the presence/

absence of the tryptic peptides LSFNPTQLEEQCHI and LAFNPTQLEGQCHV to

differentiate between cow, sheep, and goat milks. This approach using two peptides
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has been proven to be more reliable and did not require a previous electrophoresis

step for sample preparation (Chen et al. 2016).

Another interesting approach to discern milks of different species in cheese

manufacturing describes the use of HPLC-tandemmass spectrometry. In this case, a

multiple reaction monitoring method has been successfully applied for the detection

of the four species most important in Italian dairy industry (cow, buffalo, sheep, and

goat) (Bernardi et al. 2015).

Bacterial consortia responsible for cheese manufacturing and ripening represent

another important field to be studied through proteomic techniques. The study of

bacterial communities through proteomics has been made possible because of the

recent advances in metaproteomics. This technique based on two-dimensional

chromatography coupled with tandem mass spectrometry can be successfully

applied in the fields of both food safety and food traceability. Its help made it

possible to characterize the differential microbiota composition responsible for the

late blowing of Grana Padano cheese (Soggiu et al. 2016).

The described approaches reflect the most recent advances in proteomic-based

food science and the study of dairy products and are useful for the investigation of

food quality and safety.

2 Proteomics to Investigate Milk and Dairy Products’
Safety, Authenticity, and Quality

Safety and quality of milk represent essential features both for its consumption

before and after processing. One of the major concerns about milk hygiene and

quality is related to the presence of mastitis (Coulona et al. 2002). Milk with a high

number of somatic cells is, with high probability, collected from cows affected by

mastitis and shows different concentrations of non-casein fractions, salts, free fatty

acids, casein content, and lactose (Ogola et al. 2007). The quality of this raw

ingredient is therefore really important for the quality of all the derived dairy

products.

For the analysis of these traits of food, it is important to analyze not only protein

patterns, but even posttranslational modifications and, if required, the presence of

allergens. Figure 4 presents a workflow of proteomics and data analysis able to

provide information about all characteristics. All the samples to be analyzed must

undergo through protein extraction and protein separation (usually gel based) or

peptide separation (LC) before being analyzed through MS. After protein separa-

tion is possible to investigate posttranslational modifications using Western blot,

specific staining, or mass spectrometry and database analysis (Fig. 4).
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2.1 Safety: Detection of Pathogens in Milk and Dairy
Samples

Investigating the presence of bacteria responsible of spoilage and of hampering the

food safety of milk represents an important task to be achieved. Actual methods

based on sequencing are quite costly and time-consuming (Pongthaisong et al.

2016), and the proteomic community is putting a lot of efforts to provide tools to

enhance pathogen detection.

One example of a technique developed to overcome this problem describes

enhanced detection of bacteria through the use of MALDI-TOF MS coupled with

a web tool for hierarchical clustering of peptide mass spectra (SPECLUST)

(Vithanage et al. 2017). This method is based on the analysis of MALDI-TOF

MS dataset matching against a consensus peak list of potential biomarker peaks

representing ribosomal proteins of different bacteria. This approach made it possi-

ble to minimize the error due to variables such as culture conditions or sample

preparation and supported the assignment of milk isolates up to the species and

strain level.

As previously stated, mastitis and subclinical mastitis could represent a burden

for the quality of milk. Streptococcus agalactiae often represents one of the causes

of this complication, and several proteomic studies were performed to evaluate the

physiology of this infection and its consequences on cow milk. The milk proteome

of subclinical mastitis caused by Streptococcus agalactiae has been successfully

investigated and, in milk of infected animals, highlighted the presence of the

antibacterial protein cathelicidin-1 that positively correlated with the milk somatic

cell count (r ¼ 0.616) (Pongthaisong et al. 2016).

Bacteria represent key players in the transformation and ripening of dairy

products. However, it has to be taken into account that bacteria could also represent

hazards in case of pathogen growth, especially if considering the increasing prob-

lems of antibiotic resistance.

Most of the times, cheese is considered as safe food; however, some microbial

risks are present and can represent a hazard for human health. Among them,

Listeria monocytogenes, Staphylococcus aureus, and Escherichia coli can be

responsible for outbreaks or food poisoning. For example, S. aureus and

L. monocytogenes have been isolated from unpasteurized soft cheese on sale in

California (Choi et al. 2016). An interesting study published in 2014 highlighted

that, in the United States in the period from 1998 to 2011, 42% of outbreaks

originated from cheese made with unpasteurized milk and 49% from cheese

made with pasteurized milk. This data suggests the relevance of strict sanitation

and microbiologic monitoring in cheese-making facilities (Gould et al. 2014).

Cheese commerce is strictly regulated, for example, regulations in the European

Union require for cheese with a shelf life of more than 5 days <100 CFU/g in at

least five samples (Regulation 2007).

An even more important issue is the development and use of methods capable of

detecting reliably and fast probable hazards in finished foods. In this field, the

180 A. Soggiu et al.



recent advances in proteomic techniques provide an important contribution. One

example is related to the detection of Listeria monocytogenes, which can take from
4 to 5 days with the cultivation method. In order to overcome this problem, a

MALDI-TOF MS method has been proposed (Barbuddhe et al. 2008) both for

identification and typing of Listeria species. Fructose 1,6-bisphosphate aldolase has
been as well proposed as a novel immunogenic surface protein of Listeria species

useful for its detection. In this case, authors successfully applied MALDI-TOF MS

and MS/MS for the characterization of fructose 1,6-bisphosphate aldolase from

Coomassie-stained SDS-PAGE; prerequisite has been band identification through

immunoblotting (Mendonca et al. 2016).

One of the key features that make Listeria monocytogenes capable to survive in

various environmental conditions is due to its adaptive capacity at several different

conditions, such as low pH, high salinity, oxygen content, and various temperatures.

Using a proteomic approach, authors discovered that many of the Listeria proteins

involved in the protection against cold stress and osmotic stress were involved in the

maintenance of cell wall and cellular processes (Pittman et al. 2014).

This described evidence summarizes the most recent advances of proteomics in

the detection of pathogens in cheese.

2.2 Protein and Peptide Modifications Related
to Authenticity

Milk thermal treatment is mandatory before consumption to reduce bacterial load

and to address microbiological safety. The most used ways in food industry are, in

order of effectiveness on bacterial load, high-temperature short-time (HTST) pas-

teurization, ultrahigh temperature (UHT) treatment, and in-container sterilization

(Lewis 1994). The drawback of these heating procedures is the vitamin degrada-

tion, the reduced bioavailability of some amino acids, and the formation of Maillard

reaction products (Oamen et al. 1989; Kilshaw et al. 1982; Pischetsrieder and Henle

2012). For all these reasons, the heating process of milk should be kept as low as

possible to reach the standards of safety, and it is therefore necessary to develop

analytical methods to monitor the milk heating process in milk industry. One

example of the application of proteomics to solve this problem has been provided

by Ebner and colleagues (Ebner et al. 2016) who successfully identified 16 different

milk peptides differentially modulated by industrial processes. In order to achieve

this result, the authors used MALDI-TOF MS after stage-tip extraction and relative

quantification using an internal reference peptide.

Cross-species adulteration of milk represents another field of application of

proteomics. For example, donkey’s milk is considered a good choice for newborn

feeding in case of allergy to cow milk (Salimei and Fantuz 2012). In order to avoid

allergenicity, it is strictly necessary to avoid any kind of possible adulteration of

non-cowmilk with the less costly cowmilk. It is now possible to detect the presence

of cow milk added to donkey milk and goat milk using a sensitive and robust

MALDI-TOF MS profiling. Authors successfully applied MALDI-TOF MS
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profiling between 2000 and 25,000 kDa able to detect the contamination with cow

milk up to 5% (Di Girolamo et al. 2014).

Proteins can be used as markers for properties of many foods, and the evaluation of

their profiles can provide useful information about composition and processing (Ortea

et al. 2016). Among dairy products, the addition of cow or sheep milk to goat cheese

making represents a common fraud (Guarino et al. 2010). To overcome this problem,

it is possible to analyze the casein fraction after a simple extraction step and after

digestionwith plasmin. The hydrolytic products can be analyzed throughLC-ESI-MS/

MS to specifically detect a fragment of sheep’s casein (Guarino et al. 2010).
Generally speaking, the fraudulent use of less expensive cow milk for ewe and

goat cheese making represents a common problem in the matter of food authentic-

ity. The reference method for the identification of cow γ2- and γ3-caseins is IEF,
and it has been proven to be reliable for cow milk detection (Mayer 2005; Mikulec

et al. 2013). However, this technique has some drawbacks as being unable to detect

cow milk in amounts lower than 5% and the occurrence of some false positives

(Mikulec et al. 2013; Mayer 2005). For example, in terms of allergies, it would be

better to be able to detect lower amounts of fraudulent addition of cow milk.

Recent advances described the successful use of MALDI-TOF protein profiling

in the detection of bovine milk added to ewe and buffalo milk or in the adulteration

of Mozzarella cheese (Cozzolino et al. 2001, 2002). This method can be used as

well for the detection of amounts up to 0.5% of bovine milk in milk of other species

as cow, ewe, and buffalo (Di Girolamo et al. 2014), and it can be applied as well for

the identification of thermal treatments (Sassi et al. 2015). More precisely, it is

possible to detect up to 10% of UHT milk added to raw or pasteurized milk (Pinto

et al. 2012).

Tracing the protein β-lactoglobulin through ESI-MS and HPLC-ESI-MS, it is

possible to detect as well amounts of bovine milk in goat and caprine or ovine milk

in a concentration up to 5% (Chen et al. 2004; Műller et al. 2008).

About cheese, a described LC-MS/MS method can be used for the detection of

sheep milk in cow and goat cheese. The method targets through SRM a specific

peptide originated from plasminolytic digestion of caseins and made it possible to

detect up to 2% of sheep milk in cheese made of milk from goat and cow (Guarino

et al. 2010).

Powdered milk represents another type of adulteration, and it has been success-

fully detected using 2-DE coupled with MALDI MS for the identification of

lactosylated peptides specific of powdered milk. With this method 1% of powdered

milk is still traceable (Calvano et al. 2012).

These described methods provide relevant proteomic tools to be applied in the

field of the evaluation of authenticity among dairy products.

2.3 Protein and Peptide Modifications Related to Quality

Milk quality can be influenced by several factors going from animal welfare to

heating process or other treatments.
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In the first place, milk quality is different among mammalian species, and, as

stated before, it is important to underline the main differences among all milks

(Fig. 3). These differences then, more than providing different valuable nutrients,

are important to avoid the possibility of allergic reactions in patients allergic to cow

milk (D’auria et al. 2005). Casein polymorphisms among mammalian species have

been extensively investigated both through gel-based and gel-free methods, thor-

oughly differentiating cow, goat, sheep, buffalo, and mare according to the con-

centrations of their isoforms (Roncada et al. 2012).

It has been demonstrated that thermal treatment of milk induces protein carbon-

ylation that is directly related to the harshness of the process. Authors discovered

53 unique carbonylated peptides derived from 15 different proteins; the highest

number of these was present in infant formula milk and the lowest in raw milk. This

study was performed by successfully applying a derivatization process with

O-(biotinylcarbazoylmethyl) hydroxylamine of reactive carbonyls, an enrichment

through avidin-biotin affinity chromatography, and an analytical process by nano-

RP-UPLC-ESI-MS (Milkovska-Stamenova et al. 2017).

Among functional milk compartments, besides MFGM, there are also the

exosomes. Their presence has been documented, but there was no evidence of

differences between human and bovine exosomes in colostrum and mature milk.

This gap has been filled by Yang and colleagues who discovered and quantified a

total of 920 milk exosome proteins providing important knowledge about their

different functions among bovine and human milk (Yang et al. 2017a).

There are numerous studies and publications on the quality of dairy products

deriving from domestic animals: a group of foods that stand out for the value of the

nutrient content. Many molecules make dairy products “naturally functional

foods,” for instance, essential amino acids, vitamins, lipids, and other organic

molecules that classical chemical approaches have investigated and classified.

Nowadays, proteomics-based study of low MW peptides and associated PTM led

to the discovery and classification of a multitude of proteolytic peptides with

specific biological activity deriving from multiple enzymatic fermentation pro-

cesses over time. Moreover, the quality of a dairy product depends almost totally

on the quality of the milk used during the production, and technologies used in the

proteomic field are the essential tools to detect fraud or technological problems

during all the processes related to fermentation and cheese making.

As reported in Sect. 2.1, several techniques can be used to analyze dairy samples,

and many of them can be applied for the evaluation of the production quality. Using

HIC-HPLC without a previous pre-fractionation, αs1-, αs2-, β-, and κ-caseins of
fresh and ripened cheese from cows, ewes, and goats can be separated and deter-

mined (Bramanti et al. 2003). Similar approaches to analyze the quality have been

undertaken using RP-HPLC on β-lactoglobulins (Ferreira and Caçote 2003), CE on

caseins (Rodriguez-Nogales and Vázquez 2007), and IEF coupled with CEX-HPLC

(Mayer et al. 1997). Also electrophoretic (Manzo et al. 2008) and immunological

(Hurley et al. 2004) techniques applied on specific protein species can provide

information about adulteration and related quality. This kind of approaches can

provide qualitative and quantitative results at the protein level that can be used to
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evaluate the quality of the samples. However, the exclusive application of electro-

phoretic and chromatographic techniques cannot provide an exhaustive view on

quality including information on peptides. To circumvent those issues, several

state-of-the-art proteomic approaches have been proposed to deeply characterize

and evaluate quality in terms of sensitivity. A combined untargeted and targeted

approach by monitoring specific transitions provided selective detection of buffalo

Mozzarella adulteration three orders of magnitude lower than the official method

(Russo et al. 2012). Other investigations demonstrated the validity of MALDI-TOF

and LC-MS/MS in detecting adulteration in Ricotta (Camerini et al. 2016; Russo

et al. 2016), Mozzarella (Cozzolino et al. 2002), goat’s and cow’s cheese (Guarino
et al. 2010), raw cow milk (Fontenele et al. 2017), and skimmed milk powder

(Cordewener et al. 2009).

3 Proteomics and Dairy Product Transformation Processes

Raw milk has a complex microbial population or “microbiota” which includes

technologically important bacteria, such as lactic acid bacteria (LAB), but also

microorganisms responsible for unwanted negative effects on the quality of the

milk and derivatives and sometimes pathogens. Traditional methods to determine

the nature of the milk microbiota are based on the isolation and culturing of the

microorganisms on defined media prior to their identification by molecular

methods.

However, approaches that require a cultivation step are often inaccurate because

the species present in low concentration can be masked by the more abundant ones

or may not be cultivable in the laboratory. For this reason culture-independent

approaches have been introduced analyzing directly nucleic acids (DNA or RNA)

that allow determining the microbial composition of a food, without the need of an

initial culture passage. Such techniques are more sensitive and rapid compared to

conventional culture-dependent methods of analysis, which, although still

presenting some limits, have been recognized as suitable for the detection and

identification of microorganisms present in dairy products. Several molecular

techniques from PCR and SSCP to DGGE have been used in the past to detect

differences in microbial communities from milk and cheese (Quigley et al. 2011).

Nowadays next-generation DNA sequencing technologies have greatly enhanced

our knowledge in the area of fermented food (Ercolini 2013; Kergourlay et al.

2015), including that of raw milk cheese (Quigley et al. 2012). The targets most

commonly used for the identification of species are the genes encoding ribosomal

RNA (rRNA) 16S and 26S, for bacteria and eukaryotes, respectively. These regions

were chosen because they possess both conserved domains that facilitate the use of

universal PCR primers to amplify gene portions and hypervariable domains that

allow the identification of the corresponding microorganisms. However, despite the

capacity to classify hundreds of bacterial genera and make a taxonomic analysis,

such an approach fails to investigate the molecular functions of each
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microorganism during ripening. Combining metatranscriptomics with

metagenomics in a mixed multi-omic approach has shown the potential to filter

out microbial populations that are metabolically active during the ripening process

(Dugat-Bony et al. 2015).

3.1 Proteomic Analysis Applied to Cheese Maturation

The ripening of cheese is a fundamental process with the purpose to shape product

consistency and appearance and, at the same time, to bring out particular flavors and

aromas through complex and sometimes long chemical-physical processes. The

maturation of cheese is essentially an enzymatic process coupled with physical

transformations (pH, free water, humidity, etc.). A multitude of biochemical pro-

cesses take place for sugars, lipids, and proteins in this period, in particular in the

raw material and in the caseins. Among the main causes of slow changes in the

cheese (glycolysis, proteolysis, lipolysis) over time are microorganisms which play

a pivotal role. The microflora of raw milk and of starter and those important for

production and aging environments together with enzymes from rennet have to be

considered responsible of the cheese-making process and the development of the

organoleptic characteristics of the cheese.

From a proteomic point of view, during ripening, slow proteolysis of casein

takes place with the production of polypeptides, peptides, peptones, and free amino

acids, which are further transformed to other compounds. The different production

technologies, by selecting and mixing specific milk and starters, influence this

proteolysis, determining the quality of the various types of cheese.

In cheese the ripening time can range from a period of 3 weeks (Mozzarella) up

to 2 years or more for Parmigiano-Reggiano and extra-mature Cheddar, leading to

primary changes (proteolysis) and secondary changes (amino acid catabolism).

Proteolysis is the most important biochemical event in cheese made from milk of

different species and can vary from limited (Mozzarella) to moderate (Cheddar,

Grana Padano, Parmigiano-Reggiano) to very extensive (blue cheese, Gorgonzola).

Several proteomic techniques can be applied to understand biochemical changes

that occur at the level of cheese proteins during ripening and to detect specific

markers of maturation at different time points to be used also in evaluation of

quality and authenticity. Electrophoretic techniques (1-DE, 2-DE, urea-PAGE,

IEF) also in combination with antibody-based assays are the most appropriate to

monitor primary changes like casein proteolysis in large fragments. Medium to

short peptides and water-soluble amino acids can be analyzed by HPLC and CE,

and, depending on the resolution and sensitivity required, these fractionation

methods may be coupled with mass spectrometry.

In cheese with short ripening time and limited proteolysis like Mozzarella, the

proteomic approach has to provide information about molecular markers of fresh-

ness and to monitor early changes in casein proteolysis. A gel-based approach

consisting of SDS-PAGE, alkaline-PAGE with urea, and 2-DE together with
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protein identification by LC-ESI qTOF MS and multivariate analysis has been

applied to water buffalo Mozzarella. The combination of different electrophoretic

techniques has proven suitable to reveal diagnostic casein fragments deriving from

plasmin and chymosin activity as well as fragments from highly proteolyzed

samples to be used as molecular markers of quality and correct ripening (Petrella

et al. 2015).

When analyzing cheeses with short or medium ripening time (up to 1 year) and

at multiple time points, electrophoretic and mass spectrometric techniques have to

be used in combination to detect early proteolytic changes like high to medium

molecular weight fragments of caseins and low MW peptides at the later stage of

maturation. An investigation made on ripening dynamics in Ragusano cheese

analyzed by means of urea-PAGE and LC-MS/MS samples at 0, 4, and 7 months.

Urea-PAGE highlighted extended hydrolysis of β- and αs1-caseins at 4 months, and

>90% of both caseins were hydrolyzed after 7 months of aging. Using LC-MS/MS

it was possible to identify all the main cleavage sites for β-, αs1-, and αs2-caseins
that arose from the enzymatic activity of plasmin and residual chymosin or cathep-

sin D and also identified the global extensive hydrolysis as marker of ripening of

that pasta filata cheese (Gagnaire et al. 2011). A similar approach has been applied

to water-soluble extract (WSE) of a low-ripened 120-day aged Teleme (white-

brined) cheese made from sheep, goat, or cow milk. Moreover, the simultaneous

use of qTOF-MS with N-terminal sequencing and LC/MS provided not only

information about ripening but also on the milk source used (Pappa et al. 2008).

Approaches only based on CE can also be used to analyze specific enzymatic

activities and ripening in cheese made from one (Irigoyen et al. 2000; Strickland

et al. 1996) or different milks (Molina et al. 2000).

Many investigations on long-ripened hard cheese have been made coupling

chromatography with mass spectrometry, especially to detect short peptides and

amino acids deriving from degradation of medium-length peptides by starter LAB

and nonstarter LAB (NSLAB). A detailed investigation made on Parmigiano-

Reggiano reported the ripening analyzed during 24 months at 14 different time

points, starting from the curd to the end of maturation. Another variable, when

analyzing cheese rind, is represented by the sampling procedure. As reported,

sampling has been made from internal and external parts of the wheels to detect

eventual differences in proteolytic events. Peptides have been separated from

caseins by acid precipitation and centrifugation, the resulting aqueous fraction

has been filtered with cutoff 10 kDa, and semi-quantification with an appropriate

internal standard was carried out by reversed-phase LC-ESI-MS. The application of

such a strategy enabled the identification of more than 100 different peptides

ranging from about 200 to more than 7000 Da and the semi-quantification of

57 peptides. The analysis was also able to distinguish non-proteolytic aminoacyl

derivatives (N-γ-glutamyl-amino acids and N-lactoyl-amino acids) and the proteo-

lytic ones from αs1- and β-CN. Several specific peptides, from bioactive to mod-

ified ones, have been highlighted as time-point-specific fingerprints of ripening

dynamics over time (Sforza et al. 2012). Similar investigations have been
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performed on other well-known long-ripened hard cheese types like Grana Padano

(Sforza et al. 2003; Masotti et al. 2010).

Proteolytic changes can be rapidly detected with high accuracy without chro-

matographic separation, even byMALDI-TOFMS (Fedele et al. 1999; Piraino et al.

2007) on the soluble aqueous fraction. An investigation made on ten different

sheep, cow, and goat cheeses of different ripening time and fermentation typologies

highlighted diagnostic small peptides deriving from chymosin, plasmin, and

enzymes from starter, nonstarter, or secondary microflora in the cheese (Piraino

et al. 2007). Moreover, MALDI-TOF MS and other mass spectrometric techniques

were able to detect early proteolytic changes in dairy products other than cheese.

Investigations have been made on yogurt using MALDI in linear mode on extracts

to analyze the protein and peptide profile up to 55,000 Da (Fedele et al. 1999) to

study the effects of bacterial strains over time. Other fermented products like kefir

have been analyzed using MALDI-TOF and Orbitrap MS that allowed to detect and

build a detailed dataset for the identification of bioactive components (Ebner et al.

2015; Dallas et al. 2016).

3.2 Metaproteomics for Microbiome Analysis of Raw Milk
and Dairy Products

With the appearance of new techniques and especially culture-independent

methods based on DNA and 16S-rRNA sequencing, it was possible to deeply

characterize the microbiota of raw milk in humans and animals in terms of

composition (Quigley et al. 2013). Nevertheless NGS techniques and in particular

16S-rRNA offer only the taxonomic profile of the complex microbial ecosystem

(the microbiota) that is present in milk and dairy products, especially those made

from raw milk. Due to the complexity of such ecosystems, other complementary

techniques are needed to exhaustively describe not only the population inside milk

and dairy product but also the dynamics of metabolic functions of each taxon inside

the ecosystem (Ferrocino and Cocolin 2017). The analysis of the functional

metatranscriptome in milk has been applied very few times, for example, during

cheese production to monitor the dynamics of microbiota during ripening

(De Filippis et al. 2016).

The exclusive use of NGS techniques offers only a partial view of the complex

microbial ecosystem (the microbiome) that is present in dairy products, especially

those made from raw milk. Due to the complexity of such ecosystems, several

techniques are needed to exhaustively describe not only the population inside a

dairy product but also the dynamics of metabolic functions of each taxon inside the

ecosystem (Ferrocino and Cocolin 2017). In this context, approaches based on the

investigation of the proteome within the dairy product (metaproteome) can deliver

simultaneously information about microbial taxonomies and metabolic functions as

to provide a complete picture of the microbiome at different time points during

ripening.
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A pioneering investigation made on Emmenthal cheese on the pre-fractionated

aqueous phase by size-exclusion chromatography applied 2D-PAGE in combina-

tion with mass spectrometry to investigate the microbial population of the cheese.

One hundred fifty spots have been separated by 2D-PAGE, and 62 were unambig-

uously identified by peptide mass fingerprinting and a de novo sequencing by

LC-ESI-MS/MS and led to the identification of several unidentified proteins. The

microbiota analysis detected mostly bacterial proteins associated to the starter

microflora and several metabolic functions ranging from stress response to glyco-

lytic processes (Gagnaire et al. 2004).

Despite the proteomic strategy adopted, this approach failed to cover the entire

complexity of the microbiota due to the technological limits of that time. A

quantitative approach based on iTRAQ on experimental Swiss-type cheese at

three ripening times investigated the release of bacterial enzymes into the cheese

as a time course. This strategy coupled with a nano-LC ESI-qTOF permitted to

quantify 30 proteins both from bacterial and bovine origin and to functionally

classify them (Jardin et al. 2012).

A metaproteomic approach based on multidimensional chromatography coupled

with tandem mass spectrometry shed light on the microbiota of Grana Padano, a

raw milk cheese, overcoming the limits of an exclusive gel-based approach. In that

investigation a tailored bioinformatics pipeline coupled with a depletion strategy

and a 2D-LC-MS/MS permitted to investigate differences in microbial taxonomies

and molecular functions and to correlate them to the use of lysozyme and the

quantity of clostridial spore during the ripening (Soggiu et al. 2016).

4 Conclusions and Future Perspectives

Nowadays proteomics and related technologies can provide deep knowledge about

the protein and peptide composition of raw milk and dairy products thanks to the

simultaneous detection and quantitation of hundreds proteoforms and peptides

related to technological and ripening processes. The state-of-the-art of described

research tools can be complementary and reinforce analytical methods officially

used to ensure quality, authenticity, and biodiversity intrinsically linked to each

dairy product.
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Proteomics in Skeletal Muscle Research

Eva Veiseth-Kent, André M. de Almeida, Brigitte Picard,

and Kristin Hollung

Abstract The chapter revolves around the use of proteomics in skeletal muscle

research in farm animals. The importance of muscle proteome characterisation is

highlighted, together with the use of proteomics in studies related to animal

production and meat quality traits. Specifically related to animal production, the

chapter gives an overview of proteomics studies related to muscle development and

growth during foetal life, muscle hypertrophy, genetics and nutrition. For the

understanding of meat quality development, the chapter summarises studies related

to postmortem proteome changes as well as studies focusing on meat quality traits

such as tenderness, colour, pH and water holding capacity.

Keywords Muscle growth • Genetics • Nutrition • Postmortem changes • Meat

quality

1 Characterisation of Muscle Proteomes

Proteomics studies are dependent on how well the proteins in a cell, tissue, organ,

organism or population can be separated and quantified and if the individual pro-

teins can be identified. Proteomics studies are therefore dependent on the robustness

of protein databases (Soares et al. 2012). Accordingly, particularly in less studied

organisms or tissues, pioneer proteomic work involves characterisation of the

proteome, i.e. an exhaustive description of the proteins present in a given proteome.

Such characterisation is particularly important when proteomics is based on

two-dimensional gel electrophoresis (2DE). In fact, the mapping of the proteins
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in a gel, highlighting the location of specific proteins, is a very important tool for

other researchers working with similar proteomes and research subjects, by pro-

viding an idea on the identification of a given spot or spots of interest. During recent

years, and with the advent of shotgun proteomics, such protein mapping has been

rapidly converging towards a thorough proteome characterisation and division of

proteins according to different categories, typically the biochemical pathways they

are involved in or their cellular location. It is noteworthy to mention that a similar

exercise was also conducted in the classical 2DE mapping. However, the broadness

of proteome analysis allowed by approaches like label-free proteomics is such that

the characterisation of the proteome can almost be considered as a “by-product” of

a gel-free differential proteomics study.

In farm animals, to the best of our knowledge, the first 2DE mapping of muscle

proteome was conducted by Bouley and co-workers in 2004, where a 2DE-based

approach was used to characterise the proteome of the bovine semitendinosus

(ST) muscle. They were able to identify 129 different spots corresponding to

75 different gene products and classified these proteins according to their molecular

role (metabolism, cell structure, cell defence and contractile apparatus). This

interesting work also allowed identification on the gel of different isoforms of

several proteins such as troponin T. In this work, an immobilised pH 4–7 gradient

was used in the first dimension, and thus the whole alkaline range was not included.

Two years later, the same teammapped alkaline range (pH 7–11) proteins in a study

with 60 spots and 32 identified proteins in total (Chaze et al. 2006). In recent years,

the focus on bovine skeletal muscle mapping or characterisation has been focusing

on gel-free methods. In a recent study with an emphasis on bovine development in

Qinchuan cattle, He and co-workers (2016) characterised the longissimus muscle

proteome, identifying over 1300 proteins and at the same time combining

transcriptomics and proteomic data. Finally, the bovine longissimus thoracis

(LT) muscle proteome has been characterised in a recent paper focusing on the

growth path changes in the Alentejana breed (Almeida et al. 2017). They identified

over 500 proteins in this study and characterised them according to the different

biochemical processes in which they are involved. These studies reflect important

advances in proteomics technology, particularly the instrumentation and databases

for model/well-studied organisms. A similar example has been seen for the map-

ping of the rabbit skeletal muscle proteome (Almeida 2013). An earlier 2DE-based

muscle mapping in 2009 obtained 45 different identifications classified as either

metabolism, contractile apparatus, cell structure, cell defence or an additional

“others” category (Almeida et al. 2009). A later shotgun-based analysis by Liu

and co-workers (2013) led to the identification of almost 500 proteins.

With the ovine (Ovis aries) skeletal muscle, to the best of our knowledge, there

is only one in-depth proteome characterisation describing the longissimus

lumborum (LL) muscle proteome (Yu et al. 2015). The authors conducted a very

interesting approach by fractioning the whole proteome into sarcoplasmic, myofi-

brillar and insoluble fractions and were able to identify over 380 proteins and

classify them according to 23 different classes based on gene ontology. They

were also able to assign the majority of the proteins to one of the above-mentioned
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fractions with only 18 proteins in common among them. Using another ruminant

species, the water buffalo (Bubalus bubalis), and with a strategy based on

one-dimensional electrophoresis, Ferranti and co-workers (2007) studied the effect

of ageing on buffalo muscle proteomic profiles and contributed to the first proteome

characterisation in this animal. In pigs (Sus scrofa), the muscle phosphoproteome

has been characterised by Huang and co-workers (2014) identifying 305 unique

proteins, including 160 phosphoproteins and 784 phosphorylation sites.

2 Muscle Development and Growth during Foetal Life

In farm animals, understanding the mechanisms regulating foetal muscle fibre

development and growth is of great importance, since the muscle fibre number at

birth is known to be important for muscle mass and meat quality. Some of the initial

proteomics analysis of in vivo myogenesis was performed on bovine muscle by

Chaze and co-workers (2008, 2009). Using 2DE, they described the evolution of

around 500 protein spots at 5 key stages of foetal life. In their analysis, they

distinguished two periods of foetal life. Firstly, they considered the period from

60 to 180 days postconception (dpc), characterised by cell proliferation and by an

increase of the total number of fibres which is fixed at around 180 dpc in bovine

muscle (for review, see Picard et al. 2010). Secondly, they analysed the period from

180 to 260 dpc, corresponding to the maturation of fibres. On 60 dpc, the most

abundant proteins such as heterogeneous nuclear ribonucleoprotein K (hnRNPK),

proliferation-associated protein 2G4 (PA2G4), septin 11 and ARHGDIA (Rho GDP

dissociation inhibitor alpha) are involved in embryonic development, migration,

proliferation and regulation of cell cycle. The 110-dpc stage was characterised

mainly by high abundance of structural protein such as myosin light chain, desmin

and cellular organelle organisation (chloride intracellular protein 1, galectin-1). The

180-dpc stage was characterised by large modifications in the abundances of many

proteins. The most abundant proteins at this stage were structural and contractile

proteins (several isoforms of myosin light chains and of troponin T), proteins

involved in energy metabolism (activator of protein ATPase, prostaglandin reduc-

tase, prostaglandin F synthase) and proteins involved in the regulation of apoptosis

[dimethylaminohydrolase, serum albumin, annexinA4, heat shock protein

27 (Hsp27)]. Some proteins such as CLIC4 (chloride intracellular channel gene)

peaked at 60–110 dpc and then decreased in abundance. This protein is a known

marker of proliferation and is an effector of apoptosis through the activation of

caspases (Ronnov-Jessen et al. 2002). The abundance of other proteins involved in

the negative regulation of proliferation decreased after 180 dpc. The last trimester

of gestation was mainly characterised by an increase in the abundance of proteins

related to energy metabolism and structural organisation. This period was also

characterised by several changes in protein isoforms associated with the acquisition

of the contractile and metabolic properties of muscle fibres, for example, for

troponin T, myosin heavy chains and enolase (Chaze et al. 2009).
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Recently, a bioinformatics analysis of the dataset of cattle proteome using

ProteINSIDE web service allowed the completion of our current knowledge on

cattle myogenesis (Kaspric et al. 2015a, b). This tool revealed eight proteins

secreted using a signal peptide: APOA1, P4HB, GSN, ADIPOQ, AFP, ALB,

PDIA3 and SERPINA1. Eleven other proteins secreted by other secretory pathways

were also revealed. Knowledge of these secreted proteins is very useful to better

understand the mechanisms involved in the crosstalk between tissues, for example,

between muscle and adipose tissues, which is important for meat production. In

addition, Chan and co-workers (2011) analysed the secretome of C2C12 cells by

SILAC and shotgun proteomics and proposed three secreted proteins—osteoglycin

(OGN), peroxiredoxin 1 (Prx1) and cytokine-induced apoptosis inhibitor

1 (CIAPIN1)—as extracellular factors having an important role in myogenesis.

Moreover, the use of ProteINSIDE also allowed the construction of a network of

171 interactions between the proteins of the bovine foetal muscle dataset. This

revealed five central proteins in this network: YWHAZ and YWHAE (tyrosine

3-monooxygenase/tryptophan 5-monooxygenase activation proteins) which medi-

ate signal transduction by binding to phosphoserine-containing proteins, MYC

which is an activator of the transcription of growth-related genes and Hsp27 and

Hsp70 known for their role in the protection of structural proteins and as anti-

apoptotic factors (Kaspric et al. 2015a). These examples illustrate the power of

proteomics associated with bioinformatics to highlight new knowledge about the

biological process of myogenesis. This also allows the proposition of new hypoth-

eses such as the secretion of adiponectin by the foetal muscle and the putative role

of autophagy during myogenesis (Kaspric et al. 2015a).

Proteome changes during myogenesis have also been described in pig and bird

muscles (Doherty et al. 2004; Teltathum and Mekchay 2009; Picard et al. 2010).

Comparative biology of the data obtained in these different species (cattle, pig,

chicken) revealed similarities (Picard et al. 2010). This showed that proteins such as

alpha-fetoprotein, albumin, fetuin and transferrin are likely to play a major role in

early myogenesis in mammals and birds as they were more abundant at the early

stages of myogenesis and then decreased in abundance. The shift from enolase

1 (ENO1) expressed in the early stages of myogenesis, to expression of ENO3

during the late stages of myogenesis, was observed in all species. In all three

species, Hsp27 showed a peak of abundance at stages characterised by a transition

between proliferation of myoblasts and differentiation and maturation of muscle

fibres. Its role could be through its anti-apoptotic or chaperone action. Another

interesting finding was that apolipoprotein A1 (APOA1, high-density lipoprotein

cholesterol) was highly abundant during early myogenesis and then decreased in all

three species. This protein is known to be expressed predominantly in the liver and

intestine, and its presence in the foetal skeletal muscle was confirmed by immuno-

histochemistry (Picard et al. 2010). An elevation of APOA1 was also reported in the

skeletal muscle of newborn chickens (Doherty et al. 2004; Teltathum and Mekchay

2009), and it was hypothesised that APOA1 could act as a local transporter in early

post-hatching development.
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In pigs, the analysis of piglets with different birth weights showed that the

expression of proteins involved in protein synthesis, antioxidant function, catechol-

amine degradation and fat metabolism was decreased in intrauterine growth-

restricted piglets. On the contrary, the expression of mitochondrial F1-ATPase

and proteasome was increased (Wang et al. 2008). These results demonstrate that

maternal nutrition has a high impact on the expression of genes involved in

myogenesis. In cattle, a recent study on the effects of nutrient restriction and

refeeding from early to mid-gestation on molecular events of myogenesis revealed

higher abundances of enolase 1, annexin 5 and tubulin beta 4B and 5B chains in the

restricted group. This group had lower abundances of actin 1, creatine kinase M and

alpha-fetoprotein. The restricted and refed group had significantly lower abun-

dances of peptidyl-prolyl cis-trans isomerase D (Bonnet et al. 2015).

Postnatally, several studies in different species showed a relation between

muscle growth and an increase in abundance of fast glycolytic proteins. For

example, in chicken, the abundance of two glycolytic enzymes, phosphoglycerate

mutase (PGAM1) and triosephosphate isomerase (TPI1), was positively correlated

with chicken ageing (Doherty et al. 2004). An increase of TPI1 was also observed in

pig muscle (Hollung et al. 2009). Fatty acid-binding protein 3 (FABP3) was

negatively correlated with chicken ageing (Teltathum and Mekchay 2009) but

was found to be associated with muscle growth in commercial pig breeds (Hollung

et al. 2009). Several heat shock proteins such as Hsp90, Hsp27 and alpha-B

crystallin were found to change in abundance during myogenesis, indicating a

putative important role of these proteins and of cellular stress during myogenesis

(for review, see Picard et al. 2010).

3 Skeletal Muscle Hypertrophy

Muscle hypertrophy is an important mechanism of postnatal growth and involves an

increase in size of skeletal muscle through a growth in size of its component cells,

that is, the muscle fibres. Several proteomics analyses have revealed that muscle

hypertrophy of genetic origin [monogenic: mutation of myostatin gene (MSTN), or

polygenic: from divergent selection on muscle growth potential] is characterised by

high abundance of proteins representative of fast glycolytic properties. For exam-

ple, Bouley and co-workers (2005) found higher abundance of glycolytic enzymes

such as phosphoglucomutase (PGM), glycogen phosphorylase and enolase 1 and of

fast contractile type (myosin heavy chain IIx (MyHC-IIx)), troponin T fast (fTnT)

and myosin-binding protein H (MyBP-H) in the ST muscle of homozygote double-

muscled (DM) Belgium Blue young bulls comparatively to homozygote non-DM.

On the contrary, proteins of oxidative metabolism, such as isocitrate dehydroge-

nase, succinate dehydrogenase, pyruvate dehydrogenase, fATP synthase F1 b and D

chain, ubiquinol-cytochrome C reductase core protein 1, NADH-ubiquinone oxi-

doreductase and fatty acid-binding protein (H-FABP), and of slow contractile type

(troponin T slow and slow isoforms of myosin light chains) were less abundant in
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the DM muscle. The muscle of heterozygote DM young bulls showed intermediate

abundances of these proteins. This positive relationship between muscle mass and

fast glycolytic properties has been reported also in other species. In muscles of

Texel sheep with a QTL for muscle hypertrophy, a comparison to Romanov sheep

by Hamelin and co-workers (2006) revealed the same differences in contractile and

metabolic type. The proteomics analysis of knockout (KO) mice for the MSTN

gene demonstrated a shift towards fast glycolytic type in KO mice (Chelh et al.

2009). These data suggest that some fast glycolytic proteins could be proposed as

good biomarkers of muscle mass.

Using proteomics analysis, which allows the identification of several isoforms of

a protein, it was highlighted for the first time that the expression of fTnT is finely

regulated in cattle with muscle hypertrophy (DM and divergently selected) (Bouley

et al. 2005; Picard et al. 2005). Using 2DE, these authors revealed 11 spots of fTnT.

Among them, five were of higher abundance in DM and in divergently selected

cattle, and the other six were not different according to muscle mass. Mass

spectrometry analysis revealed that these differences are originating from alterna-

tive splicing with two mutually exclusive exons 16 and 17. Only the fTnT from

exon 16 is overexpressed in hypertrophied muscles. Consequently, the ratio of fTnT

exon16/fTnT exon17 was proposed by these authors as a good marker of muscle

mass (Picard et al. 2005). Proteomics also revealed post-translational modifications,

for example, the phosphorylation of myosin light chain 2 (MLC2) in hypertrophied

muscles (Bouley et al. 2005).

In MSTN KO mice, proteomics analysis revealed higher abundance of several

proteins of survival/mortality such as DJ-1, PINK1, 14-3-3 protein, TCTP/GSK-

3beta and Tcp1. On the contrary, pro-apoptotic proteins such as caspase-3, caspase-

8, caspase-9, BID (BH3-interacting domain death agonist), ID2 (inhibitor of DNA

binding 2), Daxx (death domain-associated protein) and mortalin (GRP75) were

less abundant in KOmice (Chelh et al. 2009). These differences in the abundance of

proteins involved in apoptosis have been confirmed in bovine muscle (Chelh et al.

2011). These data allow the hypothesis to be proposed that muscle hypertrophy

could be originated from a balance between cell survival and programmed cell

death.

Some proteins involved in calcium homeostasis such as sarcoplasmic reticulum

53 kDa glycoprotein (SR53G), p20 or sarcosine, were differentially abundant

between hypertrophied and non-hypertrophied muscles (Bouley et al. 2005). An

intermediate abundance was observed in heterozygote DM comparatively to homo-

zygote DM and non-DM. In coherence with these data, alpha1-syntrophin involved

in the regulation of calcium influx was more abundant in MSTN KO mice (Chelh

et al. 2009). In other studies of muscle hypertrophy induced by muscle growth in

different species (chicken, pig, cattle), proteomics analysis revealed changes in

contractile, metabolic and chaperone proteins in accordance with the modifications

described above (Doherty et al. 2004; Teltathum and Mekchay 2009; Lametsch

et al. 2006). Proteomics studies of muscle atrophy induced by disuse or ageing

revealed drastic changes in structural and contractile proteins such as myosin, actin

and troponins, which was the inverse to that observed in hypertrophied muscles.
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Modification in abundances of stress proteins and of metabolic proteins with a shift

from fast glycolytic to slow oxidative was also observed (for review, see

Ohlendieck 2011).

4 Effects of Genetics on Muscle Protein Profiles

Genetics has a prominent effect on farm animal productivity as well as on qualities

and characteristics inherent to farm animal products. Being a protein-rich product,

it is not surprising that proteomics in meat would play a major role in studies aiming

to differentiate breeds (or genetic groups) of farm animals with different traits and

then in turn originate diverse products. Such information can be of great impor-

tance, for instance, to understand particular physiology aspects related to such

breeds but very importantly as a tool for product authentication.

The pig is undoubtedly the most studied farm animal species when it comes to

muscle proteomics. The majority of the work that can be found in the literature

typically contrast breeds associated with intensive farming systems (international)

with breeds associated with more extensive farming systems (regional or national

breeds), with the first tending to have higher muscle mass and the latter fattier

carcasses. The first work on this subject was conducted by Hollung and co-workers

(2009). They compared the proteomes of the adductor muscle of Norwegian

Landrace and Duroc at three different ages using 2DE and determined almost

100 proteins with differential abundance between the two breeds, classifying

them according to molecular role. This work demonstrated for the first time that

proteomics could be used to differentiate muscles according to pig breed. In the

same year, Xu and co-workers (2009) conducted a similar trial on the Large White

and the Meishan breeds. Again, results point towards different types of muscle

structure in the two breeds that could be specifically associated with meat science.

In 2010, Mach and co-workers conducted a similar study, involving a total of five

different breeds (Landrace, Duroc, Large White, Pietrain and Belgian Landrace)

and the semimembranosus (SM) and longissimus muscles. Similarly to the previous

studies, they suggested several protein biomarkers that can be used to differentiate

the muscles and the breeds.

A more complete integrated omics approach was used by an Italian team in order

to differentiate the Large White and the local Casertana pig breeds. They combined

proteomics with transcriptomics (Murgiano et al. 2010) and proteomics with

metabolomics (D’Alessandro et al. 2011). The results showed that the autochtho-

nous Casertana breed had an overexpression of glycolytic enzymes, whereas the

selected Large White breed showed an overexpression of cell cycle and skeletal

muscle growth-related genes and proteins, as well as a very different lipid compo-

sition that was determined by metabolomics. These studies showed the importance

of using an integrated omics approach to study a biological question in the field of

animal science and, above all, show the importance of transcriptomics to comple-

ment proteomics results. In the specific scope of this work, they show also how
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metabolomics may bring an additional perspective highly complementary to pro-

teomics and transcriptomics, by specifically focusing on the lipid composition. In

pigs in recent years, similar studies have been conducted, comparing, for instance,

the Yorkshire breed muscle with that of the Chinese Shaziling indigenous breed

(Yang et al. 2016). Again, a combined proteomic and transcriptomics approach was

used to analyse the longissimus muscle and determined that several biochemical

pathways were different according to breed: acid metabolism, the glycolytic path-

way and skeletal muscle growth. Yang and co-workers (2016) suggested several

proteins as putative markers and conducted the corresponding validation, relating it

to meat quality, which was better in the Chinese breed. Finally in 2016, Liu and

co-workers used proteomics and transcriptomics to study the proteome of the

longissimus muscle in normal and Canadian double-muscled Large White pigs.

They conducted an in-depth integrated study of the double-muscle phenotype in

pigs and identified several proteins and genes that relate with this trait.

In cattle, several studies have used proteomics to reveal the effect of different

genotypes on meat quality traits. The majority of these studies do not necessarily

compare different breeds of cattle but instead compare genetic groups within a

population differing, for instance, in meat traits such as beef tenderness (Baldassini

et al. 2015; Carvalho et al. 2014) or marbling score (Shen et al. 2012). Within this

context, Gagaoua and co-workers (2015a) compared the proteomes of the LT and

ST muscles in three breeds differing in meat tenderness: Aberdeen Angus, Blonde

d’Aquitaine and Limousin. They established markers for meat tenderness in these

three breeds and found important links between some of the proteins involved in

meat tenderness (e.g. DJ-1 and Prx6; see the meat tenderness section of this chapter

for further details). With a similar rationale, but focusing on meat ageing, Marino

and co-workers (2014) have also conducted an interesting study comparing the

sarcoplasmic proteomes of Friesian, Podolian and Romagnola–Podolian crosses,

relating differences in the expression of several muscle structural proteins to

different ageing processes and phenotypes in these breeds. In sheep, we could

only find one study in which a breed comparison has been made using muscle

proteomics. Almeida and co-workers (2016) compared three sheep breeds with

different levels of tolerance to seasonal weight loss: Damara, a hardy breed from the

Kalahari Desert (Almeida 2011), as well as the Dorper (intermediate tolerance) and

the Australian Merino (lower tolerance). They suggested several proteins as molec-

ular markers of tolerance to weight loss such as desmin, troponin T, phosphoglu-

comutase and the histidine triad nucleotide-binding protein 1 and further related

these results to differences in lipid metabolism, in turn related to the fat tail in

Damara animals (Alves et al. 2013; van Harten et al. 2016).

In rabbits and poultry, studies have also been conducted relating muscle prote-

ome profiling in different breeds. In rabbits, Almeida and co-workers (2010) used

2DE and peptide mass fingerprinting to study the gastrocnemius muscle in Iberian

wild rabbits and in the most important breed used in meat production, the

New Zealand White (NZW) rabbit as influenced by seasonal weight loss. Similar

to the examples previously described for swine and cattle, important differences

were established concerning structural proteins that had higher levels of expression
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in NZW having more muscle than the wild rabbits. In poultry, the breast muscle of

several Italian chicken breeds (Pépoi, Padovana and Ermellinata di Rovigo) has

been characterised using 2DE and mass spectrometry. The proteomics analysis

allowed a clear distinction between the three breeds, generating information that

can be used, for instance, in product certification (Zanetti et al. 2011).

The above-mentioned examples clearly demonstrate the usefulness of proteomics

approaches to study muscle/meat proteomes specifically aiming towards breed dif-

ferentiation. The rationale in the majority of the studies seems to relate to the

establishment of markers that are in turn related to superior or more desirable meat

quality traits. Another important aspect in these studies is the definition of proteins

that can be used to specifically characterise and differentiate a meat product associ-

ated with a certain breed and/or production system and that therefore has a superior

quality, showing this way the important role of proteomics as a certification tool.

5 Effects of Nutrition on Muscle Protein Profiles

Nutrition, and particularly nutritional composition, is among the most studied

subjects in the context of animal science. This is not surprising, given the influence

that nutritional strategies have on the profitability of animal production and on the

composition and the characteristics of animal-origin proteins, particularly muscle

and meat. Proteomics has seldom been used for cattle nutrition studies. In fact, all

the work that is found in the literature about the subject normally uses proteomics as

a tool to characterise the effect of different feeding strategies on the composition

and proteome of the bovine muscle of high economic value, such as the ST or the

longissimus muscles. Frequently such feeding strategies are extremely aiming to

differentiate intensive from extensive production systems. Shibata and co-workers

(2009) have, for instance, contrasted Japanese black cattle grass fed and fed on a

diet with a high percentage of cereals. They determined several proteins that had

higher expression in either groups, and results include, for instance, several glyco-

lytic enzymes that were significantly greater in the grazing group, such as beta-

enolase 3, fructose 1,6-bisphosphate aldolase A, triosephosphate isomerase and

Hsp27. Finally, they related the expression level of some of the proteins with

specific aspects of meat quality. In Korean Hanwoo steers, Kim and co-workers

(2009) studied the proteome of the longissimus dorsi (LD) muscle at different

phases of the fattening process. Proteins such as zinc finger 323 and myosin light

chain were highly expressed in the late-fattening stage, while others like

triosephosphate isomerase (TPI) and succinate dehydrogenase (SDH) were

expressed more in the early-fattening stage. These results were finally related to

the intramuscular fat content and meat quality of the muscles. Both above-

mentioned strategies were based on 2DE and mass spectrometry. More recently,

Almeida and co-workers (2017) used a shotgun proteomics strategy to characterise

the LT muscle in the Portuguese Alentejana breed according to different growth

paths, one more intensive (18 month) and based on cereal feeding and the other one
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more extensive (24 months) and based on a large cycle of pasture feeding. They

proposed several proteins (e.g. Myozenin-2, glycolytic enzymes and 14-3-3 protein

zeta/delta) as indicators of a more intensive growth path. Myosin-binding protein H

had higher abundance in the DG group, suggesting it could be associated with the

discontinuous growth path and hence would be of importance as a certification tool

in beef production.

In sheep, only one reference could be found concerning the use of proteomics to

study the effects of nutritional levels on muscle characteristics. Almeida and

co-workers (2016) compared three different sheep breeds fed under maintenance

needs contrasting them to controls. They suggested several proteins as putative

biomarkers of tolerance to weight loss—desmin, troponin T, phosphoglucomutase

and the histidine triad nucleotide-binding protein 1—as we have previously men-

tioned in the breed comparison section. Given the intrinsically extensive nature of

small ruminant production, it is not likely that nutritional management, contrasting

intensive with extensive, will be available in the near future. It is however an

important subject that would deserve more focus in the future, particularly at the

level of contrasting certified and non-certified products.

In pigs, the effects of nutrition and of nutritional supplements on muscle

proteome profiles have been extensively studied. Some of the studies have a

physiological approach, while others are specifically related to animal production.

The effect of intrauterine growth restriction (IUGR) in pigs has been known to lead

to alterations in protein expression in the skeletal muscle (Wang et al. 2008, 2013),

with proteolysis (proteasome alpha-5 and alpha-1 subunits) and oxidative stress-

responsive (scavenger-receptor protein and alpha-1 acid glycoprotein) proteins

being related to IUGR. A similar physiological approach has been conducted by

Liu and co-workers (2014) to demonstrate that birth weight has an important

influence on how pigs react to high-fat diets both on meat traits and at the muscle

proteome levels. The results are particularly interesting as high-fat diets lead to

increased expression not just of energy metabolism proteins but also of an impor-

tant number of stress-responsive proteins. More recently, Pires and co-workers

(2016) have studied the effect of low-protein diets in finishing pigs on the LL

muscle protein profiles as mediated by lysine restriction. Authors combined iTRAQ

and label-free proteomics to study this topic that was ultimately related to animal

production indicators and meat quality traits. They identified 35 proteins differen-

tially expressed that were highlighting relevant biological networks and proteins

associated with muscle physiology and meat quality. Categories such as muscle

contraction and structural constituents of cytoskeleton were the most significantly

up-regulated proteins in the muscle from pigs fed reduced-protein diets, whereas

animals fed normal-protein diets had an overexpression of proteins involved in the

regulation of energy metabolism.

Dietary supplements are an important aspect of pig research, specifically aiming

to increase growth performance. Non-starch polysaccharide enzymes (NSPEs), for

instance, have long been used in the feed production to degrade non-starch polysac-

charide to oligosaccharides increasing the nutritive value of these compounds. The

effect of NSPE supplementation has been studied at the level of the longissimus
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muscle in growing pigs (Zhang et al. 2015). Feeding NSPEs to pigs led to an

increased abundance of proteins related to energy production, protein synthesis,

muscular differentiation, immunity, oxidation resistance and detoxification and a

decreased abundance of proteins related to inflammation, highlighting the impor-

tance of the supplement for rapid muscular growth in pigs. A similar approach was

conducted by Costa-Lima and co-workers (2015) to study the effect of ractopamine

(a leaning agent) on the sarcoplasmic muscle proteome of pork. Several proteins were

found with higher abundance in the ractopamine-treated group. These included, for

instance, glyceraldehyde-3-phosphate dehydrogenase and phosphoglucomutase-1,

finally suggesting that ractopamine influences the abundance of enzymes involved

in glycolytic metabolism, and the differential abundance of glycolytic enzymes could

potentially influence the conversion of muscle to meat. Finally, and also focusing on

the effect of dietary supplements but this time in poultry, Zheng and co-workers

(2014) used 2DE to study the effect of probiotic Enterococcus faecium feeding on

carcass traits and the pectoral muscle proteome. The study revealed that improved

meat quality of broilers fed probiotics is related to proteome expression changes,

particularly glycolytic proteins, and further contributes to the importance of the use

of probiotics to improve poultry production.

6 Postmortem Changes in Muscle Proteomes

Immediately after slaughter, the muscle starts on the postmortem journey converting

muscle to meat, facing restrictions in nutrient and oxygen supply, combined with a

drop in temperature. These new conditions trigger the onset of several protecting

mechanisms aiming at keeping the muscle functioning, at least to a minimum, for a

while. However, prolonged nutrient and oxygen deficiency will eventually induce

apoptosis and muscle cell death and a gradual decomposition of the muscle protein

structures. This in turn is part of the tenderisation process described in more detail

below.

Since the first publication in 2002 by Lametsch and co-workers, a number of

studies have been performed aiming at describing the proteome changes in different

muscles and species postmortem. The majority of these studies are based on the

separation of proteins by 2DE followed by the identification of changing protein

spots by mass spectrometry. This approach usually provides a limited number of

identifications, but still some trends are appearing in the proteome patterns.

Studies from pork have demonstrated a shift in enzymes involved in energy

metabolism and degradation of structural proteins (Lametsch et al. 2002; Morzel

et al. 2004; Hwang et al. 2005). Among these are several fragments of actin,

demonstrating a successive degradation of this structural protein through a proteo-

lytic process. Laville and co-workers (2009) described the postmortem degradation

of actin in cattle LT muscle with differences in tough and tender LT muscle, while

Ouali and co-workers (2013) proposed α-actin as a good marker of postmortem

apoptosis.
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A shift in energy status immediately after slaughter is supported by increased

abundance of enzymes involved in the glycolytic pathway and the TCA cycle

observed in bovine LT muscle (Jia et al. 2006). Another observation is the shift

in protein solubility during the first postmortem period. This has been studied by

comparing the protein fractions in the soluble vs. the insoluble protein fractions

from the same samples (Jia et al. 2006; Bjarnadottir et al. 2010). Several of the

soluble proteins were still observed in the insoluble fraction probably caused by

precipitation or aggregation, thus going from a soluble to an insoluble state. The

mechanism for this change in solubility of proteins and enzymes is still unclear, but

the pH decline caused by increased glycolysis and the release of lactate postmortem

could be one explanation, as protein solubility is strongly related to the isoelectric

properties. Another explanation could be due to modifications or proteolytic cleav-

age that also may alter the isoelectric properties.

7 Meat Quality: pH

The pH level in meat is a crucial factor that can have great impact on several

important meat quality traits, including colour, postmortem proteolysis, tenderness,

water holding capacity (WHC) and shelf life. Several authors studied the proteome

muscle in relation to postmortem pH decline in several species (Wu et al. 2014;

Huang et al. 2014; Zhang et al. 2014). Gagaoua and co-workers (2015b) analysed

the relationships between 20 protein biomarkers of tenderness (Picard et al. 2014)

with the pH of the LT muscle of Blonde d’Aquitaine bulls. Muscle pH was

measured at three time points postmortem: 45 min (pH 45 min), 3 h (pH 3 h) and

24 h (pHu; ultimate pH). They showed that the abundance of three proteins

(actin, Prx6 and MDH1) was negatively related to pH 45 min. The pH 3 h was

negatively related to more proteins: glycolytic proteins (ENO3 and LDHB), heat

shock proteins (Hsp20, GRP75), proteins involved in oxidative stress (Prdx6, DJ-1)

and one structural protein (MyBP-H). The pHu was negatively related to structural

proteins (actin, CapZ-beta), GRP75 and oxidative stress proteins (Prx6, DJ-1) and

positively related to the structural protein MyHC-IIx/b. The combined analysis of

the 3 pH measurements demonstrated that small Hsps and glycolytic proteins

were not correlated with pHu. This indicates that glycolytic enzymes and small

Hsps play an important role in the pH drop early postmortem. In accordance with

these results, Lomiwes and co-workers (2014) showed that a decrease of pH rapidly

induced a binding of the small Hsps to the myofibrils. This is in accordance with

the implication of apoptosis early postmortem in the conversion of muscle into

meat (Ouali et al. 2006, 2013). Pulford and co-workers (2008) showed that small

Hsps are very sensitive to low pH values with limited expression after 22 h

postmortem. The implication of glycolytic proteins in pH decline during the first

hours postmortem is coherent with the high glycolytic activity in hypoxic condi-

tions postmortem to provide energy for preserving cells from death. This is in

accordance with the postmortem modifications of proteins described by Jia and
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co-workers (2006). Pancholi (2001) proposed also that ENO3, in hypoxic situa-

tions, could protect cells by increasing anaerobic metabolism.

Prx6 was the only protein among the 20 studied by Gagaoua and co-workers

(2015b) to be correlated with the 3 pH measurements (45 min, 3 h and pHu). This

suggests an important role of oxidative process during pH decline. Prx6 is a bifunc-

tional protein with two activities: glutathione peroxidase (GPx, antioxidative) and

phospholipase A2 (PLA2). Gagaoua and co-workers (2015b) hypothesised that the

action of Prx6 on pH decline could be through its PLA2 activity.

8 Meat Quality: Colour

Meat colour is an important meat quality trait, since meat-purchasing decisions are

greatly influenced by colour. The reason for this is that consumers use meat colour

as an indicator of freshness and overall quality. Several authors reported by

proteomics analysis proteins associated with colour parameters (lightness, L*;
redness, a*; yellowness, b*) and colour stability in different species. The reported

proteins are mainly involved in muscle contraction, energy metabolism, signalling

pathways, chaperone and apoptosis functions (Sayd et al. 2006; Joseph et al. 2012,

2015; Desai et al. 2014; Suman et al. 2014; Canto et al. 2015; Wu et al. 2015).

Peroxiredoxin-2, dihydropteridine reductase and Hsp27 were reported to be related

to surface colour stability (Joseph et al. 2012). These authors also found several

Hsp70 (Hsp70-1A/B, Hsp70-8) related to beef colour stability. Gagaoua and

co-workers (2015b) found that these two proteins were negatively correlated with

L* values and positively with b*, respectively.
Kwasiborski and co-workers (2008) found negative correlations between Hsp72

and Hsp70-1A/B and L* in pork LT muscle. Moreover, Gagaoua and co-workers

(2015b) found a positive correlation between L* values and alpha-actin and MyHC

IIa in LT muscle of Blonde d’Aquitaine bulls. Alpha-actin was also found related to
L* values (for review, see Picard et al. 2010).

In the LT of Blonde d’Aquitaine cattle, Prx6 and MDH1 were positively

correlated only with a* (Gagaoua et al. 2015b). Glycolytic enzymes such as

PGM, GAPDH and ENO3 were positively correlated with a* values in beef (Joseph
et al. 2012; Canto et al. 2015). This is coherent with the role of glycolytic pathway

in the production of NADH, an important cofactor for metmyoglobin formation.

Zhang and co-workers (2014) reported negative correlations between Hsp90 and

L* and b* values but no relation with a*. Similarly, Gagaoua and co-workers

(2015b) found seven proteins correlated both with L* and b* parameters (alpha-B

crystallin, Hsp70-1B, Hsp70-8, MyHCI, μ-calpain, ENO 3, MyHBP-H). In addi-

tion, Hsp40 was positively related to both a* and b* values, while ENO3 and

MyBP-H were positively correlated with L* and negatively correlated with b* in

LT muscle of cattle. In the study, the authors found that the two proteins Hsp70-1A/

B and μ-calpain were correlated with the three colour parameters: negatively with
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L* and positively with a* and b*. These two proteins could influence meat colour

interactively.

From all these data, Gagaoua and co-workers (2015b) proposed that postmortem

reactive oxygen species (ROS) damage the sarcoplasmic reticulum inducing a

liberation of calcium ions, which will activate μ-calpain involved in muscle prote-

olysis. Oxidative stress through lipid peroxidation will produce 4-hydroxy-2-

nonetal (4-HNE) which induces carbonylation of Hsp70. Carbonylated Hsp70 is a

substrate of μ-calpain. This hypothesis is coherent with the results of Suman and

co-workers (2006), indicating that 4-HNE could affect meat colour by the forma-

tion of several adducts with muscle proteins which will modify the protein

functionality.

Desai and co-workers (2014) compared the muscle proteomes of normal and

reddish fillets of catfish. The beta subunit of haemoglobin was more abundant in

reddish fillets. No differences were observed for myofibrillar proteins between the

two groups of fillets, indicating that the red colour defect originated from a higher

abundance of haemoglobin and not from differences in myofibrillar proteins abun-

dances. Later, Desai and co-workers (2016) compared the breast meat proteome of

two groups of broilers, pale, soft and exudative (PSE) broiler and normal,

characterised by pH 24 and L*24 as normal (pH 24 5.8–6.2, L*24 45–55) or

PSE-like (pH 24 5.4–5.7, L*24 55–65). The whole muscle proteome analysis

revealed 15 differentially abundant proteins in normal and PSE-like broiler breast

samples. Actin alpha, myosin heavy chain, phosphoglycerate kinase, creatine

kinase M type, beta-enolase, carbonic anhydrase 2, proteasome subunit alpha,

pyruvate kinase and malate dehydrogenase were overabundant in PSE-like broiler

breast. On the contrary, phosphoglycerate mutase-1, alpha-enolase, ATP-dependent

6-phosphofructokinase and fructose 1,6-bisphosphatase were more abundant in

normal meat.

Nair and co-workers (2016) analysed the sarcoplasmic proteome of SM muscles

from carcasses colour-labile inside (ISM) and colour-stable outside (OSM) beef

steaks. Glycolytic enzymes (fructose-bisphosphate aldolase A, phosphoglycerate

mutase 2 and beta-enolase) and phosphatidylethanolamine-binding protein 1 were

more abundant in ISM steaks. These authors proposed that rapid postmortem

glycolysis in ISM could lead to rapid pH decline during the early postmortem period,

which in turn could alter its colour stability. Wu and co-workers (2016) analysed the

relationship between meat colour parameters and the sarcoplasmic proteome of LL

and psoas major (PM) muscles from Chinese Luxi yellow cattle during postmortem

storage. The colour stability was better for LL than for PM muscle. These authors

proposed glycerol-3-phosphate dehydrogenase, fructose-bisphosphate aldolase A

isoform, glycogen phosphorylase, Prx2, phosphoglucomutase-1, superoxide

dismutase [Cu-Zn] and heat shock cognate protein (71 kDa) as good candidate

predictors of meat colour stability during postmortem storage. They found more

glycolytic proteins in relation with meat colour in LL muscles, suggesting that the

glycolytic metabolism contributes to the postmortem stability of meat.
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9 Meat Quality: Water Holding Capacity

Water holding capacity (WHC) is defined as the ability meat has to retain water

during postmortem storage and is one of the most important characteristics of

meat, both in terms of quality and economy. Poor WHC may cause significantly

reduced water content in muscles during storage and processing, and this will

affect yield, technological quality and sensory attributes (e.g. juiciness and ten-

derness) of the meat. Thus, there is a strong interest in understanding the under-

lying mechanisms for variation in WHC, particularly in pork, where the problem

is most pronounced.

Over the last decade, several proteomics studies have been performed with the

aim of increasing our understanding of the underlying mechanisms governing this

trait and to identify potential protein biomarkers for WHC. In almost all studies,

structural proteins and proteins involved in energy metabolism and stress protec-

tion have been found to vary depending on WHC. For proteins related to energy

metabolism, increased levels of both full-length proteins and fragments have been

found to coincide with high drip loss. Hwang and co-workers (2005) found a

greater degradation of adenylate kinase in pork with high drip loss, while van de

Wiel and Zhang (2007) observed higher levels of full-length creatine kinase in

high drip loss pork. The link between increased level of creatine kinase and high

drip loss is thought to relate to a more rapid pH decline and muscle contraction in

these muscles (van de Wiel and Zhang 2007). Moreover, enzymes involved in

glycolysis, lactate production and the TCA cycle have been reported to vary

depending on the extent of drip loss in pork (Di Luca et al. 2013; te Pas et al.

2013). Of the structural proteins, changes in both myofibrillar and cytoskeletal

proteins have been found to differ between groups with varying WHC (Hwang

et al. 2005; Di Luca et al. 2013; te Pas et al. 2013). Another important protein

group that has been indicated to play a role in WHC is the stress-related proteins,

particularly Hsp70 (Di Luca et al. 2011, 2013). Di Luca and co-workers (2013)

found proteins from metabolic pathways, stress response and structural proteins,

as well as transport proteins to be associated with WHC, and many of these

proteins were also found to discriminate between different levels of drip loss in

a follow-up study, where a multivariate data analysis approach was applied

(Di Luca et al. 2016).

A proteomics approach has also been used to study the importance of protein

denaturation and oxidation in relation to WHC of pork (Bernevic et al. 2011).

Specifically, Bernevic and co-workers found more denaturation of myofibrillar

proteins in the high drip loss group, while there was a higher abundance of

oxidation of contractile proteins in the low drip loss group. Recently, an integrated

multi-omics approach has also been used to reveal functional pathways and candi-

date gene markers for drip loss in pigs (Welzenbach et al. 2016). This study

confirmed the importance of the energy-related metabolic processes and showed

in particular that the sphingolipid metabolism may be important for drip loss.
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10 Meat Quality: Tenderness

Tenderness is the most important meat quality parameter, especially for beef, as

judged by consumers (Miller et al. 2001). Protein proteolysis caused by the calpain

proteases is the main contributor to tenderness development in meat. However,

several other factors are also involved, but the molecular mechanisms are still not

fully understood. Over the last years, several studies have focused on unravelling

protein markers for tenderness in different cattle breeds and muscles. However,

most studies are done with the longissimus muscle. From these proteome studies,

proteins related to different cellular functions play a role.

Proteins associated with oxidative stress and apoptosis have been suggested as

markers of tenderness in several studies. Peroxiredoxin 6 (Prx6) is an antioxidant

enzyme important for the detoxification of reactive oxygen species (ROS) in the

cells. Higher levels of Prx6 were observed in the tender muscles; thus a lower

extent of ROS can be expected (Jia et al. 2009; Polati et al. 2012; Guillemin et al.

2011b). In line with this, it has also been shown that ROS inhibits the function of

μ-calpain, one of the important tenderising enzymes in muscle. Thus, the

increased abundance of Prx6 can reduce the level of ROS which will enhance

the function of μ-calpain and eventually lead to more tender meat. The correlation

between Prx6 and μ-calpain is further supported in a recent study by Gagaoua and
co-workers (2015a).

Several members of the heat shock family of proteins have anti-apoptotic

properties and may contribute to delay the postmortem onset of apoptosis and

thus also influence on the tenderness development and the rate of conversion of

muscle to meat (Ouali et al. 2006, 2013). Changes in abundance of heat shock

proteins, such as alpha-B crystallin, Hsp20, Hsp27, Hsp40 and Hsp70, are demon-

strated in several proteome studies comparing tender and tough meat (Hwang et al.

2005; Morzel et al. 2008; Jia et al. 2009; Bjarnadottir et al. 2012; Polati et al. 2012;

Gagaoua et al. 2015a; Picard et al. 2014; Kim et al. 2008; Hwang et al. 2005).

Together these studies strongly support that apoptosis is an important mechanism

during the early phase of the tenderisation process postmortem.

Loosening of the myofibrillar structure of the muscle is probably the most

critical part of tenderness development. Thus, it is expected to find fragments of

myofibrillar proteins in the proteome studies of muscle and meat postmortem and to

a various extent according to the level of tenderness. This was first described in

2003 by Lametsch and co-workers who found changes in abundance of the major

myofibrillar proteins such as actin, myosin heavy chain, myosin light chain and

titin, suggesting a relationship between degradation of these proteins postmortem

and tenderness in pork. These findings are further supported in numerous studies in

several species and muscles. Fragments of alpha-actin are correlated with tender-

ness in three French beef breeds and are suggested to be biomarker of tenderness

(Chaze et al. 2013). This is further supported by observations in other pig and cattle

breeds postmortem (Morzel et al. 2008; Zapata et al. 2009).
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Glycolytic enzymes have also been associated with tenderness development in

several studies. Higher abundance of glycolytic enzymes was, for instance, found in

tender LD muscle of Chianina cattle (D’Alessandro et al. 2012). Similarly, Picard

and co-workers (2014) compared glycolytic, fast oxido-glycolytic and oxidative

muscles and found that the muscles with a greater proportion of fast glycolytic

fibres produced the most tender meat and also that oxidative muscles with a greater

proportion of slow oxidative fibres will be more tender.

Efforts have been made to combine and compare the different studies aiming at

finding protein markers of tenderness in different breeds and species over the years.

Bioinformatics was used in a study by Guillemin and co-workers (2011a) to create

functional networks of 24 proteins published as potential markers in the ST and LD

muscles of beef. The study confirmed that cellular pathways involved in apoptosis,

oxidative stress and Hsps are important for tenderness. Four proteins, μ-calpain,
Hsp70-1A/B, Hsp70-8 and Hsp27, were related to a high number of other proteins

and were used to make four principal networks. The study unravelled both similar

and distinct pathways between the two muscles in the study. These results are

further strengthened in the study by Gagaoua and co-workers (2015a). By a similar

approach making correlation networks of 18 proteins which had been previously

suggested as tenderness markers in the literature, they were able to demonstrate

robust relationships between proteins belonging to similar or different biological

pathways. Some proteins were correlated regardless of muscle or breed, such as the

correlation between DJ-1 and Hsp20 and Prx6 and μ-calpain.
In conclusion, the studies published so far suggest that proteins involved in

mitochondrial function, oxidative stress or proteins that have cell-protective func-

tions play key roles in tenderness development of muscle and meat. This also

supports the hypothesis that apoptosis is a critical event during early postmortem

and that a delay of the apoptotic process is beneficial to obtain tender meat.

11 Conclusion

The application of proteomics within the field of skeletal muscle research in farm

animals has been of major importance in increasing our understanding of various

biological processes as well as the revealing the underlying mechanisms governing

many of the important meat quality traits. First, the initial work related to charac-

terisation of muscle proteomes in the various farm animal species has been of great

importance. Second, proteomics has given insight into how both genetics and

animal management such as feeding have manifested their biological or phenotypic

effects on animals. Last, since many meat quality traits have relatively low herita-

bility but are highly influenced by environment and treatment, proteomics has been

a great tool to gain more knowledge regarding this influence and to search for

potential biomarkers.
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Proteomics and the Characterization of Fatty

Liver Metabolism in Early Lactation

Dairy Cows

Bj€orn Kuhla and Klaus L. Ingvartsen

Abstract The high-yielding dairy cow faces major adaptions during the transition

period from late pregnancy to early lactation where physiological changes occur in

support of the dramatically increase in milk yield. The coordinated physiological

changes secure mobilization of nutrients and energy from the body tissue that, in

part, covers the rapid increase in nutrient needs for milk production in early

lactation. Large amounts of energy are released from fat tissue as non-esterified

fatty acids (NEFAs) which together with a depressed increase in energy intake are

bringing the cow into a state of negative energy balance. Approximately 25% of the

NEFA passes through the liver, where it is metabolized or esterified to triglyceride.

When the latter becomes excessive, fatty liver or hepatic lipidosis generally as a

subclinical disease state will occur. This chapter investigates realizations in the

molecular factors potentially causing fatty liver in the transition cow discovered

using proteomics.

Keywords Liver • Proteomics • Dairy cow • Negative energy balance •

Macronutrient and energy metabolism • Oxidative stress response

1 Introduction

The transition period of dairy cows is commonly defined as the period from 3 weeks

before to 3 weeks after calving (Drackley 1999). Within this period, dry matter intake

usually decreases by 10–30% during the last 3 weeks before parturition and contin-

uously increases within the 3 weeks after calving (Ingvartsen and Andersen 2000;
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Esposito et al. 2014). However, the maximum level of dry matter intake is only

achieved by 6–8 weeks after calving and then amounts to 200–250% of the level at

parturition (Hammon et al. 2009; Weber et al. 2013). However, the peak of milk

production precedes the peak in dry matter intake, and thus, nutrient losses due to

milk production exceed the level of nutrient intake. Consequently, cows face the

challenge of a negative nutrient and energy balance (NEB). These nutrient and

energetic gaps are met by the mobilization of body reserves. Glycogen and protein

stored in the liver and muscle tissue and some minerals in the bones but mainly

triglycerides (TG) deposited in distinct adipose tissues are mobilized during early

lactation to meet the high metabolic demand of nutrients in the mammary gland in

early lactation. NEB and the mobilization of body reserves are highly associated

with perturbed immune functions (e.g., Ingvartsen and Moyes 2015) that may

increase the risk of infectious diseases such as retained placenta, metritis, and

mastitis as well as increase liability of metabolic diseases such as ketosis, ruminal

acidosis, milk fever, and fatty liver (Ingvartsen 2006; Esposito et al. 2014). All

these factors are critically important to the health, production, and profitability of

dairy cows.

The density of nutrients, particularly protein and fat, in colostrum and milk is

highest within the first days of lactation. Lipases cleave TG to yield long-chain,

non-esterified fatty acids (NEFAs), resulting in dramatic increases in plasma

concentrations in early lactation. Released NEFAs are intensively used as substrate

for milk fat synthesis in the mammary gland and can contribute to almost half of

milk fat (Palmquist 2006). Besides supporting milk fat production, NEFAs also

serve as energy-providing substrate for other organs sparing glucose in organs such

as the heart, skeletal muscle, and liver. However, the extent of fat mobilization is

not only dependent on the energy requirements of the cows. Higher condition dairy

cows generally mobilize more and show a greater loss of body condition score

(BCS) which is reflected in higher plasma NEFA concentrations compared to lower

condition cows (Vallimont et al. 2011). However, cows entering the transition

period with a high BCS are able to transfer more NEFA to the mammary gland

for milk fat synthesis and to oxidize more fatty acids (B€orner et al. 2013). Accord-
ingly, fat cows produce just as much or more fat-corrected milk (FCM) yield and

show a lower feed intake, thus entering into a stronger NEB compared to thinner

counterparts (Ingvartsen and Andersen 2000; Hammon et al. 2009; Schäff et al.

2012; Weber et al. 2013).

The key nutrient determining the level of milk production is lactose which in

turn is produced from glucose by the mammary gland. More than 80% of the

glucose turnover is used for lactose synthesis during peak lactation (Bauman and

Currie 1980). The liver is the complementary organ for the mammary gland as it

provides the majority of glucose for lactose synthesis. Only a minor portion of

glucose is directly absorbed from the intestine or the rumen wall, and only a small

amount of circulating glucose is used by other organs than the mammary gland, i.e.,

as energy source in the brain (Lemosquet et al. 2009). Therefore, hepatic gluco-

neogenesis is of major importance at the beginning and throughout lactation to meet

the glucose demand of the mammary gland.
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During NEB, the mammary gland also receives amino acids and smaller pep-

tides for the synthesis of milk proteins. These precursors may originate from

proteolysis and through suppression of tissue protein synthesis in various organs

including the skeletal muscle, liver, skin, gastrointestinal tract, and uterus (Bell

et al. 2000; Kuhla et al. 2011). Supplementing amino acids into the abomasum in

early lactation may further increase milk yield, indicating that milk production level

is not only determined by glucose but also by the level of available amino acids

(Larsen et al. 2015). Taken together, the liver plays a pivotal role in early lactation

to meet the nutrient and energy requirements of the mammary gland by providing

substrates originating from anabolic and catabolic pathways.

2 Lipid Metabolism

The amount of NEFA taken up by the liver depends on the blood flow rate and

amounts to 25% of plasma NEFA passing through the hepatic circulation (Reynolds

et al. 2003). Once entered into the liver, NEFA can be (1) completely oxidized to

carbon dioxide to provide energy for the liver, (2) partially oxidized to produce

ketone bodies that are released into the blood and serve as fuel for other tissues, or

(3) reconverted to triglycerides (TG). Triglycerides, which are not exported as

VLDL, are stored in the cytosol as fat droplets. When the uptake of NEFA exceeds

the capacity for synthesizing or exporting VLDL into circulation and when the

capacity for NEFA metabolization is exhausted in early lactation, fatty liver

syndrome develops (Drackley 1999; Ingvartsen 2006).

For metabolization, NEFAs are transported into the cytosol and via the carnitine

acyltransferase system into the mitochondria to be β-oxidized yielding acetyl-CoA.
Besides, long-chain fatty acids are also degraded in peroxisomes and microsomes,

but in the ruminant liver, these routes are secondary. In the mitochondria, acetyl-

CoA may be metabolized with two major fates, complete oxidation through the

TCA cycle or incomplete oxidation through ketogenesis. Due to the limited avail-

ability of oxaloacetate in early lactation (Bobe et al. 2004)—which in turn is

predominantly used for the synthesis of glucose—the majority of acetyl-CoA is

used for the formation of ketone bodies such as β-hydroxybutyrate (BHB). Formed

ketone bodies are released into the circulation and can be used as a glucose-sparing

fuel by extrahepatic organs such as the heart, muscle, and mammary gland. How-

ever, some hepatic acetyl-CoA react with oxaloacetate to be oxidized to CO2, in the

tricarboxylic acid (TCA) cycle, resulting in increased fatty acid oxidation but

diminished plasma glucose concentrations (Schäff et al. 2012; Weber et al. 2013).

Thus, cows with a high extent of fat mobilization have not only greater plasma

NEFA and BHB but also lower glucose concentrations (Schäff et al. 2012; Weber

et al. 2013).

Proteome analysis in liver biopsies taken throughout the periparturient period of

dairy cows contributed to identify metabolic enzymes regulated in response to lipid

mobilization. Liver biopsies taken from cows on days�34,�17,þ3,þ18, andþ30
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relative to parturition were analyzed for their total lipid content to retrospectively

assign the animals to a high (>24.4% fat/g dry matter) or a low (<24% fat/g

dry matter) liver fat content group on day 18 postpartum. Liver tissue extracts

were applied to two-dimensional gel electrophoresis (2DE), and differentially

expressed spots were identified by MALDI-TOF-TOF mass spectrometry (Schäff

et al. 2012). The expression of all four mitochondrial β-oxidative enzymes

increased in both groups 1.1–3-fold in early lactation. For the medium-chain

acyl-CoA dehydrogenase, the extent of upregulation was greater in high- compared

to low-mobilizing cows. However, the β-oxidative enzymes located further down-

stream, short-chain specific acyl-CoA dehydrogenase, enoyl-CoA hydratase,

3-hydroxyacyl-CoA dehydrogenase 2, and 3-ketoacyl-CoA thiolase as well as

2,4-dienoyl-CoA reductase 1, were lower expressed in cows with the higher liver

fat content postpartum (Schäff et al. 2012).

In a similar study, liver triglyceride content was determined in Holstein dairy cows

at week 1 postpartum and grouped again to the lowest (81 � 22 μmol/g) and highest

(234� 81 μmol/g) wet weight concentrations (Sejersen et al. 2012). Quantification of

hepatic proteins by the iTRAQmethod and LC tandemmass spectrometry for protein

identification revealed that mitochondrial acyl-CoA synthetase long-chain family

member 1 (ACSL1) and very-long-chain specific acyl-CoA dehydrogenase

(VLCAD) were more abundant, whereas hydroxyacyl-CoA dehydrogenase was

less abundant in cows with a high compared to a low liver triglyceride content.

Additionally, enzymes involved in the oxidation of unsaturated fatty acids such

as 2,4-dienoyl-CoA reductase 1 and dodecenoyl-CoA delta isomerase and

4-trimethylaminobutyraldehyde dehydrogenase involved in carnitine biosynthesis

were less expressed in cows with a high liver fat content (Sejersen et al. 2012).

In a further study, cows were distinguished according to their physiological

imbalance postpartum involving more hepatic triglycerides in cows with greater

physiological imbalance (Moyes et al. 2013). As analyzed by the iTRAQ LC-MS/

MS method, imbalanced mid-lactating cows had also a higher expression of

carnitine O-palmitoyltransferase 2, acyl-CoA binding protein, acyl-CoA

acyltransferase, and alcohol dehydrogenase 4, the latter involved in ketone body

synthesis (Moyes et al. 2013). Results of all three studies (Schäff et al. 2012;

Sejersen et al. 2012; Moyes et al. 2013) indicate that cows with the higher liver

fat content had greater activation but diminished complete β-oxidation of fatty

acids, which has also been observed at mRNA (Li et al. 2012) and enzyme activity

levels (Murondoti et al. 2004). Incomplete β-oxidation results in less acetyl-CoA

but greater ketone body production in the liver (Fig. 1).

The lower expression of mitochondrial β-oxidative enzymes in cows developing

the higher liver fat content should confine the production of acetyl-CoA. Failure of

complete mitochondrial β-oxidation seems to result in a proportionally increased

degradation of fatty acids in peroxisomes and microsomes. Cows with a higher

physiological imbalance or liver fat content postpartum had a greater expression of

the peroxisomal enoyl-CoA hydratase, catalase, electron transfer flavoprotein, or

acyl-CoA oxidase 2 as well as the microsomal aldehyde dehydrogenase 1 (Schäff

et al. 2012; Moyes et al. 2013). It seems that activation of peroxisomal β-oxidation
and endoplasmic ω-oxidation is a sink for exhausted mitochondrial β-oxidation
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(Fig. 1). The proteomic data support previous data showing that total (mostly

mitochondrial) oxidation of 1-14C-palmitate in liver homogenates increases from

parturition until week 5 postpartum, but also contrasts the results on peroxisomal

β-oxidation capacity which decreased from week 3 to 12 postpartum (Grum et al.

2002). However, proteome results agree with the finding that cows with a high

propensity to mobilize fat have a greater whole-body fat oxidation as compared to

leaner counterparts (B€orner et al. 2013).
In addition, the content of liver phospholipids and apolipoprotein tended to be

lower in cows with a higher liver triglyceride content, suggesting reduced phospho-

lipid and apolipoprotein syntheses or increased degradation of phospholipids or

apolipoprotein, respectively, in early lactation. For the latter assumption, the prote-

ome study by Sejersen et al. (2012) revealed a lower abundance of annexin A1, a

phospholipase inhibitor, and Schäff et al. showed a reduced apolipoprotein E abun-

dance in cows with pronounced compared to moderate fatty liver. Reduced hepatic

phospholipid and apolipoprotein contents may inhibit the secretion of triglycerides in

the form of VLDL from the liver into the circulation (Bobe et al. 2004).

3 Carbohydrate Metabolism

In dairy cows, the supply of carbons for hepatic gluconeogenesis is primarily from

propionate produced in the rumen, but in early lactation other substrates such as

lactate, amino acids, and glycerol gain importance in providing carbons for glucose

Fig. 1 Hepatic lipid metabolism of dairy cows in early lactation. Red arrows indicate activation,
whereas blue arrows indicate deactivation of pathways in fatty liver as identified by proteome

analyses (Schäff et al. 2012; Sejersen et al. 2012)
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production (Larsen and Kristensen 2013). Besides the de novo synthesis of glucose,

mobilized hepatic glycogen reserves may contribute to the endogenous glucose

production in early lactation. Starting approximately 3 weeks before calving, liver

glycogen reserves are continuously degraded until reaching a minimum within the

first 4 to 6 weeks of early lactation, while the extent of fat mobilization seemed not

to affect the level of glycogen degradation (Schäff et al. 2012; Sejersen et al. 2012).

However, cows with a high fat mobilization rate may replenish liver glucose faster

than counterparts mobilizing less fat (Sejersen et al. 2012). Accordingly, uridine-5-

triphosphate (UTP)-glucose-1-phosphate uridylyltransferase, an enzyme involved

in glycogenesis, was more abundant in high- compared to low-mobilizing cows

(Schäff et al. 2012; Sejersen et al. 2012). On the other hand, phosphoglucomutase-

2, which facilitates the interconversion of glucose 1-phosphate and glucose

6-phosphate, is involved in glycogenolysis and glycogenesis, depending on the

energy status of the liver (Sejersen et al. 2012).

Among enzymes involved in gluconeogenesis, propionyl-CoA carboxylase,

pyruvate carboxylase, lactate dehydrogenase, and enolase 1 were more abundant

in high- compared with the low-mobilizing cows, whereas the amounts of fructose-

1,6-bisphosphatase 1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

were lower in high-mobilizing cows (Schäff et al. 2012; Sejersen et al. 2012).

The direction of expression changes indicates an increased production of oxaloace-

tate from pyruvate and succinate but reduced gluconeogenesis from phosphoenol-

pyruvate. Thus, cows with fatty liver syndrome seem to have a greater pyruvate

cycling (Fig. 2) and less glucose production as suggested by lower ratio between the

rate of glucose appearance and glucose oxidation (Weber et al. 2016). The prote-

ome results are in agreement with investigations of gluconeogenic enzyme activ-

ities (Rukkwamsuk et al. 1999). However, previous studies have shown that mRNA

expression of gluconeogenic enzymes is not different in livers differing in fat

content (Hammon et al. 2009; Weber et al. 2013).

The pentose pathway uses glucose to generate NADPH, pentoses, and ribose

5-phosphate. In contrast to glycolysis, its primary role is anabolic. The abundance

of three enzymes of the pentose phosphate pathway, namely, transketolase,

triosephosphate isomerase, and GAPDH, was lower in cows developing fatty

liver (Schäff et al. 2012), indicating impaired generation of nucleotides, reducing

equivalents and aromatic amino acids (also see below).

4 Protein and Amino Acid Metabolism

The liver may not only store energy reserves in form of glycogen but also serve to

supply proteins and amino acids in times of negative energy balance. Total hepatic

protein content was lower in cows challenged by high fat mobilization in early

lactation accompanied with the higher protein abundance of PA28a, promoting

hepatic protein degradation, and a lower abundance of EF1δ and calpastatin, both

factors activating protein biosynthesis (Schäff et al. 2012). On the other hand,

224 B. Kuhla and K.L. Ingvartsen



α-crystallin and 60S ribosomal proteins L7 and L10, all involved in translation and

protein folding of newly synthesized protein, are upregulated in cows with fatty

liver (Sejersen et al. 2012). Degradation of unused proteins and simultaneous

activation of de novo protein synthesis refer to a complex, highly dynamic prote-

ome enabling adaptation of the liver to early lactation and fatty acid load.

Apart from degrading proteins, intermediary amino acid metabolism is closely

connected to gluconeogenesis and fatty acid degradation. As stated above, cows

that mobilize a lot of fat seem to limit the production of acetyl-CoA derived from

β-oxidation. However, acetyl-CoA may also be formed after breakdown of keto-

genic amino acids. Indeed, plasma leucine and isoleucine concentrations were

found to be significantly lower during early lactation in cows with the high liver

fat content compared to cows with a low liver fat content (Schäff et al. 2012),

Fig. 2 Hepatic carbohydrate and amino acid catabolism and their converging into the TCA cycle of

dairy cows with fatty liver in early lactation. Enzymes and arrows in red indicate upregulation,

whereas enzymes printed in blue were downregulated in cows with fatty liver as identified by

proteome analyses (Schäff et al. 2012; Sejersen et al. 2012). 3-HAO 3-Hydroxyanthranilate

3,4-dioxygenase;HIBADH 3-hydroxyisobutyrate dehydrogenase;ENO1 α-enolase;FBPase fructose
1,6-bisphosphatase; GAPDH glyceraldehyde-3-phosphate dehydrogenase; GCAT glycine

C-acetyltransferase; LDHB L-lactate dehydrogenase B; MMSDH methylmalonate-semialdehyde

dehydrogenase; P5CDH δ-1-pyrroline-5-carboxylate dehydrogenase; PEP phosphoenolpyruvate;

PC pyruvate carboxylase;PCC propionyl-CoA carboxylase; SHMT serine hydroxymethyltransferase
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suggesting that ketone body production in the fatty liver is intensively driven by

branched-chain ketogenic amino acids (Fig. 2). Accordingly, protein expression of

methylmalonate-semialdehyde dehydrogenase involved in branched-chain amino

acid degradation as well as propionate metabolism was found to be higher

expressed in mid-lactating cows with physiological imbalance or cows developing

fatty liver in early lactation (Moyes et al. 2013; Schäff et al. 2012). Degradation of

valine and isoleucine results in the formation of succinate, thereby serving as

potential precursors for gluconeogenesis (Fig. 2). On the other hand, valine, leu-

cine, and isoleucine catabolism in the liver were reduced in cows with fatty liver as

the hepatic 3-hydroxyisobutyrate dehydrogenase protein was found to be reduced

compared to individuals with a low liver fat content (Sejersen et al. 2012).

Based on a 2DE proteome study, serine hydroxymethyltransferase,

3-hydroxyanthranilate 3,4-dioxygenase, and glycine C-acetyltransferase expres-

sions were increased in cows with the higher liver fat content, referring to a

prevailing catabolism of serine, glycine, and tryptophan whose carbon skeletons

enter the TCA cycle via pyruvate yielding oxaloacetate (Schäff et al. 2012).

Furthermore, the protein abundance of δ-1-pyrroline-5-carboxylate dehydrogenase,
which participates in the degradation of proline toward α-ketoglutarate, increased
from parturition to week 3 of lactation and was greater in high- compared to

low-mobilizing cows (Schäff et al. 2012).

In consequence of intensified glucogenic amino acid degradation in cows with

fatty liver, one might expect the activation of various amino transferases and urea

cycle enzymes. While an increased abundance of arginase 1 and aspartate amino-

transferase was described by Sejersen et al. (2012), Schäff et al. (2012) reported a

lower abundance of glutamate dehydrogenase, arginase 1, and carbamoyl phos-

phate synthase 1. The discrepancy between these studies may lie in the level of feed

and thus nitrogen intake and the urea cycling between the rumen and the liver. Also,

contrasting results may be due to different concentrations of plasma fatty acids in

cows with a high versus low liver fat content. Long-chain fatty acids may suppress

the induction of urea cycle enzyme genes as reported by Tomomura et al. (1996).

However, a reduced abundance of urea cycle enzymes does not exclude a greater

entrance of carbon derived from glucogenic amino acids into the TCA cycle.

5 TCA Cycling and Oxidative Phosphorylation

The increased demand for glucose in early lactation withdraws substantial amounts

of oxaloacetate from the TCA cycle. This gap needs to be refilled to ensure that

acetyl-CoA can be converted to citrate. Results from proteome studies indicate that

the process of glycogenolysis and amino acid degradation mainly provide pyruvate

and oxaloacetate, succinate, and α-ketoglutarate to the TCA cycle (Fig. 2). More-

over, the higher expression of fumarase, converting fumarate to malate, points to

intensified TCA cycling in cows with the higher liver fat content (Schäff et al.

2012). Intensification of TCA cycling is not only to ensure sufficient supply of
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oxaloacetate but also to generate enough NADH as this is required among others for

gluconeogenesis and ATP production. Enzymes involved in oxidative phosphory-

lation such as ATP synthase and pyrophosphatase as well as cytochrome c oxidase

are increased in early lactation and have higher expression levels in cows with high

liver fat content, indicating increased ATP production and mitochondrial respira-

tion in cows with fatty liver (Schäff et al. 2012). Increased oxidative phosphoryla-

tion and TCA cycling further suggest that more oxaloacetate remains in the TCA

cycle of cows with high compared to low triglyceride accumulation in the liver.

When the oxidative phosphorylation pathway is more active in fatty compared to

non-fatty livers, one might assume an increased ATP status and thus a reduced

AMP:ATP ratio. The adenosine monophosphate-activated protein kinase (AMPK)

is sensitive to the AMP:ATP ratio and is phosphorylated by increased AMP

concentrations. In early lactation AMPK phosphorylation (Schäff et al. 2012) and

also GTP:AMP phosphotransferase, an enzyme catalyzing the phosphorylation of

AMP (Sejersen et al. 2012), were more abundant in animals with fatty liver. These

findings argue against an increased hepatic ATP status, but the pAMPK/AMPK

ratio was similar between animals with different contents of fat in the liver.

Therefore, it seems likely that oxidative phosphorylation is impaired in cows with

fatty liver and that upregulation of ATP synthase, pyrophosphatase, and cyto-

chrome c oxidase (Schäff et al. 2012) is a counter-regulatory mechanism to sustain

ATP homeostasis (Fig. 3). In human fatty liver, excessive TCA cycling and NADH

production have been shown to be a consequence of a damaged electron transport

chain and impaired ATP synthesis (Cortez-Pinto et al. 1999; Sunny et al. 2011).

6 Oxidative Stress Response

The high rate of peroxisomal and mitochondrial fatty acid oxidation together with

the increase in feed intake is accompanied with high amounts of oxygen consump-

tion in early lactation which confronts the liver with increased oxidative stress

levels. The resulting increased H2O2 and superoxide radical levels need to be

detoxified. Enzymes protecting hepatocytes against increased oxidative stress,

such as DJ-1 protein, peroxiredoxin 6, Cu/Zn superoxide dismutase 1, and stress-

induced phosphoprotein 1 (Schäff et al. 2012) as well as protein disulfide isomerase,

thioredoxin, and peroxiredoxin 2 (Sejersen et al. 2012), were found to be more

abundant in cows with the high liver fat content as elaborated by proteomic

approaches (Fig. 3). These findings point to an activated oxidative stress defense

in these animals. Increased oxidative stress occurs after calving, as indicated, for

example, by increased concentrations of plasma reactive oxygen species (ROS),

thiobarbituric acid reactive substances (TBARS), or ceruloplasmin concentrations,

while the oxygen radical absorbance capacity increases in early lactation

(Bernabucci et al. 2005; Osorio et al. 2014). Further, cows with the greater loss

of BCS after calving had higher ROS and TBARS plasma concentrations but lower

erythrocyte thiol (SH) concentrations and superoxide dismutase activity in the
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postpartum period as compared to cows with less BCS loss (Bernabucci et al. 2005).

Additionally, serum paraoxonase-1 decreased from calving until day 19 after partu-

rition in obese, but not lean cows (Folnožić et al. 2015). All these results suggest that
cows with the greater extent of fat mobilization are prone to greater oxidative stress.

At least in part, oxidative stress may be counteracted by a greater activation of the

anti-oxidative stress machinery in the liver. In serum and blood cells, however, the

anti-oxidative status seems to be disturbed in high fat-mobilizing cows.

7 Pentose Phosphate Pathway

Nicotinamide adenine dinucleotide phosphate (NADPH) is required as a reducing

agent and is synthesized in the pentose phosphate pathway. To destroy bacteria and

combat infections, immune cells use NADPH to reduce O2 and to form H2O2 under

the catalysis of NADPH oxidase, a process termed “respiratory burst.” Absence of

NADPH oxidase in immune cells prevents the formation of ROS and is thus a

defense against infections. In the liver, however, NADPH provides the reducing

equivalents for biosynthetic regeneration of reduced glutathione which is inten-

sively involved in the protection against the toxicity of ROS. In cows susceptible to

develop a high liver fat content, enzymes participating in the pentose phosphate

pathway such as transketolase (TK), triosephosphate isomerase (TPI), and GAPDH

were lower expressed as compared to cows with less liver fat. From late pregnancy

to early lactation, GAPDH and TK decreased to 70–80% in cows with a high liver

fat content, before re-increasing by day 40 of lactation (Schäff et al. 2012). Thus, it

seems that the NADPH-dependent glutathione system is negatively affected in

cows with a high liver fat content, particularly during early lactation. Most inter-

estingly, dietary supplementation of rumen-protected methionine, the first limiting

amino acid for glutathione synthesis, has been shown to enhance the de novo

glutathione synthesis and increase antioxidant capacity, which was associated

with greater assembly or export of very-low-density lipoproteins (Osorio et al.

2014).

Fig. 3 Regulation of proteins involving increased oxidative phosphorylation and oxidative stress

defense, as well as reduced NADPH production in the pentose phosphate pathway leading to

increased oxidative stress in cows developing fatty liver
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8 Conclusions

Proteome analysis in liver biopsies taken throughout the periparturient period of

dairy cows has contributed to a better understanding of the regulation of a number

of metabolic changes in response to lipid mobilization. The results further indicate

that cows with the higher liver fat content had greater activation but diminished

complete β-oxidation of fatty acids. Incomplete β-oxidation results in less acetyl-

CoA but greater ketone body production in the liver. The lower expression of

mitochondrial β-oxidative enzymes in cows developing higher liver fat content

probably reduces the production of acetyl-CoA. Failure of complete mitochondrial

β-oxidation seems to result in a proportionally augmented degradation of fatty acids

in peroxisomes and microsomes. Cows with a high fat mobilization rate appear to

replenish liver glucose faster than cows mobilizing less fat, likely by increased

production of oxaloacetate from pyruvate and succinate but reduced gluconeogen-

esis from phosphoenolpyruvate. Thus, cows with fatty liver syndrome seem to have

a greater pyruvate cycling.

The abundance of three enzymes of the pentose phosphate pathway was lower in

cows developing fatty liver, indicating impaired generation of nucleotides, reduc-

ing equivalents and aromatic amino acids. Degradation of unused proteins and

simultaneous activation of de novo protein synthesis refer to a complex, highly

dynamic proteome enabling adaptation of the liver to early lactation and fatty acid

load. Plasma leucine and isoleucine concentrations were found to be significantly

lower during early lactation in cows with high liver fat content, suggesting that

ketone body production in the fatty liver is intensively driven by branched-chain

ketogenic amino acids.

Cows with high liver fat content appear to have an intensified TCA cycling,

suggesting that more oxaloacetate remains in the TCA cycle. Further, greater TCA

cycling refers to increased NADH production and thereby increased ATP produc-

tion and mitochondrial respiration. Greater respiration is accompanied by increased

production of oxygen-containing radicals. Enzymes protecting hepatocytes against

increased oxidative stress levels are more abundant in cows with high liver fat

content pointing toward an activated oxidative stress defense in these cows.

The conclusions drawn so far are based on the different abundances of hepatic

enzymes controlling macronutrient and energy metabolism and on circulating

plasma metabolite concentrations of cows developing different liver fat contents.

However, the activity of most of the enzymes is not exclusively determined by their

protein abundance and substrate concentration. The presence of cofactors such as

vitamins from the B-complex but also and likely more important are the posttrans-

lational modifications of enzymes involved in the above described biochemical

pathways. It is well known that predominantly phosphorylation, glycosylation, and

acetylation of enzymes control metabolic activity. However, up to now, no

phospho-proteomic or glycomic approaches have been performed to elucidate the

role of posttranslational modifications of enzymes participating in the adaptation to

early lactation and the development of fatty liver of dairy cows. Newly available
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antibody and mass spectrometry techniques offer the methodological base to

investigate position-specific posttranslational modifications and their quantity rel-

ative to their parent proteins. Future work using these approaches will contribute to

a better understanding of fatty liver metabolism of transition cows.
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Proteomics Research in the Adipose Tissue

Fabrizio Ceciliani, Cristina Lecchi, Jeanne Bazile, and Muriel Bonnet

Abstract Adipose tissue is no longer considered only as a passive fuel reservoir, but

a major endocrine organ, distributed in different depots throughout the body and

actively involved in complex regulatory processes including appetite, energy expen-

diture, body weight, inflammation and reproduction. Proteomics has emerged as a

valuable technique to characterize both cellular and secreted proteomes from adipose

tissues. Adipose tissue is of major importance in farm animals: in dairy animals, it

regulates energy metabolism as well as other functions. In cows and pigs, adipose

tissue depots’ distribution is of fundamental importance for the quality of carcasses.

In this chapter, we provide a general overview of adipose tissue functions and its

importance in farm animals and summarize the state of art on farm animal adipose

tissue proteomics in cattle and pigs but also in chicken and in farmed fish.

Keywords Adipose tissue • Proteomics • Farm animals • Animal physiology

1 Introduction

Adipose tissue is a complex structure composed of several types of cells, including

adipocytes and pre-adipocytes, macrophages, endothelial cells, fibroblasts and

leucocytes. Adipose tissue historical function is to store the energy in excess, this

role being already established for many years. This task is carried out by conserving

the heat of the body and controlling the mobilization of lipids (Sethi and Vidal-Puig

2007). When energy is in surplus, it is efficiently deposited as neutral triglycerides

in adipose tissue. When energy is required, adipocyte triglycerides are broken down

into glycerol and fatty acids. The released glycerol and fatty acids are then
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transported in the blood and subsequently uptaken by the muscles, liver and other

organs, orchestrating lipid distribution and whole-body energy balance (Frayn

2002). In farm animal physiology, most of the studies on adipose tissues are focused

on specific mechanisms related to animal production, aiming to understand the

biochemical and molecular background underlying the mobilization of lipids in

lactating animals to fulfil the energy requirements of milk production or the

deposition of fat in specific fat depots, to improve the quality of meat. A further

role as a major player during systemic metabolic regulation has been increasingly

recognized (Luo and Liu 2016). With the discovery of leptin in 1994 (Zhang et al.

1994), adipose tissue was no longer considered as a passive fuel reservoir, but a

major endocrine organ, distributed in different depots throughout the body and

actively involved in complex regulatory processes including appetite, energy

expenditure, body weight, inflammation and reproduction by synthesizing and

secreting messenger molecules which are now collectively referred to as

“adipokines”. Each of these depots plays an essential role in energy homeostasis

as well as in endocrine regulation, at both local and systemic levels. The excessive

accumulation of fat in adipose tissue causes obesity, a chronic disease that in turn

drives obesity-associated metabolic disorders such as diabetes. Although not

directly related to obesity, the dysregulation of adipose tissue metabolism repre-

sents an issue for farm animals as well. Adipose tissue is involved in the fine-tuning

of energy turnover in dairy cows or in carcass and meat qualities in cows and pigs.

Therefore, a deeper understanding of the adipose machinery regulation in rearing

species can provide tools to overcome metabolic stress-related diseases and

improve the quality of carcass and meat.

Among omics disciplines, transcriptomics has provided important advances in

understanding the functions of adipose tissue. A major weak point of

transcriptomics is that it does not provide any hint about the effective abundance

of the proteins, the correlation between the abundances of mRNA and of protein

being poor (Griffin et al. 2002). Integration of data derived from gene expression

analyses with those from protein expression studies is therefore mandatory to draw

a complete and reliable picture of the functions and the activities of adipose tissue.

The proteomics of adipose tissue was recently reviewed (Sauerwein et al. 2014). In

the present chapter, we will try to provide the reader with a general overview of

adipose tissues and summarize the recent advances on adipose tissue proteomics,

focusing on farm animals such as cattle and pigs but also chicken and fish.

2 Adipose Tissue: A Bird’s-Eye View with a Proteomic

Perspective

2.1 The Main Structure and Function of Adipose Tissue:
White, Brown and Beige Adipose Tissue

Two main types of adipose tissue exist in mammals, based on differences in

morphology, location and functions: white adipose tissue (WAT) and brown
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adipose tissue (BAT) (Lizcano and Vargas 2016). WAT is the preferential site to

store energy in the form of triacylglycerols during excessive energy disposal and to

restore it during fasting periods. Beside this undisputed role, WAT is also involved

in systemic metabolic regulation and inflammation. The main role of BAT is to

dissipate chemical energy as heat via high levels of uncoupling protein 1 (UCP1),

regulating hypothermia by metabolizing glucose and lipids to produce heat partic-

ipating to non-shivering thermogenesis (Lizcano and Vargas 2016; Louveau et al.

2016).

Recent studies have described another type of thermogenic adipocytes known as

beige/brite (brown in white) adipocytes. Beige adipocytes share morphological and

functional similarities with brown ones. In BAT, cold stress or β3-adrenoceptor
agonists that mimic cold stress (Barbatelli et al. 2010) stimulate UCP1 expression.

Therefore, both brown and beige fat fulfil thermogenic roles. In farm animals, the

presence of beige or brown-like adipocytes has been suggested in white adipose

depots of fattening cattle (Asano et al. 2013) and sheep (Pope et al. 2014).

2.2 Different Depots with Different Proteomes: Comparative
Analysis of Subcutaneous and Visceral White Adipose
Tissue Proteomics

Adipose tissue develops in various anatomical sites, including the abdominal

cavity, the subcutaneous districts and the musculature. They are known to display

a different dynamic of growth, which is at the origin of cellular and metabolic

features (Bonnet et al. 2010; Hausman et al. 2014; Louveau et al. 2016). Thus,

adipose tissue depots respond differentially to rearing practices, which may have

implications on the metabolic turnover of lipids and nutrients at the body level for

metabolic adaptations, or on carcass qualities and valorization, as visceral fat is

discarded, while subcutaneous fat is partly consumed with the muscles. To date,

few studies have attempted to investigate the proteome differences among fat

depots in ruminants.

A study relying on 2-DGE paired with sequencing mass spectrometry investi-

gated the proteins in undifferentiated and differentiated preadipocytes collected

from bovine omental, subcutaneous and intramuscular adipose depots, identifying

differentially expressed intracellular proteins during adipogenic conversion (Rajesh

et al. 2010). A total of 65 proteins were found to be differentially abundant across

the three depots. The preadipocyte differentiation induced a downregulation of

many structural proteins, whereas proteins associated with lipid metabolism and

metabolic activity, including ubiquinol-cytochrome-c reductase complex core pro-

tein I (UQCRC1), ATP synthase D chain, superoxide dismutase (SOD), glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH), sulfotransferase 1A1 (SULT1A1),

carnitine O-palmitoyltransferase 2 (CPT2) and heat shock protein beta 1 (HSPB1),

were found to be upregulated across the three depots. Among these proteins, five
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(tropomyosin alpha-4 chain, rho GDP-dissociation inhibitor 1, purine nucleoside

phosphorylase, transgelin, non-muscle caldesmon), one (annexin A1) and four

(glyceraldehyde-3-phosphate dehydrogenase, prohibitin, voltage-dependent

anion-selective channel protein 2, voltage-dependent anion-selective channel pro-

tein 1) proteins were specifically identified during the adipogenic process of

omental, subcutaneous and intramuscular cells, respectively. Using a label-free

quantification LC-MS/MS, 682 proteins were identified both in subcutaneous and

visceral adipose tissues of 15.5-month-old British continental steers regardless of

the diet. The abundance of 51% of these proteins was modified depending on the

anatomical site. Of these, 240 were known proteins and were assigned to the

following top categories of molecular and cellular functions: lipid metabolism,

energy production, small molecule biochemistry, post-translational modification,

cellular assembly and organization, cell morphology, protein synthesis and cellular

function and maintenance (Romao et al. 2013). Notably, proteins related to oxida-

tion of lipids and fatty acids and synthesis of lipids were more abundant in visceral

than subcutaneous adipose tissue, in agreement with the repeatedly observed

greater metabolic activity in visceral than in subcutaneous adipose tissues. How-

ever, any of the identified proteins were reported to be specifically present in one

adipose tissue depot. To date, the sole study in ruminants that reports on protein

signatures that are specific to the depot location was conducted in the goat (Restelli

et al. 2014), in which a LC-MS/MS approach has identified 833 proteins in at least

one of the four adipose tissue deposits investigated in 1-month-old goat kids. The

tissue coverage was 471 proteins identified in subcutaneous adipose tissue sampled

from the base tail, 480 proteins in subcutaneous adipose tissue sampled from the

sternum, 587 proteins in omental tissue and 654 proteins in perirenal adipose tissue.

These proteins were assigned to four major functional categories, based on simi-

larity of functions, namely, (1) metabolic processes (62.1% of proteins); (2) cell

adhesion cytoskeleton, intramuscular transport and membrane integrity (22.2% of

proteins); (3) toxic response and folding (9.5% of proteins); and (4) proteins

involved in immune and inflammatory response (6.1% of proteins). Of these

39, 30, 72 and 27 proteins were identified in only one adipose depot, the subcuta-

neous sampled from the base tail and the sternum as well as perirenal and omental

depots, respectively. For the purpose of this review, we focused on the lists of

proteins specifically identified in subcutaneous, from the base tail and of visceral

perirenal adipose tissue, which are the most commonly analysed, in order to

identify proteins or pathways related to the depot specificity of fat accumulation.

Thus, lists of proteins specifically found in subcutaneous or perirenal adipose

tissues were subjected to annotations according to the gene ontology (GO) with

ProteINSIDE (Kaspric et al. 2015) in order to provide the biological processes in

which they are involved. The 59 (over 72) perirenal and the 35 (over 39) subcuta-

neous proteins were annotated by 193 and 129 significantly enriched GO terms,

respectively. Of these only 16 GO terms were found in common but annotating

different proteins with a different p-value of enrichment between lists of subcuta-

neous and perirenal proteins (Fig. 1). This may reveal pathways important for

adipose tissue growth in 1-month-old goat kids, however, involving proteins that
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differ depending on the anatomical site of adipose tissue. The top ten of the most

enriched GO terms that were specifically found for the subcutaneous proteins were

related to glucose or lipid metabolism, cell proliferation and extracellular matrix

organization, in line with a tissue growth both by hyperplasia and by hypertrophy

(Fig. 2). For the perirenal proteins, the top ten of the most enriched GO terms were

related to protein translation, rRNA and mRNA processing and DNA repair

(Fig. 3). These divergent annotations may reflect the lower maturity of subcutane-

ous as compared to perirenal adipose tissue, in line with the known depot-specific

Fig. 2 Relations between the most enriched GO terms were visualized as networks provided by

ProteINSIDE. The network links the most enriched GO terms (p-value < 0.05) in the biological

process category for the list of 72 proteins (59 annotated) from the perirenal adipose tissue (1) and

for the list of 39 (35 annotated) proteins from the base tail subcutaneous adipose tissue (2) in goat.

The degree of colour saturation is related to the number of proteins annotated by a GO (dark and

clear for high and low numbers, respectively)
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growth patterns reported during the perinatal period in ruminants (Bonnet et al.

2010). Future proteomic studies might contribute to identify depot-specific proteins

in order to increment available data and provide the molecular basis of depot

specificity of fat accumulation for a robust data mining of the pathways or molec-

ular functions involved.

2.3 Proteomic Analysis of Brown Adipose Tissue

Larger mammals such as ruminants are fully developed and able to thermoregulate

at birth, thanks to the presence of BAT that disappears after birth and is replaced by

WAT. A better knowledge of the molecular features of BAT versus WAT may help

in the understanding of the balance between brown and white fat cells and is a

prerequisite for a better control of thermogenesis and survival in perinatal period, as

well as energy efficiency during the productive life of the ruminants. To the best of

our knowledge, only one study has attempted to link the proteome to chemical

composition, cellularity, histology, enzyme activities and gene expression during a
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Fig. 3 Distribution and overlap of proteins identified in five proteomic analysis (Kim et al. 2009;

Zhang et al. 2010; Shen et al. 2012; Keady et al. 2013; Mao et al. 2016) carried out to provide the

molecular basis of marbling and to identify biomarkers. Venn diagram was proceeded with http://

bioinformatics.psb.ugent.be/webtools/Venn/
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time-course analysis of the ontogeny of perirenal adipose tissue in bovine foetuses

(Taga et al. 2012). Between 110 and 260 days postconception (dpc, 38 and 90% of

gestation length, respectively), the increase in the weight of perirenal adipose tissue

resulted from an increase in the adipocyte volume and mainly number and was

accompanied by changes in the abundance of 128 proteins among the 143 proteins

identified. From these data, an unexpectedly high abundance of the α-subunit of
ATP synthase, a member of complex V (ATP synthase) of the respiratory chain

which is normally bypassed in BAT, and of aldehyde dehydrogenases ALDH2 and

ALDH9A1, has been observed at 180 dpc when compared to other foetal ages.

However, these proteins were proposed as hallmark WAT in mouse (Forner et al.

2009). From 210 dpc, an increase in the mRNA abundances of UCP1 and DIO2,

which are hallmarks of brown adipocytes, was observed. These results, associated

with the presence of numerous unilocular white adipocytes and few brown

multilocular adipocytes from 180 dpc, show that foetal ATs up to 260 dpc have

molecular and cellular characteristics of WAT in addition to those of BAT (Taga

et al. 2012). These results challenged the commonly accepted concept that foetal

perirenal AT in cow is brown and highlighted that perirenal AT is a heterogeneous

tissue made of brown and white adipocytes up to 260 dpc in bovine foetuses. This

study, together with the global gene expression profiling of brown/beige to white

adipose tissue during the first month of life in lambs (Basse et al. 2015), provides a

useful resource to identify the molecular features of perinatal brown/beige adipose

tissue relatively to those of white adipose tissues presented above.

3 Adipose Tissue in Farm Animals: Endocrinology

and Immunology

With the discovery of leptin in 1994 (Zhang et al. 1994), adipose tissue has been

identified as an endocrine gland secreting messenger molecules that affect a wide

variety of bodily functions. From then on, numerous hormones, chemokines,

cytokines as well as acute-phase proteins were discovered as adipose products

and are now collectively termed as adipokines. Adipokines are involved in the

dynamic control of energy metabolism. Being produced by adipose tissue,

adipokines are fundamental to deliver to other tissues important information

about the nutrient status of the organism, in particular to those responsible for

controlling energy intake and expenditure, such as appetite regulation, energy

expenditure, insulin sensitivity, glucose metabolism and fatty acid oxidation. Fig-

ure 4 presents a short list of adipokines and their main physiological roles. The

human adipose tissue secretome determined by proteomic techniques was released

in 2007 (Alvarez-Llamas et al. 2007). Products from all cell types present in

adipose tissue were included in this first report. In fact, adipose tissue contains

not only adipocytes but other cell types as well. A stromal vascular fraction of cells

including preadipocytes, fibroblasts, vascular endothelial cells and a variety of

immune cells (e.g. macrophages) are also included in adipose tissue depots.
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Proteomics analysis carried out on primary human adipocyte cell culture identified

347 proteins of which 263 were predicted to be secreted (Lehr et al. 2012). The list

of these which are regarded as adipokines includes not only proteins whose

abundance is restricted to adipose tissue but also molecules taken up by adipose

tissues that are known to be secreted from other tissues, such as cytokines and

acute-phase proteins. Most of adipokines that were initially discovered and consid-

ered as adipose specific were then found to be secreted by other tissues such as

skeletal muscle and are now classified as myokines. Both adipokines and myokines

play major roles in exchanging information between skeletal muscle fibres and

adipocytes in the framework of an endocrine cross talk (Trayhurn et al. 2011).

Recently, a computational prediction of the large-scale secretome of adipose tissues

and muscles in ruminant was achieved by applying algorithms to 24 publications

reporting transcriptomics or proteomics results from bovine, ovine and caprine

species and eight transcriptomics dataset series. In this way, 1749 proteins were

proposed as secreted both by adipose tissues and muscles, and 188 and 357 proteins

were predicted to be secreted either by adipose tissues or muscles, respectively

(Bonnet et al. 2016).

As a consequence of the cell diversity in adipose tissue, during human obesity,

macrophages forming a part of the stromal vascular fraction infiltrate adipose tissue

Fig. 4 The complexity of AT and physiological functions of adipokines. Beside adipocytes,

adipose tissue also contains preadipocytes; fibroblasts and connective tissues; vascular endothelial

cells, providing the capillary network; myocytes; and muscle cells and macrophages that increase

when adipose tissue becomes inflamed. In this figure, some of the proteins that are produced by

AT, and that can be found in the circulation, the so-called adipokines, are also presented. Some of

their main activities are also briefly summarized. FGF21 fibroblast growth factor 21, IL-6
interleukin 6, MCP1 monocyte chemoattractant protein 1, PAI1 plasminogen activator inhibitor

1, TNF-α tumour necrosis factor alpha and PEDF pigment epithelium-derived factor. We thank

Mrs Helen Arino for drawing the figure
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in increasing numbers, providing important contribution to the secretory function of

adipose tissue, in particular for inflammatory cytokines, such as TNF-α and IL-6

(Weisber et al. 2003). The increase in circulating levels of pro-inflammatory

macrophage-derived factors during obesity induces a chronic low-grade inflamma-

tory state leading to the development of insulin resistance and diabetes (Xu et al.

2003). It must be said that immune cells were hardly detectable in both visceral and

subcutaneous adipose tissue in dairy cattle. Therefore, macrophages might not be

involved in the immunity and metabolism of adipose tissue in nonobese lactating

animals (Akter et al. 2012). In the previously described study on goat adipose tissue

proteomics (Restelli et al. 2014), it was demonstrated that goat adipose tissue

contains 51 proteins that are related to inflammatory and immune responses. The

list of these proteins includes acute-phase proteins, such as C-reactive protein,

ceruloplasmin and alpha-1-acid glycoprotein and galactoside-binding proteins

(LGALS), such as beta-galactoside-binding lectin precursor and galactoside

3. LGALS act as agonists of platelet activation and are pro-apoptotic for immune

cells, activate and increase the adhesion of neutrophil and are chemotactic for

monocytes (Table 1). Whether these proteins are produced within adipose tissue

or are present in adipose tissue because of their uptake from the blood remains to be

investigated in ruminants.

4 When Things Turn Wrong: Adipose Tissue in Dairy

Animals and Metabolic Imbalance Syndrome

Hepatic lipidosis (also known as “fatty liver disease” or “fat cow syndrome”) is a

common production problem of dairy cows occurring during the critical physio-

logic transition from pregnancy to lactation (Bobe et al. 2004; Hammon et al.

Table 1 Proteins identified as related to intramuscular fat deposition in at least two studies from

five, in which strong differences in marbling resulted from age (Kim et al. 20091; Zhang et al. 20102),

breed (Keady et al. 20133) or marbling score at 24 (Shen et al. 20124) or 30 (Mao et al. 20165)

months of age in bovine

Gene names Positive or negative correlations between protein abundance and marbling

CA2 Negative2,4,5

MYL1 Negative3,4 and positive1

HSPB1 Negative5 and positive2,3

TPI1 Negative1,5 and positive4

CAPZA2 Positive3,4

MYLPF Negative3,5

MYL3 Negative2,5

PYGM Negative5 and positive3

PGK1 Negative5 and positive4

Superscripts refer to the publications as defined in the table caption
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2009). During recent decades, the genetic selection carried out on dairy cows was

directed toward an increase of milk production. The result was positive, since milk

production reached performance peaks unthinkable even a few years ago. This

major gain did not come without serious consequences for cow health. The exces-

sive demand for nutrients frequently ends up in a severe energetic deficit at the

beginning of lactation (Mulligan and Doherty 2008; Hammon et al. 2009). The

severity of this effect is increased by the need of nutrients for the foetus that is

growing exponentially and the fact that feed intake does not equally increase.

Animals affected by this major energy deficiency try to counteract by developing

insulin resistance (IR) to spare glucose for the foetus (Bauman and Currie 1980) and

rapidly mobilizing fat depots, in the attempt of providing nonesterified fatty acids

(NEFA) as an energy source. Triacylglycerols are released from hepatocytes as part

of lipoproteins, mostly very low-density lipoproteins (VLDL). In ruminants, the

secretion of VLDL from the liver is limited as compared with other species.

Consequently, the hepatic uptake of NEFA and storage in the form of

triacylglycerols exceed their elimination. The storage of excess lipids in hepato-

cytes leads to liver damage and depressed liver functions (Geelen and Wensing

2006). A morphologic change in liver tissue occurs, characterized by the accumu-

lation of lipid vacuoles within hepatocytes. This metabolic change is called hepatic

lipidosis or liver fatty change (Cebra et al. 1997; Imhalsy et al. 2014). Considering

this dual role of regulating energy storage by storing and releasing fatty acids, and

acting as a major endocrine capable of influencing metabolism by secreting and

regulating hormones and adipokines (Kershaw and Flier 2004), adipose tissue

metabolism plays an essential role in the development of metabolism syndrome

in transition dairy cows. Adipose tissue reacts to the increase of energy demand by

increasing lipolysis and by regulating the development of major metabolic changes

including, among the other, insulin resistance or sensitivity (Bell and Bauman

1997; Rabe et al. 2008; Loor et al. 2013).

A recent study determined the proteome of transition cow adipose tissue focus-

ing on the relationship between insulin sensitivity (IS) and resistance (IR) of

subcutaneous adipose tissue (Zachut 2015). The results showed that a number of

143 proteins out of 586 were differentially abundant in prepartum versus postpar-

tum adipose tissue. The lipid metabolism-related functions that were significantly

changed postpartum compared with prepartum include fatty acid metabolism, the

esterification of lipids and oxidation of fatty acids. The proteins whose abundance

was decreased in postpartum included fatty acid synthase, complement C3, annexin

A1 and acyl-CoA desaturase. Finally, the study also addressed proteomic differ-

ences between IR and IS adipose tissues. Out of 586 proteins, 111 were differen-

tially abundant between IS and IR cows. Most of them (a number of 106) were

increased in IR versus IS adipose, whereas only five were decreased. As expected,

the most relevant pathways differentially activated between IR and IS adipose

tissue included energy-related pathways, such as gluconeogenesis and glycolysis,

14�3�3-mediated signalling, TCA cycle and ERK/MAPK signalling. The most

relevant function in IR as compared to IS adipose tissue was inflammatory

response, such as leukocyte migration and proliferation of T lymphocytes,
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confirming the relationship between adipose tissue IR and proteins related to

inflammation, and organization of actin cytoskeleton.

5 The Marbling Issue: Adipose Tissue in Beef

Understanding muscular adipogenesis and identifying a protein profile associated

with intramuscular fat deposition also termed marbling are prerequisites to develop

strategies to manipulate marbling in cow and pig in an effort to produce even

healthier and tastier meat products for consumers. In order to provide the molecular

basis of marbling and to identify biomarkers to predict the animal’s ability to

deposit intramuscular fat, proteomics of fat accumulation was assayed in the bovine

species in five proteomic investigations mainly through 2DE followed by MS/MS

analysis. The proteome of longissimus lumborum or longissimus dorsiwas explored
in steers, mainly of Asian breeds, showing strong differences in marbling as the

result of age (Zhang et al. 2010; Kim et al. 2009), breed (Keady et al. 2013) or

marbling score at 24 (Shen et al. 2012) or 30 (Mao et al. 2016) months of age that

are among the major drivers of individual variations in the intramuscular fat

percentage (Shingfield et al. 2013).

By merging results from these five studies, 50 unique proteins were proposed to

be involved in the deposition of intramuscular fat content that are informative of the

molecular basis and of the major molecular pathways involved. Among them four

(Zhang et al. 2010) and seven (Kim et al. 2009) proteins were found to be related to

a high intramuscular fat deposition induced by an increase in age of Korean steers.

These proteins were heat shock protein beta 1 (HSPB1, upregulated), ATP synthase

D chain mitochondria (ATP5H), carbonic anhydrase II (CA2), myosin light chain

3, slow-twitch muscle [MYL3, all downregulated (Zhang et al. 2010)], as well as

myosin light chain 1, slow-twitch muscle A isoform (MYL1), thioredoxin-

dependent peroxide reductase (PRDX3, both upregulated), actin, aortic smooth

muscle (ACTA2), actin, cytoplasmic 1 (ACTB), succinate dehydrogenase [ubiqui-

none] flavoprotein subunit (SDHA), triosephosphate isomerase (TPI1) and zinc

finger protein 323 [ZSCAN31, downregulated (Kim et al. 2009)]. These proteins

are mainly involved in glycolysis/gluconeogenesis (TPI1), the oxidation of glucose

and fatty acids (ATP5H) and the regulation of muscle contraction (MYL3, MYL1,

ACTA2). Additionally, the most enriched GO terms provided by ProteINSIDE

(Kaspric et al. 2015) for these 11 proteins are “muscle filament sliding” (MYL1

MYL3), “muscle contraction” (MYL1 ACTA2), “vascular endothelial growth

factor receptor signalling pathway” (ACTB HSPB1) and “negative regulation of

apoptotic process” (HSPB1 PRDX3).

Differential abundances of 7 and 28 proteins were found to be related to

divergent marbling scores, in Xiangxi yellow � Angus cattle steers (Mao et al.

2016) and in Hanwoo cattles (Shen et al. 2012), respectively, three of them being

reported in both breeds. The abundance of carbonic anhydrase II (CA2) was

reported to be negatively related to marbling score in both breeds. However,
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negative relations were reported between the abundances of triosephosphate isom-

erase (TPI1), phosphoglycerate kinase 1(PGK1) and the intramuscular fat content

in the Xiangxi yellow � Angus cattle steers, while a positive relation was reported

in Hanwoo cattle.

Differential abundances of 17 proteins were found to be related to divergent

intramuscular fat content in the muscle of Belgian Blue � Holstein Friesian

compared to Aberdeen Angus � Holstein Friesian (Keady et al. 2013). The top

canonical pathways identified by the authors were glycolysis/gluconeogenesis

(glycogen phosphorylase (PYGM), phosphoglycerate mutase 2 (PGAM2) and

aldolase A (ALDOA) as greater in abundance in highly marbled Aberdeen

Angus), the citric cycle (aconitase 2 (ACO2) and 2-oxoglutarate dehydrogenase

(OGDH) as greater in abundance in highly marbled Aberdeen Angus), the protein

kinase A signalling pathway (myosin light chain 1 (MYL1), myosin light chain,

phosphorylatable (MYLPF), PYGM and troponin I (TNNI2) differing in abundance

across breed), and the pentose phosphate pathway [with ALDOA greater and

phosphoglucomutase (PGM1) decreased in abundance in Aberdeen Angus com-

pared to Aberdeen Angus].

Altogether these data highlight that the main pathways related to intramuscular

fat deposition in beef are metabolic pathways related to glucose, oxidative path-

ways, the molecular features of muscle fibres (and thus of muscle type) and

pathways related to apoptosis. Some of them could be related to previous observa-

tions that glucose rather than acetate is a major precursor for lipogenesis, and hence

fat accumulation, within intramuscular adipocytes (Smith and Crouse 1984) or to

the repeatedly observed higher marbling in skeletal muscle of type I than II (Bonnet

et al. 2007).

Of these 50 unique proteins, only 9 were related to intramuscular fat deposition

in at least two publications and thus could be potential robust biomarkers to predict

meat marbling (Fig. 3 and Table 1). The proteins HSPB1, MYL1, CA2 and TPI1

were declared as differentially abundant according to the intramuscular fat deposi-

tion in three studies. Of these, CA2 was always reported to be lower in abundance in

muscle with high intramuscular fat content. The proteins CAPZA2, MYLPF,

PYGM, MYL3 and PGK1 were declared differentially abundant according to the

intramuscular fat deposition in two publications. Among them, CAPZA was always

reported to be higher in abundance in muscle with high intramuscular fat content,

while MYLPF and MYL3 were reported to be lower (Table 1). The abundance of

HSPB1, MYL1, TPI1, PYGM and PGK1 was reported to have a positive or

negative relation with marbling depending on studies. The apparent inconsistencies

of these results may be explained by an increase in some pathways related to

lipogenic capabilities in adipocytes of small volume that are then decreased in

large adipocytes, as already observed for proteins involved in lipid synthesis

(Bonnet et al. 2007; Romao et al. 2014). A variation in the abundances of

HSPB1, MYL1, TPI1, PYGM and PGK1 may partially explain the result of

differences depending on breed, age, nutrition and not only of marbling. To sum

up, CA2, CAPZA, MYLPF and MYL3 may be proposed as robust biomarkers of
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marbling in beef since their abundances were related to intramuscular fat deposition

regardless of breed, age or level of marbling.

This literature review lastly shows that proteins related to marbling (Zhang et al.

2010; Kim et al. 2009; Keady et al. 2013; Shen et al. 2012; Mao et al. 2016) are

different than those related to back fat thicknesses (Charolaise � Red Angus and

Hereford � Angus; Zhao et al. 2010) in steers.

6 Adipose Tissue in Pigs

The pig is a major source of meat for human consumption. Knowledge of the

biochemical mechanisms and understanding the biological significance of adipose

tissue development in pigs are important for optimal growth efficiency and meat

quality. A specific issue of porcine production is the processed meat products. The

dynamic of lean and fat growth is of fundamental importance to improve the

production of differentiated end products through breeding and feeding strategies.

As an example, optimal adipogenesis requirement is different if the final product is

fresh versus processed meat products, such as the production of regional and

traditionally cured and dried high-value products, like Parma and Serrano ham

(Candek-Potokar and Skrlep 2012). Meanwhile, with the background that swine

physiology, genomics and nutritional requirements are very similar to that of

humans, the pig has become an increasingly important animal model for human

metabolic diseases and obesity (De Almeida and Bendixen 2012; Ceciliani et al.

2014). Despite these various interests, proteomic experiments to understand

adipogenesis at the protein level in pig are still very limited, as compared to the

information made available from genome-wide association, targeted candidate

genes and large-scale transcriptomic studies (Cánovas et al. 2010; Ramayo-Caldas

et al. 2012; Corominas et al. 2013; Puig-Oliveras et al. 2014; Xing et al. 2015, 2016;

Shen et al. 2015; Ros-Freixedes et al. 2016; Zhang et al. 2016). Proteome research

has mainly been focused on mapping the muscle proteome with postmortem

modifications driving the transformation of muscle to meat, such as meat tender-

ness, postmortem proteolysis (Pioselli et al. 2011; Mora et al. 2015; Gallego et al.

2016), phosphoproteomics (Huang et al. 2014), water holding capacity (Di Luca

et al. 2013, 2016) and meat colour traits (Lomiwes et al. 2014). Very few studies

have been carried out on the pig adipose tissue proteome. The available proteomics

were carried out in muscle with the aim to identify protein and pathways related to

intramuscular fat deposition and in subcutaneous adipose tissue to identify path-

ways related to body adiposity.

Although intramuscular fat content is an important determinant of meat quality,

the information related to deposition of intramuscular fat at protein and proteome

levels is scarce. Differences between high and low ability for fat deposition in

longissimus dorsi muscle from commercial crosses originating from Pietrain and an

industrial cross originating from Duroc, Hampshire and Large White founders were

identified in comparative study including both transcriptome and proteome profiles
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(Liu et al. 2009). Differences for marbling were correlated to transcriptome and

proteome profiles, and 40 muscular genes were identified as differently expressed

between high-fat and low-fat groups, either at the mRNA level (29) or encoding

proteins (12). Among them, only GSTP1 was found differently abundant at both the

mRNA and protein levels. Gene ontology analysis indicated that differentially

expressed genes were involved in metabolic processing, cell communication,

binding and response to stimulus. The results of this study suggest that

interindividual variability in intramuscular fat content might arise essentially

from differences in early muscular adipogenesis that may have modified either

the volume or the number of intramuscular adipocytes. A recent investigation,

pairing transcriptomics with proteomics, identified several genes and proteins

involved in fatty acid metabolism and intramuscular fat deposition (Yang et al.

2016). A total of 23 differentially expressed proteins were identified, several of

which were potentially associated with fatty acid metabolism. In particular, adipo-

cyte fatty acid-binding protein A, alpha-enolase isoform X1 and beta-enolase

isoform X1 were more abundantly found in Chinese indigenous Shaziling pig, a

fat-type line with high intramuscular fat (IMF), as compared with the Yorkshire

breed, which has a leaner meat ratio. By identifying differences in breed-related

protein and transcript abundance patterns between the two breeds, these data

provide insights into the mechanisms of growth and development of porcine

skeletal muscle and how it might influence the IMF deposition.

The main adipose tissue studied in pig was the subcutaneous. Indeed, as com-

pared to cattle which has a major deposition of fat within visceral and intermuscular

adipose tissues, pigs deposit fat mostly within subcutaneous adipose tissue. An

excessive growth of subcutaneous adipose tissue decreases the gain production of

pig. A characterization of subcutaneous adipose tissue proteomes of young piglets

was carried out focusing on the metabolic control and acute-phase response asso-

ciated with adipogenesis in lean (Large White) as compared to fat (Basque) breeds

(Gondret et al. 2012). Mass spectrometry and MS/MS analyses identified 65 pro-

teins, 57 of which were significantly different between subcutaneous adipose

tissues from Basque and Large White pigs, and 12 others were expressed with

different abundance. The authors demonstrated that several metabolic pathways are

differentially expressed in the lean versus fat breeds including, most significantly,

the pentose-phosphate pathway, with aldolase C, glucose-6-phosphate dehydroge-

nase and ribose 5-phosphate isomerase A; the citrate cycle with pyruvate carbox-

ylase, dihydrolipoyl dehydrogenase and aconitase; and the pyruvate metabolism

with aldolase C and dihydrolipoyl dehydrogenase; again, malic enzyme; and

pyruvate carboxylase proteins. The most significant biological function affected

includes lipid metabolism, which was increased in Basque breed as compared to

Large White lean one. Carboxylesterase 1 was more abundant in adipose tissue of

Basque breed, suggesting an increased activity of triacylglycerol synthesis and

degradation aimed to protect cells against fat overload. Adipose tissue of Basque

piglets also showed an increased abundance of inflammatory-related proteins,

suggesting a low-grade inflammation in “fat” pigs, probably induced by an

increased oxidative stress related to adipocyte differentiation. This effect closely
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resembles human obesity and inflammatory metabolic syndrome status. The

increased abundance of selenium-binding protein, which has ROS scavenging

properties, also confirms the need of quenching ROS aiming to protect tissues

from oxidative damages. To understand the impact of maternal nutrition on prenatal

and offspring metabolism and body adiposity, the proteomes of subcutaneous

adipose tissues in piglets born from sows fed on either low, high or normal protein

diets were determined. The 2D proteome profiles between the three groups were

different (Sarr et al. 2010, 2012). In details, proteins related to fatty acid metabo-

lism and lipid transport were upregulated in piglets born from sows fed on low

protein diets. Analogue transcriptome studies have confirmed that foetal program-

ming indeed affects adiposity of pigs (Oster et al. 2011, 2012). Besides increasing

our knowledge about the relationship between maternal nutrition and offspring

adipose tissue development in human nutrition, these two studies also provide

important information that might be implemented in improving rearing and possi-

bly driving the practices affecting the partitioning of fat between subcutaneous and

intramuscular adipose tissues.

7 Adipose Tissue in Other Species: Fish and Poultry

7.1 Adipose Tissue Proteomics in Broiler Production

Adipose tissue is regarded as a negative trait in poultry science, although it must be

said that genetic pressure for rapid growth had also an increase of fat deposition as

side effects (Nones et al. 2006). Proteomic analysis was carried out to obtain

insights into the molecular basis of fat deposition in broiler combining 2D electro-

phoresis with identification by MALDI-TOF (Wang et al. 2009). Approximately

1000 protein spots were identified in adipose tissue, of which 15 proteins were

shown to be differentially expressed between lean and fat chickens, most of them

being involved in lipid metabolism, including adipocyte FABP, apolipoprotein A-I

and acyl-coenzyme A dehydrogenase, and oxidative stress, such as HSP 27, which

was downregulated, and glutathione-S-transferase-α and S-transferase-β, which
were upregulated. Furthermore, members of cytoskeleton family were differentially

abundant, underlying a different cytoskeleton rearrangement. These results were

partially confirmed by a recent study that investigated the differences in abdominal

adipose tissue proteomes between broiler lines divergently selected for abdominal

fat content (NEAULF breed) (Wu et al. 2016). Thirteen proteins were found to be

differentially expressed between lean and fat lines. In particular, the expression of

abdominal adipose tissue Apo A-I, PPIase FKBP4 and cytokeratin otokeratin was

found significantly higher in lean birds as compared with fat birds. These proteins

are mainly involved in lipid metabolism, amino acid metabolism, signal transduc-

tion, energy conversion and antioxidant and cytoskeleton as well as in adipose

tissue metabolism.
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7.2 Fish Adipose Tissue Proteomics

Lipids are the main source of energy for fish (Weil et al. 2013). Adipose tissue is

distributed in fat mainly located around the digestive tract in the abdominal cavity

(visceral fat). The percentage of fat in fish may be very high (up to 25% of the body

weight). Located on the ventral and dorsal area of the fish is the subcutaneous fat,

which is located around the body of the fish, prominently in dorsal and ventral

zones. The quality of carcass is dependent on the distribution of adipose tissue

between subcutaneous and perivisceral depots, given that adipocytes are also

located in muscle myosepta, a connective tissue membrane separating muscle

sheets.

Only two proteomics studies have been carried out on fish adipose tissue, both of

them on rainbow trout (Oncorhynchus mykiss). Weil et al. (2009) carried out an

in vitro investigation on isolated and cultured adipocytes from subcutaneous (dorsal

and ventral) and visceral fat depots. The study investigated the differentiated

adipocytes from preadipocytes, while other cells that normally compose the adipose

tissue depots, such as connective tissues, endothelial cells or blood cells, were

excluded. Proteins were separated by means of 2D electrophoresis, and MALDI-

TOF identified nine differentially abundant spots depending on differentiation

stage. Of these proteins, beta actin and albumin were associated with visceral

adipose tissue, whereas annexin, ATP synthase subunit-β, serum deprivation

response protein and heart fatty acid-binding protein (H-FABP) were found to be

more abundant in subcutaneous AT. The authors found no differences between

adipocytes isolated from visceral and subcutaneous adipose tissue, although the

amount of protein expressed was different for some of them. Besides proteins

related to cell cultivation procedures, such as bovine serum albumin or serum

deprivation response protein, the authors identified actin as the more abundant

protein in visceral-derived adipocytes. Actin is involved in cytoskeleton structure,

and it was found to be overexpressed during adipogenesis of intramuscular bovine

adipocytes (Takenouchi et al. 2004) and is involved in cytoskeletal rearrangement

as well. ATP synthase, annexin and H-FABP were found to be more abundant in

subcutaneous adipocytes, suggesting that this depot is more metabolically active

than visceral ones, which is in contrast with results so far demonstrated for

mammalian species. The investigation was integrated with histological parameters,

such as adipocyte cell diameter determination, presenting the evidence that the

diameter of adipocytes derived from visceral AT was higher as compared to those

derived from subcutaneous adipose tissue. A study on transcriptomics and proteo-

mics rainbow trout liver focusing on the differences in fat allocation between

visceral and muscle AT was carried out after feeding with high- and low-energy

diets (Kolditz et al. 2008). The authors sorted the animals in two groups differing

for adipose tissue anatomical distribution, namely, those with mainly visceral

adipose tissue (lean muscle line) and mainly muscle adipose tissue (fat muscle

line). H-FABP was upregulated in the fat muscle cell line when compared with the

lean muscle cell line, confirming its importance in fish adipose metabolism.
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GAPDH was upregulated as well, whereas apolipoprotein A-1, which is usually

overexpressed in adipose tissue, was on the contrary downregulated in the liver.

8 Conclusions: New Insights into the New Knowledge

Contributed by System Biology Approach to Better

Understanding of Adipose Tissue in Farm Animals

Postgenomic applications in veterinary medicine, including transcriptomics, prote-

omics and metabolomics, are increasing exponentially. The number of omics

studies carried out in farm animals pales if compared to those carried out in humans

and a true system biology approach to the impact of omics in livestock are far from

being fully implemented. Animal proteomics is further lagging behind those in

human biology (Almeida et al. 2015). Before the full development of the “omics”

revolution, the knowledge of the physiological bases of adipose tissue development

and IMF deposition was obtained through independent analysis of the activity of

each single protein. The study of adipose tissue carried out using proteomic

approaches, in particular when applied together with a system biology approach,

including also transcriptomics and metabolomics, provides an integrated network

of the single elements, the knowledge of which provides, in turn, greater informa-

tion than the sum of individual parts. Transcriptomics and proteomics are an

evident leap forward in our understanding of basic biology of adipose tissue,

integrating the information necessary to link, for example, adipose tissue and

metabolic stress in dairy cows or optimal IMF deposition in cows and pigs. This

information might be readily implemented into the field, on the basis that adipose

tissue metabolism may be modified by changing fatty acid content through diet.

Omics technologies remain quite expensive, proteomics even more. Yet, technol-

ogy moves rapidly forward and the costs for omics application are constantly

dropping. The goal of a $1000 genome has been almost reached, and it is expected

that further drops in omic experiment costs will result in an exponential increase of

proteomic studies as well.
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Proteomics and Mammary Gland Research

in Dairy Species

André M. de Almeida and Peter David Eckersall

Abstract Proteomics has over the last decade become a technology that has been

used more and more frequently in the study of mammary gland function in health

and disease. There is now considerable evidence that the potential of this advanced

analytical technology is broadly applied in mammary research and biology and

starting to fulfil its potential. Proteomics has widely been used for several purposes.

The first studies refer to the characterization of the mammary gland proteome, an

objective achieved in the most important dairy species, cow and goat. Proteomics

was also used to address the effects of genotype on the mammary gland proteome

by contrasting, for instance, different breeds of cattle. Surprisingly, in bovines,

proteomics has had limited use when comparing different nutritional levels. Prote-

omics has also been widely used as a tool to characterize the lactation cycle in cattle

with studies related to morphology and milk secretion, among others.

Mastitis is the economically most important disease of dairy cows, and there has

been substantial proteomics-based investigation of the change following infection.

Both Gram-positive and Gram-negative organisms cause mastitis and milk from

udders infected with either species causing substantial change to the milk proteome.

High abundance milk protein such as caseins, β-lactoglobin and α-lactalbumin are

reduced, while others such as albumin and IgG are increased. Recent advances in

proteomic analysis of milk from dairy cows with mastitis have allowed over

290 milk proteins to be identified as they change in concentration following

infection. Consistent results across a number of varied investigations have shown

that proteins such as haptoglobin, cathelicidins and peptidoglycan recognition

protein are among the most up-regulated components in milk during this disease,

while fatty acid binding protein was consistently down-regulated.
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Proteomics has been extensively used in other species including dairy goats,

buffalo or yaks and will likely increase in the near future, expanding, for instance,

to wild mammal species. Finally, quantitative proteomics in particular is at the cusp

of providing substantially greater insight into mammary gland metabolism and

phenotypic alterations in the physiology of lactation and in disease processes.

Keywords Proteomics • Mammary gland • Dairy species • Mastitis

List of Abbreviations

1D One dimension

2D Two dimension

2DE Two-dimensional electrophoresis

DIGE Differential in-gel electrophoresis

ESI Electrospray ionization

iTRAQ Isobaric tag for relative and absolute quantitation

RPLC Reversed phase liquid chromatography

LC Liquid chromatography

MALDI TOF/TOF Matrix assisted desorption ionization-time of flight

MS Mass spectrometry

NMR Nucleic magnetic resonance

QConCAT Concatenated peptides

SCC Somatic cell count

TLC Teat canal lining

1 Introduction

The production of milk and dairy products such as butter, cream or yoghurt is one of

the most important agricultural sectors worldwide. In 2013, the world milk pro-

duction was estimated by the FAO1—Food and Agriculture Organization of the

United Nations—to be approximately 770 billion tonnes, the majority being bovine

(Bos taurus and Bos indicus) milk (83%). Other dairy species are the domestic

water buffalo (Bubalus bubalis), goat (Capra hircus), sheep (Ovis aries) and camel

(Camelus dromedarius) with, respectively, 13%, 2%, 1% and 0.3% of the world’s
fresh milk production. Milk production trends vary enormously from country to

country and region to region as does the relative importance of each dairy species

previously mentioned. As in all mammals, a very complex organ, the mammary

gland, produces milk.

The mammary gland is in fact a modified sudoriferous gland that produces

colostrum and milk for the nourishment of the newborn (Frandson et al. 2009). In

1http://faostat3.fao.org/download/Q/QL/E (accessed Oct 2016).
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ruminants, mammary gland(s) are located in an udder. Udders are very complex

organs with different types of cells with various roles according to their function.

The udder is made up of a supportive system, an epithelial cell-based secretory

system and a duct system, in addition to blood, lymph and nerve systems. The

number of mammary glands varies from species to species with cows having four

separate mammary glands and small ruminants having only two. The mammary

gland secretes colostrum and milk and undergoes a complex and several-month-

long lactation cycle with important alterations in size and function. The anatomical,

physiological and hormonal aspects that govern colostrum and milk production in

ruminants throughout such a complex lactation cycle have been extensively studied

over the last few decades. Striking differences may be found in mammary gland

physiology, morphology and function according to species (e.g. bovine vs. small

ruminant and sheep vs. goat), breed (e.g. beef breeds vs. dairy breeds), stage of the

lactation cycle (e.g. early vs. late lactation), nutritional status (e.g. over-conditioned

vs. under-conditioned cows) or the presence of mastitis-causing microorganisms.

The last two decades have witnessed a gradual increase in the importance of the

so-called post-genomics tools to the study of numerous aspects of farm animal

biology, production and health (Eckersall et al. 2012; Almeida et al. 2015). Such

tools include different fields like transcriptomics, metabolomics and proteomics

and are usually integrated in a systems biology approach that confers a global multi-

omics overview of the study subject contributing to an in-depth knowledge and

understanding of the multitude of different factors at the molecular level.

This chapter has the objective of reporting on the applications and main achieve-

ments of proteomics in the context of mammary gland studies in dairy species. The

chapter is divided into five different sections. Each is dedicated to a specific aspect of

mammary gland research. After this brief introduction, the first section concerns

efforts made to characterize the mammary gland proteome. A second section is about

the effects of genotype and nutrition on the mammary gland proteome. The third

section discusses changes in the bovine mammary gland proteome according to the

different stages of the lactation cycle, and the fourth section is focused on the

importance of proteomics to the study of mammary gland health, particularly the

occurrence of mastitis. In a fifth section, we provide an emphasis to proteomic studies

conducted on dairy species other than cattle. Finally, we end the chapter with a

section on the major conclusions and future trends related to the use of proteomics to

the study of mammary gland physiology and health.

2 Characterization of the Bovine Mammary Gland

Proteome

Proteomic studies are dependent on how well the proteomes can be separated and

individual protein abundance determined. These in turn depend on the existence of

databases (public or private) that are crucial for the determination of protein abun-

dance and identification (Soares et al. 2012). Accordingly, in less studied tissues,
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organs and organisms, the first studies to be undertaken involved the characterization

of the proteome. Such proteome mappings had the initial idea of locating protein

spots in a 2D gel, typically identifying a few hundred proteins, but as proteomics

technology evolved, rapidly moved to large datasets with thousands of proteins

listed. Having numerous entries on protein databases and later being a sequenced

organism, the Bos taurus species always had a quite high number of proteins

identified in proteomics experiments. As such, it is not surprising that, to the best

of our knowledge, no comprehensive 2DE map was ever created in cattle for the

mammary gland, as the majority of the studies were about differential expression

(e.g. Zhao et al. 2015) and focused primarily on the identification of proteins with

differential abundance. The first large-scale characterization of the bovine mammary

gland (and milk) proteomes was reported by Bislev et al. (2012a). In this publication,

the authors present the “Bovine PeptideAtlas” which was essentially a first collection

of several Bos taurus proteome datasets of different origins. The rationale behind this

work was to build a source of information for proteomics-based milk production and

mammary gland health studies. It has a very high potential and can be effectively

used also for other dairy and animal science communities. The atlas comprised a total

of 1921 proteins and 8559 distinct peptides.

Specific cell proteomes within the bovine mammary gland have also been

characterized in recent years. Janjanam and colleagues (Janjanam et al. 2013)

working with Bos indicus have characterized the proteome of mammary epithelial

cells (milk-secreting cuboidal cells located in the innermost layer of alveoli) and

investigated their role on lactation. Using a 2DE MALDI-TOF/TOF MS- and

1D-Gel-LC-MS/MS-based approach and mammary epithelial cells isolated from

milk using immunomagnetic beads, the authors were able to identify almost

500 different proteins in a total of 28 different pathways that were described as

involved in the lactation function. Furthermore, the study also contributed to the

annotation of the bovine genome. In 2015, Smolenski and co-workers (2015)

studied the proteome of the bovine teat canal lining (TCL). This structure provides

the first line of defence against pathogenic bacteria infecting the mammary gland.

The authors used 2DE, Western blotting and fluorescence immunohistochemistry to

identify the abundance and location of selected proteins in this structure. The

authors identified two dominant clusters of proteins that included proteins in the

keratin and S100 families and determined their location in the teat canal

keratinocytes and the cornified outermost layer of the teat canal epithelium. Sig-

nificant between-animal variation in the abundance of the S100 proteins in the TCL

was demonstrated. An additional function for some of these proteins (antimicrobial

activity) reinforced the role of the structure in the context of udder health.

Proteome characterization has also been focused on specific organelles and cell

structures. Peng and co-workers (2008) carried out a proteomic analysis of mam-

mary tissue microsomes from lactating bovine mammary tissue using

one-dimensional SDS-PAGE with RPLC-ESI-MS/MS. The authors identified

over 700 proteins that were classified according to their subcellular localizations

and biological functions, with a particular emphasis on lipid metabolism. Yan and

co-workers (2015) investigated the proteome map of plasma membrane fractions of
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mammary gland in lactating cows using 1D-Gel-LC-MS/MS. The authors identified

almost 900 non-redundant proteins with 16% having an undetermined or unknown

function and with 215 specifically associated with the plasma membrane. Molec-

ular roles included binding, transport and catalytic proteins.

The above-mentioned studies reflect the different types of tissues and a multi-

tude of functions that contribute to the highly complex nature of the mammary

gland. Research focus seems to be directed more and more at very specific aspects

within the organ: cells and structures or even organelles and not to the whole organ.

It is likely that in the coming years, other proteomes, within the different structures

of the mammary gland, will be characterized. These studies will be the basis of

proteomic research on the functionality of the mammary gland in animals subjected

to different production or sanitary conditions, such as different feeding strategies or

the occurrence of mastitis, to name but a few examples.

3 The Bovine Mammary Gland Proteome: Effects

of Genotype and Nutrition

Genotype and nutrition are the two most important factors conditioning the success

of a dairy operation. In the majority of the Western countries, bovine milk produc-

tion is based on one breed, the Holstein-Friesland, which has been selected for high

yields and that, accordingly, has to be fed on high-energy rations for the system to

be profitable. Nevertheless, systems that are more extensive can also be

implemented using natural pastures and lower yield animals or breeds such as the

Ayrshire or the Jersey cows. With such a context, it is not surprising that the

majority of the bovine mammary gland proteomics literature is focused on the

Holstein breed. In fact and to the best of our knowledge, no study has ever been

conducted to compare the Holstein mammary gland to that of other bovine breeds.

Nevertheless, such comparisons were made for the milk proteome (Murgiano et al.

2009) and for the liver (Timperio et al. 2009) of Holstein versus the Italian beef

breed Chianina, in a study that aimed essentially at investigating differences

between dairy and beef breeds. More recently similar comparisons have also been

made by contrasting the milk proteome of Holstein and Jersey cows (Tacoma et al.

2016) and in the milk proteome of cows with the DGAT1 K232A (diglyceride O-
acyltransferase 1) genotype (Lu et al. 2015). Given the differences between the milk

proteomes of these breeds, it is likely that in the near future these comparisons will

be extended to the mammary gland or to specific tissues (e.g. secretory tissue) or

organelles. It would be particularly interesting to contrast the mammary gland

proteome of different breeds of cattle that have been selected for different milk

yields and milk composition.

Only one paper was found on the subject of nutritional effects. Daniels and

co-workers (2006) used a proteomic approach to characterize the effects of

peripubertal feeding on the heifer mammary (parenchymal tissue) development.
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Using an approach based on 2DE, the authors were able to detect 820 different

spots of which 131 had differential abundance according to diet (restricted

vs. elevated) and 108 were influenced by body weight. This study reveals the

importance of nutrition on the protein profiles of the mammary gland in heifers

and clearly suggests the pertinence of similar studies in animals subjected to

different feeding systems. It would be interesting, for instance, to compare the

mammary gland proteome of cows under intensive and pasture-based feeding

systems. Such studies, particularly if conducted together with milk proteome

studies, would be of interest to the characterization of the different feeding

systems and would highlight the effects of intensive, concentrate-based feeding

system on the udder milk production machinery. Such types of study would have

implications to animal welfare in milk production.

4 The Bovine Mammary Gland Proteome Throughout

the Lactation Cycle

A normal healthy mammary gland undergoes significant morphological and phys-

iological changes throughout the lactation cycle affecting the size and functionality

of the gland. This is a very complex process that has been extensively reviewed in

ruminants (Collier et al. 2012; Lerias et al. 2014). Proteomics has been used to

characterize several aspects of the process in dairy cows. In 2012, Rawson and

co-workers (2012) used 2D-DIGE to compare the enzyme abundances between the

liver and mammary gland of lactating Friesian cows concluding that enzymes

catalysing gluconeogenesis and β-oxidation were most prominent in the liver and

enzyme abundances in mammary tissue were consistent with fat synthesis rather

than β-oxidation. This work was essentially focused on the metabolic changes that

these two organs undergo during the lactation period, particularly the energy

metabolism.

Janjanam and co-workers (2014) also used 2D-DIGE to characterize protein

changes in mammary epithelial cells at different stages of lactation (early, peak and

late) comparing low and high yield dairy cows. The authors identified 41 proteins

that showed changes in abundance related to lactation stages. Proteins up-regulated

during late stage of lactation are associated with stress-induced signalling pathways

coinciding with the shutdown of lactopoiesis and the preparation for the dry period.

The authors also identified 22 proteins and several signalling pathways (Akt, PI3K

and p38/MAPK) that are related to higher milk yields. Examples of the first group

of proteins included, for instance, annexin 5, lamin B1 or CALR protein, whereas

the second comparison filtered out proteins such as moesin, transaldolase or

vimentin. The authors created a rather complex network analysis of the differen-

tially expressed proteins for both comparisons highlighting the complex regulation

of lactation and different yields. A similar rationale may be found in the works of

Zhang and co-workers (2015) that studied milk proteins throughout the lactation
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curve of four cows. The authors identified over 200 differentially regulated pro-

teins. Major affected pathways included lipid synthesis (fatty acid-binding protein,

perilipin-2, butyrophilin) that were found to be up-regulated, whereas proteins

related to cholesterol transport such as apolipoprotein E were down-regulated.

These changes were in accordance with the long-described changes in milk fat

yield throughout lactation, indicating the increase of de novo mammary fatty acid

synthesis as lactation advances. The authors also found a high abundance of

immune-related proteins in early lactation, which indicates a strong role of early

milk secretions in the immune system development of calves. These two works

reveal the high complementarity of milk and mammary gland proteomics and how

the analysis of organ plus secretion can contribute significantly to understanding

lactation regulation. Proteomics has also been used to characterize the changes in

mammary gland epithelial cells treated with oestrogen, given the importance of this

hormone on mammary gland development and function (Huang et al. 2012). The

authors treated bovine mammary epithelial cells with oestrogen and used 2DE and

MALDI TOF/TOF to determine the effect of this hormone on nuclear phosphory-

lated proteins. Seven proteins were identified differentially up-regulated in mam-

mary epithelial cells upon 24-h oestrogen exposure. Proteins included glycyl-tRNA

synthetase, of importance in milk protein synthesis, as well as other proteins

involved in various cellular functions, such as translation initiation factors,

GTP-binding nuclear proteins and heat shock proteins, contributing to understand-

ing the molecular mechanisms behind milk synthesis.

The above-mentioned studies made a significant contribution to understand the

changes occurring in the mammary gland during the different phases of lactation,

revealing the adaptation of the cellular machinery as well as the changes in organ

morphology and function that are inherent to lactation. They also reveal how the

whole process is related and governed by protein synthesis and the numerous and

complex changes that affect the mammary gland proteome. The selected references

mentioned above also finally highlight the importance of combining mammary

gland proteomic studies with milk proteomics in order to obtain a comprehensive

view on the lactation process and how it may be better controlled in a production

context.

5 Proteomics and Bovine Mastitis

Considering animal health and welfare and in the context of mammary gland

biology, mastitis is the most important disease being caused by the infection of

the gland by bacterial or viral pathogens and leads to substantial economic loss to

dairy farming (Hogeveen et al. 2011). During the disease process, metabolic

changes take place in the mammary gland in order to defend it against the infection

resulting in major alteration to the components of the secreted milk. Protein is the

major organic component of milk (Singh et al. 2014), and as would be expected

significant changes occur in the composition of milk proteins after the onset of
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mastitis, continuing until recovery is established. Over the last decade, there has

been increasing application of proteomics in animal sciences (Almeida et al. 2015),

and the proteins of milk have been examined by these methods in increasing depth.

This topic has been the subject of several reviews (Roncada et al. 2012; Abd

El-Salam 2014). In relation to the analysis of milk proteome, the modified compo-

sition of the total milk protein during mastitis has been one of the most explored

areas, not only to study the pathophysiology of infection on this easily accessible

biological fluid but also to identify and assess the value of protein biomarkers of

mastitis in milk. It could have a major impact on the health of dairy cows if a

biomarker for early detection of especially subclinical mastitis could be identified

and developed. It has been recognized that—among current technological advances

in mastitis detection and monitoring—proteomics has a leading role to play. The

analysis of milk protein in response to infection has accelerated over the last decade

with the application of increasingly sensitive proteomic methodology and instru-

mentation (Wheeler et al. 2012; Boehmer 2011; Duarte et al. 2015; Verma and

Ambatipudi 2016). Thus advances in proteomic technology have been mirrored by

increasingly informative investigations of milk, stretching from early investigations

where 2DE and MALDI-TOF were used to separate and identify the high abun-

dance proteins of milk (Galvani et al. 2001). Presently, the changes that take place

following mammary gland infection (Hogarth et al. 2004) represent 292 proteins

that have abundance changes at particular time points of the process (Mudaliar et al.

2016).

However, if repeatability is taken as the essence of valid results, then a combi-

nation of results from publications describing the proteome of milk from quarters

with mastitis is a valuable exercise and reveals that 66 proteins have been described

in 3 publications or more as having increased or decreased during the disease

(Table 1). This includes known changes that occur in the high abundance proteins

of milk with reductions in caseins, β-lactoglobulin and α-lactalbumin and increases

in albumin, lactoferrin and immunoglobulins. While the alteration due to infection

in these well-known milk proteins is widely accepted, it is surprising that there are

few studies in which it has been demonstrated by electrophoretic separation. In a

recent study (Thomas et al. 2016b), the reduction in concentration of these high

abundance proteins of normal, healthy milk has been demonstrated to occur 30 h

postinfection in experimentally induced Streptococcus uberis mastitis (Fig. 1);

subsequently albumin starts to increase at 36 h and lactoferrin at 57 h after

infection.

From these publications there have been consistent findings in change in lower

abundance proteins with a number being observed to increase in six or more

publications (Table 1) and which can be categorized as acute phase protein (fibrin-

ogen, haptoglobin, serum amyloid A, complement C), somatic cell-derived host

defence protein (cathelicidin 1, peptidoglycan recognition peptide, calgranulin) and

serum or tissue proteins (apolipoprotein, enolase). In contrast, of the low abundance

proteins, only fatty acid binding protein has been shown to decrease in six publi-

cations. The number of publications that report a change in concentration of a

specific protein is a relatively crude means to validate the findings as these
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Table 1 Proteins recognized as either increasing or decreasing in three or more proteomic

investigations of mastitis

Number Milk protein

Reference reporting

increase in mastitis

Reference reporting

decrease in mastitis

1 14-3-3 protein zeta chain, epsilon 2, 10, 16

2 Actin, cytoplasmic-1 2, 3, 7, 14, 16

3 Albumin 1, 2, 3, 4, 5, 6, 7,

10, 11

4 Alpha-1-acid glycoprotein 3, 7, 10, 12, 13, 16

5 Alpha-1-antitrypsin 3, 5, 6, 7

6 Alpha-2-glycoprotein 1, zinc-binding 10 6, 9, 14, 16

7 Alpha-2-macroglobulin 5, 6, 7, 10, 16

8 Alpha-lactalbumin 1, 3, 4, 6, 11, 14, 16

9 Annexin A1 2, 5, 10, 16

10 Apolipoproteins 2, 3, 4, 5, 6, 7, 10,

16

11 Bactenecin 5 (cathelicidin-2) 3, 5, 7, 9, 10, 12, 13,

16

3

12 Beta-lactoglobulin 1, 3, 4, 5, 6, 8, 11,

14, 15, 16

13 Butyrophilin subfamily 1 member A1 6, 13, 16

14 Calgranulin B (protein S100-A9) 2, 5, 7, 9, 16

15 Caseins 1, 3, 11, 13

16 Cathelicidin (general) 3, 5, 6, 9, 13, 10 3, 6

17 Cathelicidin-4 9, 13, 14

18 Cathelicidin-7 9, 10, 16

19 Chitinase-3-like protein-1 7, 6, 9, 16

20 Clusterin 5, 7, 14

21 Cofilin 1 (nonmuscle) 6, 7, 16 12

22 Complement C3 3, 5, 7, 9, 10, 14 15

23 Complement C4 3, 5, 7, 16

24 Complement component 3 5, 6, 9, 10

25 Complement factor B 6, 7, 10, 16

26 Complement factor H 6, 10, 16

27 Coronin, actin binding protein, 1A 2, 6, 10, 16

28 Cyclic dodecapeptides (cathelicidin-1) 2, 3, 4, 5, 7, 9, 10,

13, 14, 15, 16

29 Endopin 2B 5, 9

30 Endopin-1 5, 6, 9, 13

31 Enolase 1 (alpha) 2, 6, 7, 9, 13, 16

32 Fatty acid-binding protein 3, 6, 13, 14, 15, 16

33 Fetuin (α-2-HS-glycoprotein) 2, 3, 5, 6, 7, 16

35 Fibrinogen 2, 3, 4, 5, 6, 7, 9,

10, 13, 16

3

36 Gelsolin 6, 7, 16

37 Glyceraldehyde-3-phosphate dehydro-

genase (GAPDH)

2, 7, 9, 13, 16

(continued)
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Table 1 (continued)

Number Milk protein

Reference reporting

increase in mastitis

Reference reporting

decrease in mastitis

38 Glycosylation-dependent cell adhesion

molecule-1 (Glycam-1) (lactophorin)

4, 5, 8, 14 6, 16

39 Haptoglobin 5, 6, 7, 9, 10, 13, 16

40 Heat shock protein 2, 6, 10, 16

41 Hemopexin 7, 9, 10, 16

42 Histone 2, 5, 10, 16

43 Immunoglobulin heavy chain 5, 13, 14, 15

44 Immunoglobulin lambda light chain

variable region

6, 14, 15 13

45 Indolicidin (cathelicidin-4) 3, 5, 7, 10, 16

46 Inter-alpha-trypsin inhibitor heavy

chain (4 and H1)

5, 7, 10, 14, 16

47 Kininogen 1 5, 7, 10

48 Lactadherin (milk fat globule EGF

factor 8 protein)

5, 7 3, 6, 14

49 Lactoperoxidase 7, 10 6, 15, 16

50 Lactotransferrin (lactoferrin) 4, 5, 6, 9, 10, 11, 14,

16

15

51 Leukocyte elastase inhibitor (LEI)

(Serpin B1)

9, 10, 16

52 L-lactate dehydrogenase 6, 9, 16

53 Nucleobindin-1 7 6, 14, 16

54 Osteopontin 7, 10, 14

55 Peptidoglycan recognition protein 2, 4, 5, 6, 7, 9, 10,

16

56 Peroxiredoxin-5, mitochondrial 9, 10, 16

57 Plasminogen 5, 6, 7, 16

58 Platelet glycoprotein 4 10, 13, 16

59 Polymeric immunoglobulin receptor 3, 6, 15, 16

60 Profilin-1 6, 7, 16

61 Protein S100-A12 (calcium-binding

protein in amniotic fluid 1) (CAAF1)

2, 3, 9, 13, 16

62 Protein S100-A8 (calgranulin A) 7, 6, 9, 10, 13,

14, 16

63 Serotransferrin 1, 2, 3, 4, 5, 6, 7,

9, 10, 11, 14, 16

64 Serpin A3-1 10, 13, 16

65 Serum amyloid A 3 5, 6, 7, 10, 12, 13 16

66 Xanthine dehydrogenase/oxidase 7 6, 14, 16

(1) Hogarth et al. (2004), (2) Smolenski et al. (2007), (3) Boehmer et al. (2008), (4) Boehmer et al.

(2010b), (5) Danielsen et al. (2010), (6) Ibeagha-Awemu et al. (2010), (7) Boehmer et al. (2010a),

(8) Kim et al. (2011), (9) Alonso-Fauste et al. (2012), (10) Reinhardt et al. (2013), (11) Li et al.

(2014), (12) Yang et al. (2012), (13) Zhao et al. (2015), (14) Zhang et al. (2015), (15) Pongthaisong

et al. (2016), (16) Mudaliar et al. (2016)
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publications cover considerable differences in experimental technique and sensi-

tivity. Still, it does provide substantial support to the identification of molecules of

importance in the host response to the mastitis and also in identification of putative

biomarkers of the disease. Indeed these findings would validate empirically

designed investigation of mastitis biomarkers that have proposed acute phase pro-

teins such as haptoglobin (Thomas et al. 2015) or host defence proteins such as

cathelicidins (Addis et al. 2016) as markers of the disease and could be valuable

information for multiplex assay development with many target analytes, as has been

proposed (Bislev et al. 2012b).

In the early proteomic investigations of mastitis, the identification of protein

change was the aim, but as experience has been gained, the rationale for undertak-

ing studies with this advanced analytical approach has become more defined. In the

development of the proteomic analysis of milk from mastitis, electrophoresis on 2D

gels has been used to characterize the increased diversity of proteins in milk in

natural infections causing mastitis with, for example, 62 (Alonso-Fauste et al. 2012)

or 95 distinct gene products being identified (Smolenski et al. 2007). These methods

were able to show that significant proteins which increased in the presence of

mastitis are lactoferrin, cathelicidins and the acute phase proteins such as hapto-

globin and serum amyloid A. Further investigations using 2DE and MS/MS have

examined proteome changes in cows with mastitis during the transition period in

which haptoglobin, SAA and also α1 acid glycoprotein (AGP) were again recog-

nized as being increased (Yang et al. 2012). Furthermore, in naturally acquired

subclinical mastitis caused by Streptococcus agalactiae, cathelicidin-1 was highly

correlated to somatic cell count (SCC), the conventional test used to detect mastitis

(Pongthaisong et al. 2016) revealing an interesting biomarker putative role. How-

ever, increasingly non-gel-based proteomics has been used for the study of the milk

0 18 36 57 96 168  312 hours
Time post S. uberis infection

Fig. 1 One-dimensional gel showing high abundance proteins from a mammary quarter chal-

lenged with Streptococcus uberis (from left to right: size marker with band size in kDa, 0, 6,

12, 18, 24, 30, 36, 42, 48, 57, 72, 81, 96, 120, 144, 68, 192, 240 and 312 h post challenge. LF
lactoferrin, Alb albumin, Ig Immunoglobulin, CN casein, LG β-lactoglobulin, LA α-lactalbumin.

Reproduced from Thomas et al. (2016) Molecular Biosystems 12 2735–2747 with permission

from the Royal Society of Chemistry
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proteomes in mastitis, and a number of reports have focused on characterization of

the response to mastitis caused by specific bacterial infection.

Gram-positive bacteria such as Staphylococcus aureus and Streptococcus uberis
are major causative pathogens of mastitis. Proteome investigations have focused on

determining the effects of these bacteria on host reactions. An extended study of the

proteins in subfractions of milk from cows experimentally infected with S. aureus
has examined the milk exosomes, the milk fat globule membranes and the whey

proteins identifying 300 proteins related to host defence, 94 of which were signif-

icantly altered in response to mastitis (Reinhardt et al. 2013). Of interest was that

proteins related to neutrophil extracellular traps were particularly high in the milk

fat globule membrane, demonstrating that examination of milk subfractions can

extend the potential for unlocking the pathophysiology of an infected udder.

Investigation of natural cases of mastitis caused by S. aureus infection has shown

that not only milk is affected but that the mammary tissue also undergoes extensive

change in response to pathogenic bacteria. A study using iTRAQ quantitative

proteomics (Huang et al. 2014) has shown that 36 tissue proteins were

up-regulated in tissue from infected cows, including fibrinogen, collagen, proteins

S100-A12 (calgranulin C) and inter-alpha trypsin inhibitor H4. In contrast, 19 pro-

teins were down-regulated including casein, apolipoprotein A4 and butyrophilin

with a conclusion that such changes related to the tissue damage and subsequent

repair being undertaken by the mammary tissue in response to infection.

Lipoteichoic acid is a component of the cell wall of Gram-positive bacteria and

is known to stimulate the host reaction to infections. Investigation of the response

of the proteome of milk from udder quarters individually inoculated with

lipoteichoic acid extracted from S. aureus has demonstrated that this bacterial

factor does indeed stimulate major host responses (Larsen et al. 2010). The focus

of this investigation was on the changes occurring in the smaller proteins and

peptides in milk and revealed that the lipoteichoic acid treatment induced signif-

icant proteolysis of normal milk proteins. Twenty different peptides were found

and on identification were demonstrated to be derived from proteolytic breakdown

of αs1- and β-casein. It was also determined that plasmin, cathepsins, elastase and

amino/carboxylpeptidases were responsible for the degradation of the normal

milk proteins.

Proteome investigation of the responses to S. uberis, initially by 2DE and LC-MS,

have revealed 68 host defence-associated proteins having antimicrobial, pathogen-

recognition and immune or inflammatory regulatory functions (Smolenski et al.

2014).

Recently, experimental infection with S. uberis has been used as the model for an

extensive investigation of the response of the milk proteome in mastitis and has

been integrated into an extended omics investigation including peptidomics, quan-

titative proteomics and metabolomics, in an attempt to define a mastitomic

(mastitis-omics) overview with a systems biology approach. Investigation of the

changes in the peptidome of milk from udder quarters over the 13 days following

inoculation with S. uberis used ultrafiltration to remove proteins of greater than

25 kDa but omitted a trypsinization step. This allowed capillary electrophoresis
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linked to MS to identify a biomarker panel of 77 peptides that, combined together,

could be used in the detection, diagnosis and monitoring of mastitis (Thomas et al.

2016b). This extended a previous investigation of the peptides present in milk from

natural cases of mastitis where a similar approach using a peptide panel was not

only able to detect mastitis but showed potential in the differentiation of Gram-

negative from Gram-positive bacteria as being the cause of the infection (Mansor

et al. 2013). The mastitomic investigation included a label-free quantitative prote-

omic approach for the analysis of change in the proteome after the S. uberis
infection (Mudaliar et al. 2016). While a peak in bacteriology was seen at 12 h

postinfection, the major changes in the proteome were evident at 57 and 81 h post

challenge. Peptidoglycan recognition protein and cathelicidins were among the

proteins to be increased in abundance by the highest fold expression at the earliest

time points investigated (57 h post challenge), but at later stages (81 h) haptoglobin

had the highest fold increase in regulation. Ingenuity pathway analysis of the data

from the study revealed that the acute phase protein pathways were the most

up-regulated during the infection. The mastitomics investigation also included

metabolomic analysis of the same milk samples (Thomas et al. 2016a) and revealed

significant change in carbohydrate, lipid and nucleic acid pathways. Increases in

free amino acids, di-, tri- and oligopeptides, from milk protein degradation were

also found by metabolomics with an unexpected increase in pathways related to bile

acid metabolism. The combination of omics technologies in a systems biology

approach to investigating mastitis shows great promise to provide the greatest

insight into the multitude of host responses to the infection of the mammary gland.

Mammary tissue from dairy cows infected with S. uberis has been used in

development of a targeted quantitative proteomic approach for multiplexed assay

of proteins for mastitis investigation and diagnosis (Bislev et al. 2012b). Standard

QconCAT peptides of 20 proteins related to the bovine mammary gland’s response
to S. uberis infection were generated and used as the basis for single reaction

monitoring for assessment of the concentration of the proteins in a single sample.

In the final delivery of the system, QconCAT peptides for 12 of the proteins

provided sufficient sensitivity to be used to estimate changes in tissue samples.

The target proteins included acute phase proteins such as haptoglobin and serum

amyloid A and immune-derived host factors such as interleukin-6 and calgranulin

B and C.

Mastitis caused by Gram-negative bacteria, especially Escherichia coli, has
also been investigated with proteomic approaches. Experimental infusion of udder

quarters with lipopolysaccharide (LPS) endotoxin derived from E. coli cell walls
showed that after 12 h low abundance proteins were detectable including

serotransferrin, protein S100-A12 (calgranulin C) and cathelicidins (Hinz et al.

2012). This investigation also assessed the change in peptides produced by the

lipopolysaccharide infusion revealing that peptides derived from αs- and β-casein
were present in increased amounts due to the action of plasmin and cathepsin

D. The effects of E. coli on mammary tissue has been assessed using a 2DE and

label-free approaches (Zhao et al. 2015) and revealed 56 tissue proteins affected

by the natural E. coli infection of the gland. They were related to the stress,
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transport and localization pathways with vimentin and α-enolase being central to

the functional hubs in the network. A more specialized investigation utilizing

glycoproteomics (Yang et al. 2014) has examined changes in the N-glycosylated
mammary gland protein, revealing that differences were apparent in E. coli
mastitis and in particular for the lysosome and O-glycan biosynthesis pathways.

A further alternative use of proteomics in relation to mastitis biology has been the

investigation of the proteome of different E. coli strains with an emphasis on

comparing strains causing persistent and transient mastitis (Lippolis et al. 2014).

An iTRAQ shotgun analysis found that 28 bacterial proteins were associated with

expression changes that correlated to disease with bacterial motility being a key

phenotype in determining the extent of persistence or transience of the infection.

Although the milk and mammary tissue proteomes have been assessed in their

response to S. aureus, S. uberis and E. coli, there are few comparative data between

host responses to the different infections. However, a recent investigation did

compare treatment for mastitis with silver ion as an antibacterial agent against

both E. coli and S. aureus infection, but did not include extensive analysis of the

difference in host response to the bacteria (Kang et al. 2016). The investigations of

the differing pathogens have been made by different groups with differing meth-

odologies and instrumentation. It would be of great value if proteomic and

peptidomic investigations could be made to investigate host responses to different

pathogens with a consistent protocol to allow direct comparison, not only to

understand differences in pathophysiology but also to determine if protein bio-

marker assays could have the potential to discriminate between the causative

agents. This could have tremendous therapeutic value such that antibacterial treat-

ment could be targeted more precisely. This would reduce excessive waste of

antibiotics and contribute to reducing antimicrobial resistance.

The host defence proteome of milk from a bulk tank sample has also been

compared to that of human milk with high concentrations of cathelicidins and

lactoperoxidase found in the pooled samples from dairy cows (Hettinga et al.

2011). The level of somatic cell count (SCC) in milk is indicative of the presence

and extent of mastitis. A study of the milk proteome in milk samples from dairy

cows with elevated SCC, using a dimethyl labelling and LC-MS/MS approach,

identified increases in immune-related and other biological functions such as

protease inhibition (Zhang et al. 2015).

Mastitis may not be the only disease of dairy cows that can be assessed by

analysis of the milk proteome as it has been investigated to assess whether putative

biomarkers of disease resistance can be identified and utilized by examination of

the proteins in milk (van Altena et al. 2016). An investigation using NanoLC-MS/

MS identified 13 proteins which were more abundant in low-disease-resistant cows

rather than in high-disease-resistant cows. Of these, lactoferrin was identified as the

single most valuable biomarker in milk for determination of low-disease-resistant

cows such that dairy cows with higher levels of lactoferrin had a higher risk of

being culled in the following 12 months than cows with low lactoferrin.

Peptidomics, the analysis of low molecular weight proteins and peptides, has not

only been investigated for the increases found in peptide content of milk following
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mastitis (Mansor et al. 2013; Thomas et al. 2016b) but has been used to characterize

the peptides present in healthy bovine milk. However, a similar conclusion was

made that, at peak lactation when peptides were detected, they were identified as the

degradation products of β-casein, αs1-casein and αs2-casein caused by plasmin,

cathepsin and elastase activity (Dallas et al. 2014). In contrast, no peptides from

the breakdown of β-lactoglobulin, lactoferrin or secretory IgA were found. It

appears that even in milk from healthy dairy cows there is ongoing breakdown of

caseins which is greatly increased during mastitis, probably due to the influx of

endogenous proteases released from the neutrophils among the somatic cells.

Examination of the milk peptidome is of increasing importance in the dairy industry

for assessing the quality of milk and during its processing. It is also of special value

in current efforts to identify bioactive peptides which may have health benefits to

consumers as well as to the calves of the dairy cows on farm (Sanchez-Rivera et al.

2014).

Overall, the investigation of milk and the mammary gland in response to mastitis

using proteomic approaches has gathered pace over the last decade and has kept

pace with the technological innovations made in instrumentation. It is likely that

this will accelerate as the potential for detailed analysis of the milk phenotype by

the use of proteomics gains further appreciation. As well as providing targets for

development of disease biomarkers, the real value of proteome analysis will come

when the technology is integrated with a full systems biology approach. This will

answer questions not only of importance in animal husbandry and dairy production

but also in understanding the host’s multifarious responses and identifying where

therapeutic, immunological, biologic or nutritional interventions will have the most

effective and efficient mechanism of restoring full health and welfare to infected

dairy cows.

6 Proteomics and the Mammary Gland in Other Dairy

Species

In animal science mammary gland proteomics, the majority of the works conducted

so far has focused on the bovine species because of its importance and economic

value in worldwide dairy production. In fact, mammary gland proteomic studies in

other species are extremely limited, and frequently, results obtained in cattle may

be extrapolated to other dairy species. However, huge differences exist in milk

composition and proteome (Hernandez-Castellano et al. 2016a; Yang et al. 2016),

mammary gland structure and lactation lengths (Lerias et al. 2014; Suarez and

Alvarez-Morujo Suarez 1982) of these species, and extrapolations and generaliza-

tions should be considered very carefully.

In the domestic water buffalo (Bubalus bubalis) mammary gland, two works

may be found, both by the same group based in India. The geographic origin of this

work is not surprising, given that in that country a large proportion of milk
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produced originates from this species. In 2015, Jena et al. (2015) compared the

proteomes of lactating buffalo females with that of heifer’s using 2D-DIGE and

mass spectrometry. The authors identified over 20 proteins with increased abun-

dance in the lactating buffalo mammary gland, while 8 were up-regulated in the

heifer’s mammary gland, out of a total of 41 with differential abundance/regulation.

Bioinformatic analyses showed that the majority of the proteins are involved in

different metabolic processes of varied importance in the context of buffalo’s
lactation. This very interesting work showed for the first time the existing differ-

ences between the mammary gland of lactating and pre-lactating buffalo heifers. To

the best of our knowledge, no similar work has been conducted for cattle. However,

it would be of the utmost interest to conduct a parallel study in Bos taurus or Bos
indicus cattle to ascertain the differences between species. As a follow-up study, the
same group (Anand et al. 2016) studied aspects related to MGP-40, a chitinase-like

protein which is overexpressed during mammary gland involution, trying to unravel

its physiological function in the mammary gland. The authors used a cell line

designed to overexpress this gene and have determined that the gene enhanced

the proliferation of buffalo mammary epithelial cell and protected the cells from

apoptosis. Furthermore, it reduced dome formation, acinar polarization and casein

synthesis in buffalo mammary epithelial cells in the presence of lactogenic hor-

mones. This work contributed significantly to the understanding of the apoptosis

mechanisms and mammary gland drying process in water buffalo and again it

would be very interesting to contrast it with similar studies in the bovine mammary

gland. Although a totally different approach (transcriptomics based), it would be

interesting to mention the work of Kapila et al. (2016) on the impact of heat stress

on the adaptation of mammary epithelial cells. Overall, heat stress resulted in a

decrease in cell viability and proliferation inducing cellular apoptosis and necrosis.

The transcriptomic profile of heat-stressed cells led to 153 genes found to be

up-regulated, while 8 genes were down-regulated as a consequence of heat stress.

The authors finally identified several genes from different functional classes and

biological pathways that could be termed as heat responsive in buffalo mammary

gland epithelial cells. It would be interesting to contrast these results with a similar

or parallel proteomic approach integrating proteomics and transcriptomics results.

Finally, and on a different bovid species, it is interesting to mention the works of

Li et al. (2014) that compared milk whey from yak (Bos grunniens) with clinical

mastitis to whey from healthy animals. The authors identified 13 proteins with

differential concentration; several of them are of blood origin such as lactoferrin

that were related to the mastitic process in addition to regular whey proteins that

had different levels according to the presence or absence of mastitis.

In small ruminants (sheep and goat), proteomic studies on the mammary gland

are very rare. In sheep (Ovis aries), mammary gland omics research seems to be

rather focused on transcriptomic research with the majority of the works originating

from France and Italy. In fact, several works may be found in the literature

including ovine and bovine comparisons (Singh et al. 2013), milking ability

in dairy sheep (Dhorne-Pollet et al. 2012) and dairy ewe mammary gland
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transcriptome comparison according to breed (Churra vs. Assaf) (Suarez-Vega

et al. 2015, 2016). These studies include interesting aspects of the ovine lactation

and, using the same samples and experimental design, could easily be replicated in

a proteomic approach and further combined to a thorough integrated systems

biology analysis.

Finally and focusing on the ovine mammary gland epithelial cells, it is worth

mentioning the work by Addis and co-workers (Addis et al. 2013). The authors

investigated the lactating sheep mammary gland response to infection with the

mastitis-associated Streptococcus uberis. The proteomic investigation was focused

on the milk fat globule but seen from a mammary gland perspective. The authors

determined that several proteins involved in inflammation, chemotaxis of immune

cells and antimicrobial defence were overexpressed in animals subjected to mastitis

and finally contributed to the development of more sensitive tools for monitoring

mastitis in sheep. In goats a study of the same nature has also been conducted

(Olumee-Shabon et al. 2013) with goats being challenged with a mastitis-causing

lipopolysaccharide (LPS). The authors analysed the milk at several collection

points upon the administration of LPS with several proteins related to inflammatory

response being up-regulated. In other studies, the ovine milk from ewes with

Staphylococcus chromogenes mastitis has been examined by 2DE and MS

(Chiaradia et al. 2013), and it has been shown that there were quantitative milk

protein changes between non-infected samples and those from ewe udder with high

levels of somatic cell count. Using 2DE and GeLC-MS/MS, the milk fat globule of

ewes naturally infected with Mycoplasma agalactiae has been shown to contain

proteins which increase during the infection, causing mastitis (Addis et al. 2011).

Classes of proteins shown to increase include inflammation and host defence, heat

shock proteins and those related to oxidative stress, while proteins related to normal

milk fat globule function and metabolism were decreased.

The goat (Capra hircus) mammary gland proteome has been extensively studied

in two goat breeds from the Canary Islands (Spain) with different levels of tolerance

to seasonal weight loss (Palmera, susceptible, and Majorera, tolerant), the most

important limitation to animal production in the tropics and the Mediterranean. The

two breeds have been subjected to experimentally induced weight loss/feed restric-

tion and their weight changes and milk production (Lerias et al. 2013) and blood

biochemical profiles (Lerias et al. 2015) determined. Both breeds showed similar

levels of weight loss and milk production as a consequence of the restricted diet and

at the same time differences in blood creatinine, urea, non-esterified fatty acids

(NEFAs), cholesterol, IGF-1 and T3 as a result of feed restriction finally highlight-

ing different breed responses to undernutrition. The authors subsequently

conducted a whole proteomic analysis of the mammary gland secretory tissue

(Hernandez-Castellano et al. 2016b), a mitochondrial proteome analysis (Cugno

et al. 2016) and an NMR-based metabolomic analysis (Palma et al. 2016). The

secretory tissue label-free proteomic analysis led to the identification of over 1000

proteins, a first characterization of the caprine mammary gland proteome. A total of

96 proteins showed differential regulation between two of the groups within the

studied comparisons, with the Majorera (tolerant) breed showing higher abundance
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of immune system-related proteins and the Palmera (susceptible) breed displaying

higher concentration of proteins related to apoptosis. This analysis confirmed once

more that the two goat breeds have a distinct metabolism reaction to seasonal

weight loss and the authors suggested several proteins of the immune system and

apoptosis pathway (cadherin-13, collagen alpha-1, nidogen-2, clusterin and protein

s100-A8) as possible markers of tolerance to seasonal weight loss. The mammary

gland mitochondrial proteome was analysed using standard Coomassie-stained

2DE gels and also Blue-Native-PAGE (BN) gels. The proteomic analysis of the

mitochondria enabled the resolution of a total of 277 proteins, and 148 (53%) were

identified by MALDI-TOF/TOF mass spectrometry. Some of the proteins were

identified as subunits of the glutamate dehydrogenase complex and the respiratory

complexes I, II, IV and V from mitochondria as well as numerous other proteins

with functions in metabolism, development, localization, cellular organization and

biogenesis, biological regulation and response to stimulus, among others, which

were mapped in both BN and 2DE gels. The comparative proteomic analysis

allowed the identification of several proteins: NADH-ubiquinone oxidoreductase

75 kDa subunit and lamin B1 mitochondrial (up-regulated in the Palmera breed),

guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 (up-regulated in

the Majorera breed), mitochondrial cytochrome b-c1 complex subunit 1 and

chain D, bovine F1-C8 sub-complex of ATP synthase (down-regulated in the

Majorera breed) related to the specific differential response to seasonal weight

loss of the two breeds. In the metabolomic analysis, NMR was used to compare the

metabolome of an aqueous fraction of the mammary gland and milk serum from

both breeds. (1)H NMR spectra were collected from the aqueous extract of the

mammary gland biopsies and milk serum. Profiling analysis led to the identification

of 46 metabolites in the aqueous extract of the mammary gland, the most extensive

mammary gland metabolome characterization established so far, with lactose,

glutamate, glycine and lactate being the most abundant. The analysis of milk

serum allowed the identification of 50 metabolites, the most abundant being lactose,

citrate and creatine. Significant differences were observed, in mammary gland

biopsies and milk serum, between control and restricted-fed groups in both breeds,

albeit with no differences between the breeds. The authors linked the variations to

metabolism adaptation to the low-energy diet and regarded them indicative of

breed-specific microflora. Finally and also very importantly, the authors found

that milk serum showed more metabolites varying between control and restricted

groups than the mammary gland. These studies, which include also mammary gland

fatty acid and transcriptomics profiling (Almeida, unpublished data), finally high-

light the importance of conducting multi-omics integrated studies to fully enlighten

complex molecular mechanisms such as those underlying differential breed

response to seasonal weight loss.

While bovine mastitis has been the subject of the vast majority of proteomic

investigation of milk and mammary responses to mastitis, there have been inves-

tigations into other species where mastitis causes animal health and welfare issues.

The above-mentioned examples demonstrate how the animal science proteomics

field is expanding in species other than bovine. In fact, the relatively low but
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increasing number of mammary-gland-related proteomic studies conducted in buf-

falo, yak, sheep or goat seems to demonstrate that there is a growing interest in the

field and the possibilities allowed by the technology, either through a generalized

use of the technology or together with other omics such as transcriptomics and

metabolomics. Given the less-universal nature of dairy production and the relatively

restricted areas where dairy production of these species has an important economic

interest, it is likely that in the future research on the proteomeof themammary gland in

buffalo and small ruminants will continue depending on the research budgets and the

specific problems these countries or regions wish to address. Questions and research

topics are therefore likely to address issues such as certification and animal welfare.

7 Conclusions

It is clear from the extent of current investigations that there is currently a great

potential for further uses of proteomic approaches in the study of mammary gland

biology in health and disease. As far as the investigations into the proteome of the

mammary gland go, it is clear that the examination of specific compartments of the

gland should be undertaken; thus the teat canals and the cistern should be charac-

terized in both health and diseased tissue and also under different production

conditions. Advances in proteomics where specialized technology is developing,

for example, to examine the glycoproteins, the phosphoproteins and the lipoprotein

subfractions, would yield further knowledge on the physiology and pathophysiol-

ogy of the mammary gland and lactation. The potential for molecular imaging, a

proteomic method combining histological examination of tissue sections with mass

spectrometry could have an especially useful role in the future.

There is a timely move in genomics investigation to associate gene changes to

the resultant phenotype, and proteomics along with metabolomics are key technol-

ogies that will enable this to proceed. In fact, investigations into developing the

nutrition of dairy cows leading to high-quality milk are becoming a critical area,

where assessing of the mammary gland physiology using a proteomic approach is

starting to unveil the potential of the technology. The effects of contrasting diets on

mammary gland homeostasis and protein production as estimated by quantitative

proteomics will have substantial benefit to the understanding of diet-related adap-

tations. This could be used to assess the effects of intensive, concentrate-based

feeding systems compared to pasture rearing on the udder milk production machin-

ery. Such types of study would have implications to animal health and welfare.

Proteomics has a major part to play in fully understanding the lactation cycle in

dairy cows and of special interest will be the quantitative proteomic analysis at

critical times such as the initial stimulation with production of colostrum and the

drying off period where milk production is halted. Investigations should be made

into the mechanism of adaptation of the cellular machinery and the changes in

organ morphology and function in these key periods.
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The extensive results that have now been generated by proteomic investigations

of mastitis have provided the basis for biomarker development that are likely to

have significant impact on the diagnosis of the disease and especially for the

difficult to detect subclinical form of the disease. In addition, the investigations

have enabled a theory on the mechanism of the alteration of protein in milk to be

developed. Thus the increases seen in proteins in milk during mastitis can derive

from different sources as illustrated in Fig. 2. Proteins such as albumin or IgG may

transfer from serum through a more permeable blood-mammary barrier, protein

such as mammary-associated serum amyloid A may also be synthesized in the

mammary epithelium in response to cytokine released in response to bacterial

infection, or proteins such as cathelicidins may be released from neutrophil derived

somatic cells in the milk. Interestingly, haptoglobin and possibly other proteins may

be derived from any or all of these sources and clarification of the proportion of the

total haptoglobin from each route may be revealed, for instance, by glycoproteomic

analysis. The mechanism for loss of the high abundance proteins in healthy milk is,

for β-lactoglobulin and α-lactalbumin, located at a reduction in synthesis rate level,

while for caseins the action of proteases also contributes to the reduction of this

protein in milk from quarters with mastitis and the appearance of peptides as

degradation products of casein breakdown.

Although the vast majority of investigations of livestock mammary gland have

been in dairy cows, due to their importance in providing edible and nutritious

protein for the increasing human population, the use of proteomics in examination

of mammary biology in other farm species has started and should gather pace as the

technology becomes more accessible. The studies conducted on buffalo, yak, sheep

or goat mammary or milk proteome demonstrate that there is great potential for the

growing interest in the application of this and other omics technologies. Indeed for

Fig. 2 A diagram representing the change in milk protein and peptides following bacterial

infection of an udder quarter of the mammary gland
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the study on host responses to the bacterial causes of mastitis, investigators could

use small ruminants such as sheep or goats instead of dairy cows as experimental

models of the disease in order to reduce resource requirements. Indeed the use of

such experimental models has been a neglected tool in investigation of the host

responses to bacterial infection under in vivo conditions. The mammary gland is an

ideal incubator for bacterial growth providing nutrient and temperature control, but

the growth is largely curtailed by the innate and acquired immune systems. No other

in vivo system can provide the volume of sample that can be obtained by the

milking regime allowing multiple investigations to be undertaken, while no in vitro

system can provide the native host responses which can be allied to therapeutic

interventions. Proteomic investigation of the mammary gland and milk has now

been established, and it awaits exploitation by future researchers in mammary

biology, animal science, biomarker development and host responses to bacterial

infection.
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Proteomics in Wool and Fibre Research

Jeffrey E. Plowman

Abstract Wool is almost entirely composed of proteins, the major component of

which are the keratins and the keratin-associated proteins (KAPs). Though they

were first identified in 1934, it is only comparatively recently that they have been

subject to study using modern proteomic techniques. Using a variety of approaches

both gel and gel-free proteomics, many new keratins and KAPs have been identified

and characterised in the mature fibre and its various subcomponents as well as

through the various stages of keratinisation of wool follicle. Preliminary studies

have also revealed distinctive differences both within and between breeds. Prote-

omic approaches have also allowed investigations to be extended into examining

the effect of feed restriction on protein composition as well as modifications to the

proteins caused by either environmental or process damage.
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1 Introduction

Wool is the mammalian fibre grown on sheep, its properties being highly dependent

on the breed it is obtained from. Domestic breeds of sheep were thought to have

originated some 8–10,000 years ago in southwestern and central Asia (Zeuner

1963). Apart from the obvious difference of colour, the wool from these sheep

was characterised by an outer coat of coarse hair and an undercoat of short fine

wool. Domestication of wild sheep dates back to around 3000 BC from such breeds

as the European mouflon (Ovis musimon), steppe or urial (Ovis vignei) and argali

(Ovis ammon). From these have arisen the plethora of breeds that exist today, a

process that has also seen the disappearance of the coarse guard hairs and colour in

the major wool-producing ones (Cottle 1991).

The wool fibres themselves originate from follicles in the dermis of the skin and

undergo a programmed apoptosis that, in the cells of the central cortex, reduces

their internal content to structures known as macrofibrils which define the physical

characteristics of the fibre (Marshall et al. 1991). First identified in 1934 (Goddard

and Michaelis 1934), the main structural component of these macrofibrils are

keratins with their α-helical core. They are further divided into two types, the

acidic Type Is and the neutral-basic Type II, these two associating to form a

coiled-coil heterodimer, the primary building block of the macrofibril (Parry and

Steinert 1995). The other major class of proteins in the wool fibre are the keratin-

associated proteins (KAPs), which have an influence on the mechanical properties

of the fibres through the interactions with the keratins. These have been artificially

subdivided into three different subclasses based on the relative proportion of three

amino acids: the high-sulphur proteins (HSPs) with cysteine contents of less than

30 moles%, the ultrahigh-sulphur proteins (UHSPs) with cysteine contents greater

than 30 moles% and the high-glycine-tyrosine proteins (HGTPs) which can have

anything from 10 to 30 moles% of these two amino acids (Powell 1996). More

recent research has revealed new KAP families that have relatively low cysteine

contents but are high in other amino acids such as serine or have intermediate to

high levels of glycine and proline (Zhou et al. 2012; Gong et al. 2011).

Proteomics has a lot to offer in the study of wool. While genomics provides

information on the genotype of the wool of the animal and the level of expression of

these proteins during the early stages of follicle development, proteomics deals with

the phenotype of the wool fibre, i.e. which proteins are actually present and in what

relative amounts. More importantly proteomics can also reveal information on post-

translational modifications as well as modifications that have occurred as a result of

weathering or processing (Herbert et al. 1997, Paton et al. 2008). Proteomics has

also been used to examine the interaction between the keratins and their associated

KAPs by progressive reduction followed by alkylation (Deb-Choudhury et al.

2015). In all of this the techniques of two-dimensional electrophoresis (2DE) and

mass spectrometry (MS), be it either liquid chromatography (LC) MS or matrix

assisted adsorption/desorption ionisation (MALDI), are a critical part of the process

of unlocking this information.
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2 Mapping the Wool Cortex Proteome by 2DE

Some of the earliest studies into mapping keratin proteins of whole wool fibres by

two-dimensional electrophoresis (2DE) involved separation in the first dimension

by a non-equilibrium approach. This involved labelling the proteins with 14C-

iodoacetic acid, which gave the proteins an overall negative charge, allowing the

separation to be carried out at pH 8.9. The proteins were then separated in the

second dimension on the basis of their molecular mass in polyacrylamide gels.

Because of the radiolabelling, the resulting protein pattern could then be visualised

by autoradiography. Using this approach most of the proteins appeared along a line

of spots and bands running along a diagonal in the gel, though the keratins and some

HGTPs appeared off the diagonal (Marshall 1981). Separation in the first dimension

at pH 3 was also investigated and found to lead to a better dispersion of protein

spots in the non-equilibrium 2DE map (Marshall and Ley 1986). The issue these

early proteomic approaches faced was identification of the proteins in the map.

Both the keratins and HGTPs were easy to locate based on their respective

molecular weights but more difficulty was experienced identifying the HSPs and

UHSPs. One approach taken with one HSP family and the cuticle UHSPs involved

in vitro expression of these proteins and then separation by non-equilibrium 2DE

(MacKinnon et al. 1990).

While this approach was useful, it had its limitations, largely because of the poor

resolution between the proteins in the clusters observed on the map. The next step in

the process of 2DE mapping wool proteins involved combining isoelectric focusing

in the first dimension with molecular weight separation in the second dimension

(Herbert and Woods 1994; Herbert et al. 1996). Using this approach 14C-

iodoacetamide-alkylated wool proteins were focused between pH 4 and 7 in the

first dimension separating the keratins into two distinct regions, the acidic Type I

keratins being found in a tight cluster at low pH and the Type II keratins appearing

in a long string at higher pH and molecular mass. After electrophoresis individual

protein spots were excised from the gel, eluted onto polyvinylidene fluoride mem-

branes and analysed by amino acid analysis (Herbert et al. 1997). Identification of

keratins was by the way of amino acid compositional matching via international

sequence databases, though the number of amino acid sequences available limited

this approach. At that stage, only two full sequences were known for Type I and two

for Type II keratins in SWISS-PROT (http://www.expasy.org/) or NCBI (http://

www.ncbi.nlm.nih.gov/) databases. The substitution of dithiothreitol by the tertiary

phosphine, tributylphosphine, led to further increases in the number of minor

proteins visualised on the gel, especially when silver staining was used (Herbert

et al. 1998).

Improvements in the 2DE technique saw the resolution of the Type I keratin

region into four distinctive chains of spots, rather than long smears. At the same

time, MALDI time-of-flight (TOF) mass spectrometry replaced amino acid analysis

as a way of identifying the proteins in those spots. At this stage proteins were

matched to known sequences using peptide mass fingerprinting with search engines

such as MASCOT (http://www.matrixscience.com/search_form_select.html)
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(Plowman et al. 2000). Nevertheless, there was still the same limitation of sequence

availability, and with only two known Type I and two Type II keratin sequences in

these databases, the four strings of spots in the Type II region could only be

matched to two proteins (Plowman et al. 2002). One thing that also became evident

in this approach was the problem of high sequence homology within members of

the various keratin and KAP families. In the case of the KAP1 HSP, this was

compounded by the limited number of basic residues in the proteins resulting in

unique identification of proteins in this family being dependent on only four tryptic

peptides. The presence of proline next to some of these residues placed further

limitations on this as uniquely identifying the various members of this family was

highly dependent on some low abundance tryptic peptides.

Further progress in the identification of proteins in the wool protein 2DE map

became possible with access to an in-house expressed sequence tag (EST) database,

which offered many new sequences of both keratins and KAPs. From this it was

apparent that there is a considerable homology between individual keratin proteins

such as the four Type I keratins, K31, K33a, K33b and K34, where the number of

identical residues is around 92%, while sequence homology can be as high as 96%.

This is also true for the major Type II keratins with the number of identical residues

being as high as 78% with homologies as high as 89%. Under such circumstances,

identifying proteins in each spot became highly dependent on locating the relatively

few unique peptides for that protein. To investigate this keratin, proteins were

separated between pH 4 and 7 and then on 8% T gels in the second dimension to

maximise the resolution between protein spots on the gels. Both MS and MS/MS

data were collected with both a MALDI-Q-TOF MS and a tandem quadrupole TOF

MS (Deb-Choudhury et al. 2010). The peak lists generated by both approaches were

searched against the NCBInr database augmented by an in-house EST database of

sheep sequences using an in-house MASCOT server. To determine the distribution

of these highly homologous proteins in the spots on the 2DE map, the data was

filtered for unique masses for Type I and II keratins. Then, all unique peptides were

tabulated, and from these, the number of unique peptides masses per keratin per

spot was determined. By these means the predominant keratin in each spot was

determined. Thus, the four major strings of spots in the Type I keratin region that

had previously been assigned to two proteins (Plowman et al. 2002) could now be

assigned to four keratins, K31, K33a, K33b and K34 (Fig. 1), though there appeared

Fig. 1 The 2DE map of the keratin region of the mature wool fibre, separation being carried out

between pH 4 and 7 in the first dimension and on 8% T gels in the second dimension
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to be a considerable overlap between K33a and K33b. One interesting finding of

this study was the detection of at least one unique peptide for K38 with the K31

string and unique peptides for K35 in the K33a/K33b strings, MALDI imaging

suggesting that K35 may also be found within the K31 string of spots. In the Type II

keratin region, unique peptides for K81, K83 and K86 were detected in the low pH

region of the string. Furthermore, K81 tended to be found at the higher pH end of

this cluster of spots, while K83 was at the lower pH end. Finally, unique peptides

for K85 were predominantly found in the six spots at the high pH end of the Type II

keratin string.

One problem with the keratins is that they tend to dominate the wool protein

2DE map. However, by modifying the extraction solutions through lowering either

the urea or DTT concentrations or lowering the pH, it was possible to reduce the

amount of keratin extracted and thus increase the protein load of KAPs on 2DE gels

(Plowman et al. 2010). The KAPs were found to fall into two major groups,

depending on whether they focused at acidic or alkaline pHs (Fig. 2). Two protein

families were found at acidic pH, the KAP1 HSP family of four members between

20 and 30 kDa and the KAP3 family between 10 and 15 kDa. Of the KAP1 family

three of the spots have been identified by finding unique peptides to KAP1.1,

KAP1.3 and KAP1.4 (Plowman et al. 2002), while KAP3.2 and KAP3.4 have

been positively identified in the lower molecular weight string. The alkaline

KAPs can be further divided into two major groups, the HSPs which separate

Fig. 2 The 2DE map of keratin and KAP of the mature wool fibre, separation being carried out

between pH 3 and 11 in the first dimension and on 15% T gels in the second dimension
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Fig. 3 2DE maps of the keratin region of the various regions of the wool follicle and fibre: (a) the

bulb portion, (b) the elongation portion, (c) the keratogenous portion, (d) the keratinisation

portion, (e) the mature fibre
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between 15 and 20 kDa and the HGTPs below 10 kDa. Of the HSPs unique peptides

for three members of the KAP2 family have been found in a broad spot, while

KAP11.1 and KAP13.1 resolve above them and KAP15.1 below. Among the

HGTPs unique peptides for both KAP6.1 and KAP6.3 have been identified in one

string, along with KAP7.1 at higher pH, and below them, two spots are consistent

with KAP8.1 (Fig. 3).

3 Mining the Proteome of Wool by MS

Early studies into the protein composition of wool suggested that there were a

maximum of four Type I and four Type II keratins in wool, and including the

proteins from the nine KAP families, the total keratin-related proteins in wool was

thought to be 23 (Powell 1996; Powell and Rogers 1997). However, recent

advances in hair research have seen the identification of 11 and 6 Type I and II

keratins, respectively (Langbein et al. 1999, 2001, 2007), while 25 human hair KAP

families have now been identified with a total of 88 individual KAPs (Rogers et al.

2001, 2002, 2008). In contrast a total of 9 Type I and 7 Type II keratins have been

identified in wool (Yu et al. 2011), but the total number of KAPs was still unknown.

As the sheep genome had not been fully characterised around the time that these

other KAPs had been identified in human hair, mass spectrometry was used to drill

deeper into the wool proteome with the view to identifying new proteins and thus

update the wool protein database (Clerens et al. 2010). After tryptic digestion wool

protein extracts were analysed by a variety of mass spectral techniques, including

LC-MS/MS, LC-MALDI and 2D-LC-MS/MS. To extend the coverage of the wool

proteome separation of the extracts, prior to mass spectrometry, was carried by

one-dimensional gel electrophoresis off-line or on-line via a variety of LC techniques

including reverse phase, strong cation exchange, strong anion exchange and hydroxy-

apatite chromatography. This resulted in the production of 167 data sets which were

separated individually to an in-house Mascot server for identification against an

in-house sheep expressed sequence tag (EST) database restricting taxonomy to

Ovis aries. Searches were then extended to other even-toed ungulates, excluding

Bos taurus, with combinations of peptides identifying proteins in Bovidae-w/o-Bos
but not in Ovis considered to represent genuine proteins not described for the Ovis
proteome. These proteins were added to the database, with names assigned based on

their homology with existing sequences in other species. The search was extended to

the Laurasiatheria taxonomy (placental mammals) and the same approach followed,

any new proteins identified being added to the database. This database was then

validated by importing MS/MS peak lists into ProteinScape (Bruker Daltonics) and

searching these with the database augmented with the new Ovis sequences and

excluding all positives by rejecting those with Mascot scores of less than 25, while

proteins with a combined score of 40 were always rejected. This led to an initial short

list of 115 proteins, which was reduced to 104 after the removal of false positives.

Subsequent BLAST homology searches led to the removal of two duplicate entries,
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but the discovery of some unique peptides gave rise to 11 additional proteins bringing

the total number identified to 113.

This approach resulted in the identification of 15 keratins including 2 polymor-

phic variants, 13 epithelial keratins and 36 KAPs, including 6 polymorphic variants,

as well as trichohyalin. This means that now 23 KAP families and 74 individual

KAPs have been identified in sheep. Also identified were keratin-anchoring pro-

teins such as desmoglein, desmoplakin and plakophillin, and other filamentous

proteins such as lamin and tubulin. Of the remaining proteins there were a number

of nuclear proteins, such as histones, and enzymes, and this is, no doubt, largely

because the keratinisation process does not completely remove all other protein

material, leaving behind what is termed the cytoplasmic remnant in the centre of

the cell.

4 Differential Proteomics of the Wool Fibre

Interest in the protein composition of the individual components of the wool fibre

has led to efforts to separate and analyse these individually. In one approach the

cuticle and cortical cells were separated by mechanical disruption in either deter-

gents or formic acid (Marshall and Ley 1986). Subsequent separation by

non-equilibrium 2DE, when separation was carried out in the first dimension at

pH 3, resulted in a significantly different pattern of proteins from that observed in

the cortex, the cuticle HSPs appearing to be of higher molecular weight than

cortical HSPs. Mechanical disruption of wool snippets treated with trypsin was

used to release individual orthocortical cells from the fibre leaving behind a core of

paracortical material (Dowling et al. 1990). After extraction from the fibre, the

keratin fraction was precipitated at pH 4.4 with potassium chloride and analysed

separately from the KAP fraction by non-equilibrium 2DE. From this approach it

was apparent that the eight main components of the keratin fraction were expressed

in the same relative amounts in the two cell types, but the paracortex was found to

contain a higher concentration of UHSPs than the orthocortex, though one HSP

component was observed to be absent in the paracortex. Orthocortical cells were

also released from wool fibre snippets by disruption with an ultrasound probe after

treatment with Pronase E to leave a fibre remnant consisting mostly of paracortical

cells (Plowman et al. 2009). Subsequent separation by 2DE, when proteins were

separated in the first dimension between pH 4 and 7, revealed that the KAP3 HSP

family was found to be in higher concentrations in the paracortex.

The most easily extractable part of the wool fibre are the macrofibrillar compo-

nents of the cortical cells. Extraction solutions composed of high concentrations of

urea at alkaline pHs in conjunction with reductants 2-mercaptoethanol or

dithiothreitol will normally only solubilise these proteins, leaving behind the cell

membrane complex (the remnant of the cell wall), intermacrofibrillar material, the

cytoplasmic remnant (including the remains of the cell nucleus) and the cuticle.

However, substitution of dithiothreitol with tris-(2-carboxyethyl)phosphine has
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been found to extract proteins from the exocuticle and part of the endocuticle, in

addition to those in the macrofibrils (Bringans et al. 2007). Alternatively, digestion

of the whole wool fibre with enzymes such as Pronase E leads to the removal of the

cell membrane complex, intermacrofibrillar material, the cytoplasmic remnant and

the endocuticle of the cuticle cells. When these two processes are combined,

extracting first with tris-(2-carboxyethyl)phosphine, followed by digestion with

Pronase E a fraction that is highly enriched in the outermost layer of the exocuticle,

the a-layer, is all that is left behind. Subsequent digestion of this with 2-nitro-5-

thiocyano-benzoic acid led to the identification of peptides from the UHSP KAP5.5,

as well as peptides with strong homologies to human HSPs and UHSPs. In

extending this work to the whole cuticle, a further study revealed that the cuticle

is composed of a diverse range of proteins (Koehn et al. 2010). While keratins and

KAPs make up 13% and 27%, respectively, of the total, the remaining 60% includes

cytoskeletal proteins; cell adhesion proteins (including desmosomes); binding and

transport proteins; transcription, translation and regulation proteins; protein modi-

fication and metabolism proteins; binding/transport proteins; and immune response

proteins.

5 The Wool Follicle

The procedure of in situ hybridisation has been used to determine the expression

pattern of keratins and two KAPs in both the cuticle and cortex of the wool follicle

(Yu et al. 2009, 2011). These studies have revealed that the first keratins to be

expressed in the follicle are the Type I K35 and Type II K85, followed shortly after

by the K31, with the other keratins appearing further up the follicle shaft, an

observation that is consistent with that observed for human hair (Langbein et al.

1999, 2001). The expression pattern of two KAPs was also mapped by this process,

both showing differential expression, KAP4.3, a UHSP, being localised on the

paracortical side of the follicle, and KAP6.1, a HGTP, on the orthocortical side

(Yu et al. 2011). While ISH is useful for indicating the start and end of keratin

expression in the follicle, it does not provide any information on the changes to the

proteins as they progress up the follicle shaft, something possible with proteomics.

Using a gel-free proteomic approach, ten whole follicles were dissected from the

skin, then extracted with lysis buffer and analysed by mass spectrometry (Plowman

et al. 2015). From this approach, 87 proteins were identified in the follicle,

including 10 trichocyte keratins, 15 epithelial keratins and trichohyalin, a KAP

related more with the inner root sheath of the follicle. Gel-free proteomic analysis

of 30 follicles subdivided into four zones by dissection provided further confirma-

tion that K31, K35 and K85 are the first trichocyte keratins expressed in the follicle,

being found in the region from the base of the follicle to widest part of the bulb

(Table 1). Expression of the other keratins was observed to start shortly afterwards

in the elongation portion and they were also present in the keratogenous and

keratinisation portions of the follicle. The first KAP to appear was trichohyalin in
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the bulb region, followed by KAP11.1 in the elongation portion. This was followed

by the appearance of KAP2.3 and KAP13.1 in the keratogenous zone and KAP3.2,

KAP4.7 and KAP19.6 in the keratogenous portion, an observation that was consis-

tent with what has been observed in human hair (Rogers et al. 2002).

Epithelial keratins were also prominent in the four follicle zones but not the fibre

itself, most of them coming from either the outer route sheath (K5, K7, K14, K19)

or the inner root sheath (K25, K27, K28, K71, K74). Ribosomal proteins were

found to decline in number moving up from the follicle bulb, an observation

consistent with electron micrographs of the follicle in these regions. Other proteins

found included nuclear proteins (histones) and keratin anchor proteins such as

desmoplakin and vimentin, actin and tubulin.

A two-dimensional electrophoretic (2DE) study revealed that the trichocyte

keratins undergo a considerable change as they progress up the fibre 3. Around

the upper part of the follicle bulb, the Type Is formed a tight group at low pH and

the Type IIs appeared in a long string at higher pH, while K35 and a number

epithelial keratins were found in a cluster between these two families. As they

moved into the keratogenous zone in the follicle, they gradually assumed the classic

pattern of spots found in the mature fibre, the epithelial keratins finally becoming

less apparent than in the mature fibre. The Type I keratins were notable for the

subtle change they underwent during the keratinisation process. Initially they

appeared as a single spot with a narrow streak extending towards lower pH in the

elongation portion. This was observed to increase in intensity and length in the

keratogenous portion, until it finally coalesced into distinct strings of spots, some-

thing that was characteristic of the mature keratinised fibre.

6 Breed Diversity

Early proteomic research has shown that there is considerable diversity in sheep

based on the composition of members of the KAP1 HSP family. This family of four

HSPs is characterised by a repeat decapeptide sequence in which KAP1.1 has four

such repeats, KAP1.2 three, KAP1.3 two and KAP1.4 five (Powell 1996; Powell

and Rogers 1997). A study of Merino, Romney and Corriedale sheep by 2DE has

shown that the patterns of spots of this protein family differ not only between the

three breeds but within the same breed (Flanagan et al. 2002). Of the four proteins

in this family, KAP1.3 and KAP1.4 appear to be expressed in every breed. The

expression of other two, however, is variable. In Merino three distinct populations

have been seen, those with both of these KAPs present or those in which one or the

other are present. In contrast, only KAP1.1, KAP1.3 and KAP1.4 are expressed in

Romney and Corriedale and the pattern of spots differ significantly from that of

Merino. Though there was no relationship between the expression of these proteins

and staple tenacity in Merino or Romney sheep, principal component analysis

pointed to a relationship between the protein expression and curvature in Corriedale

sheep.
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7 Post-translational, Environmental and Process

Modifications of Keratins

Phosphorylation is known to be important in the assembly process of intermediate

filaments such as the lamins (Peter et al. 1991). As such it has been of some interest

to know whether the keratins in wool are phosphorylated, as it was thought that it

might also explain the multiple spots observed in wool 2DE maps. Some of the

earliest evidence for this came from a phosphoamino acid analysis study which

claimed to have found phosphoserine in seven of the Type II keratin spots from a

2DE map along with trace amounts of phosphotyrosine (Herbert et al. 1997).

However, a more recent investigation applying specific phosphoprotein stains to

2DE wool maps found no evidence for phosphoproteins in wool (Paton et al. 2008).

Instead, when individual spots were eluted from the gel and then re-run by 2DE,

new spots were formed on both the acidic and basic side of the original spot. In fact

when several eluted spots were run together, the whole pattern could be recreated.

From this, it was concluded that the cause of the charge heterogeneity in the 2DE

map was due to the presence of conformational equilibria between a number of

different forms of the same protein in the rehydration solution.

The development of cross-links between keratins and KAPs is an important part

of keratinisation, the location, pattern and accessibility of them underpinning the

properties of the network. Preliminary investigations into the effect of bleaching on

wool found that only few specific cysteine residues were being oxidised to cysteic

acid by treatment with hydrogen peroxide (Plowman et al. 2003). This led to a study

using a process of staged labelling of both keratins and KAPs where the network

was progressively exposed by the addition of chaotropes and reductants and the

affected cysteine residues labelled with distinguishable alkylation agents

(Deb-Choudhury et al. 2015). Labelling of the KAPs was first observed to occur

only after the addition of reductant, and the affected cysteine residues were close to

the end domains of the protein suggesting that they were easily accessible in the

fibre for forming inter-disulphide linkages keratins or other KAPs. In the case of the

HSPs and UHSPs, the majority of the cysteines were in close proximity to a proline,

which are thought to play a significant role in forming a close loop conformation in

cysteine-rich pentapeptide sequences (Parry et al. 2006). In the case of the keratins,

some of the accessible cysteines were found on in the rod domains but were

positioned on the exposed surface of the α-helix. The rest were found in the head

and tail domains of both these proteins, supporting the idea that they are not buried

inside the keratins but hence available for interaction with KAPs.

Proteomics also provides a way of studying the environment and industrial

processing on wool. To study the effect of ultraviolet-induced photooxidation,

enriched wool cuticle and cortex fractions were irradiated with UVB light and

then subjected to a comprehensive analysis of the redox-induced modifications to

the aromatic residues in the fibre (Dyer et al. 2010). From this work, an oxidative

classification system was developed based on the degree of photo-modification of

tyrosine and tryptophan, and this was used to examine the differential nature of
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photooxidation. One observation from that was, although the cuticle had a higher

level of baseline oxidation than the cortex, the cortex exhibited significantly higher

levels of photooxidation under UVB radiation, a fact that was supported by the

observation that there were significantly higher levels of photoyellowing in the

cortex. The effect of elevated temperatures samples of wool in 0.05 M tetraborate at

pH 8.5 were subjected to heat treatment at 90 �C for periods ranging from 2 to 8 h

(Grosvenor et al. 2012). While many peptides were observed to be degraded by this

process, 20 keratin peptides were observed to consistently degrade during hydro-

thermal exposure to the extent that they could be used as markers of damage. In fact

three of them (ATAENEFVALK, ENAELESR and SNHEEEVNTLR) were of

particular note because of both their consistency to oxidative damage and their

high level of homology to human hair and skin proteins, hence their usefulness in

evaluating protein damage in these tissues and materials. Oxidative damage that

leads to the discolouration of wool is of particular interest to the wool industry

because it lowers the price farmers receive for wool, and while the colour can be

removed by bleaching, the chemicals used to achieve this further damage the wool.

In this respect proteomics has been of considerable assistance to the industry in

identifying and characterising non-scourable chromophores in wool (Dyer et al.

2007). The identification of these led to an examination of the effect of industrially

applicable reagents some of which showed promise in improving the colour in

canary yellow wool (Grosvenor et al. 2009). Other studies have identified photo-

oxidation products within photoyellowed bleached wool proteins (Dyer et al.

2006a, b) and have been used to evaluate methods to minimise photooxidation

and photobleaching of wool products, such as wool carpets.

In another study the effect of seasonal weight loss on wool production was

examined (Almeida et al. 2014). Samples of wool were taken from two different

groups of sheep, the control group that had been fed a growth diet and a second group

fed a restricted diet. Using isobaric labelling to quantitate the protein expression of

the two flocks, an increase in the level of the HSP KAP13.1 and three HGTPs, KAP6,

KAP6.2 and KAP6.3var1, was observed. For KAP13.1, this would seem to be at odds

with other observations of a deficiency of cysteine in wool grown in nutritionally

stressed environments, but it was thought that it may be related to the fact that

KAP13.1 is a key protein in the early stages of fibre keratinisation. In contrast the

increase in the HGTPs may be related to changes in cortical morphology. HGTPs are

preferentially expressed in the orthocortex, and an increase of these proteins in the

restricted diet animals was thought to be related to an increase in the relative

proportion of these cells and hence decreases in crimp frequency.

8 Conclusions

Thus, the versatility of the proteomic approach as applied to wool is clearly evident

from these studies. While in the past it has primarily been used to catalogue the

protein composition of the fibre and its various components, it has also proved
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useful in the study of fibre development from the follicle and in investigating the

relationship between breed diversity and protein composition. More recently, it has

been used to examine the effect of environmental or process damage and restricted

feed on the fibre. Proteomics has proved useful in not only studying both oxidative

and photooxidative damage that leads to the discolouration of wool (such as canary-

yellowed wool) but in the evaluation of industrially applicable approaches to

mitigate some of this damage or preventing the development of photobleaching

and photodegradation of products like carpet wool.
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Proteomics of Meat Products

Gianluca Paredi, Federica Mori, and Andrea Mozzarelli

Abstract Processed meat, representing about 22% of per capita meat consump-

tion, undergoes technological transformations, such as salting, drying, cooking, or

frying. Proteomic methods have been applied to monitor the effects of the

processing on meat from cow, yak, pig, lamb, goat, and chicken with the aim of

correlating protein pattern with meat quality as well as of identifying adulterations.

Keywords Meat • Processed meat products • Farm animal proteomics • 2DE •

LC-MS/MS • Meat adulteration • Meat quality marker
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GAPDH Glyceraldehyde-3-phosphate dehydrogenase

GST Glutathione S-transferase

OECD Economic Co-operation and Development

LC-MS/MS Liquid chromatography mass spectrometry

LL Longissimus lumborum

LTOH Longtime ohmic cooking

MALDI TOF/TOF Matrix-assisted laser desorption ionization time of flight

Mb Myoglobin

MRM Multiple reaction monitoring

MS Mass spectrometry

NMR Nuclear magnetic resonance

PCR Polymerase chain reaction

PGAM Phosphoglucomutase

PYGM Glycogen phosphorylase

G. Paredi • F. Mori • A. Mozzarelli (*)

Department of Food and Drug, University of Parma, Parma, Italy

Interdepartmental Center SITEIA.PARMA, University of Parma, Parma, Italy

e-mail: andrea.mozzarelli@unipr.it

© Springer International Publishing AG 2018

A.M. de Almeida et al. (eds.), Proteomics in Domestic Animals: from Farm
to Systems Biology, https://doi.org/10.1007/978-3-319-69682-9_15

297

mailto:andrea.mozzarelli@unipr.it


PM Psoas major

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

STOH Short-time ohmic cooking

SRM Selected reaction monitoring

TMT Tandem mass tag

WB Water bath

WHC Water-holding capacity

1 Introduction

Meat consumption in the world has increased from 24.2 kg per capita in 1964/1966

to 42.9 kg in 2012, with a predicted small increase to 45.3 kg in 2030 (FAO 2014).

Not surprisingly, there are significant differences among countries. In industrialized

countries meat consumption has increased from 61.5 kg per capita in 1964/1966 to

76.2 kg in 2012, whereas in developing countries meat consumption, in the same

time window, increased from 10.2 to 33.5 kg. If China and Brazil are excluded, the

increase in developing countries is only about twofold. Considering year 2012,

worldwide, cattle and buffalo account for 22% of meat source, sheep and goat for

4.6%, pork for 36.3%, and poultry for 35.2%. The bovine meat source remains

constant or slightly decreases, whereas poultry meat and pork have both increased

significantly. Meat is used either fresh or after being processed (Fig. 1). In the

United States, the amount of red meat consumption from processed source is 22%

(Daniel et al. 2011), with similar values for Europe (Linseisen et al. 2002). Meat

products can be classified depending on the applied processing technology,

according to Fig. 1 (Heinz and Hautzinger 2007).

Therefore, there is a large variety of processed meat products, some of them

manufactured worldwide, whereas others manufactured only in specific areas.

Depending on the processing technology, meat proteins undergo extensive modifi-

cations that have a deep impact on meat quality, shelf-life, nutrition, and health

impact. Meat processing for prolonged storage is a strategy applied long before the

industrial revolution as the only procedure allowing meat to be a source for the diet

over extended periods.

In this chapter, we report proteomic studies on several meat products from

different animal sources. In spite of the relevance of protein fingerprinting for the

characterization of processed meat products (Paredi et al. 2012, 2013), for the

direction of technological protocols toward higher quality, and for the detection

of adulterations, proteomic studies are still very limited. We hope that this chapter,

containing some representative examples, will stimulate further activities in this

very promising field using powerful proteomic tools.
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2 Beef and Yak Meat

As the main protein source in the human diet, meat plays an essential role in daily

lives. However, its production and consumption have significant environmental and

health impacts. The Organization for Economic Co-operation and Development

(OECD), in its seasonal agricultural report (OECD 2014), describes meat consump-

tion relevance among different countries over the years. Beef, whose consumption

was about 24.7 kg per capita in the United States in 2015, shows a consolidated role

in the nutritional habits of almost every country. This leads to a natural tendency of

improving knowledge and technologies related to processed beef meat products’
quality and safety. Proteomics techniques were applied for understanding muscle-

specific biochemical pathways correlated to meat quality.

Bresaola, a salted beef typical of Northern Italy, is a good example of a

processed beef product. The processing steps involved in its production are (1) care-

ful selection and skillful trimming cuts of meat, (2) dry salting, and (3) slow

maturation. The processing can affect the nutrient bioavailability and the nutritional

value. A protocol was developed for evaluating the protein bioavailability of

Bresaola after in vitro digestion (Bordoni et al. 2014). The underlying assumption

is that digestion and absorption, the so-called intestinal bioavailability, are the main

Fig. 1 Classification of processed meat products

Proteomics of Meat Products 299



rate-limiting factors of the total bioavailability. The protocol is a combined appli-

cation of SDS-PAGE and NMR spectroscopy techniques, such as proton nuclear

magnetic resonance (H-NMR) and time domain NMR relaxometry. SDS-PAGE

allowed characterization of proteins and peptides with molecular mass higher than

5 kDa during digestion, whereas H-NMR spectroscopy allowed the simultaneous

detection of free amino acids, peptides, and proteins (even with molecular weight

smaller than 5 kDa). Furthermore, time domain NMR provided information on

juices accessibility to the components of the food matrix and on the disaggregation

of biopolymers. This protocol is a good example of a new foodomics vision that

considers the food as a “whole” and can be applied to different protein-rich foods

for understanding their nutritional value in a deeper and more complete way.

One of the processing steps that most influences the bioavailability of proteins is

cooking. Food-science research focuses on identifying some reliable monitoring

parameters to minimize the nutritional loss of food products. Different advanced

techniques for characterizing protein modifications caused by hydrothermal treat-

ment were described (Deb-Choudhury et al. 2014). In this study, beef samples

(biceps femoris) were minced and exposed to boiling water under reflux for

different time periods and centrifuged for obtaining a soluble and insoluble fraction

to be investigated separately. The efficacy of a LC-MS/MS analysis together with a

redox proteomics approach was demonstrated and allowed the identification of

oxidative and other heat-induced modifications of proteins. The results showed a

general decrease in the level of essential amino acids and a steady increase in the

oxidative modification score, both depending on the increased heat exposure time.

It is challenging and stimulating to exploit science innovation for understanding

cooking-induced proteome changes and for developing new cooking methods that

can be used for guaranteeing a more efficient industrial production and for meeting

the consumer’s requirement for safer and higher-quality meat products. The prote-

ome changes of beef M. longissimus dorsi was investigated under two different

cooking techniques, a water bath and an ohmic heating process, both at the same

endpoint temperature (Tian et al. 2016). Ohmic cooking is an electric resistance

cooking processing, and, besides a shortened cooking time and uniform temperature

distribution, it has the advantage of producing cooked meat products with more

attractive characteristics such as a more consistent appearance, more stable color, and

more acceptable tenderness. The effects of WB (water bath), STOH (short-time

ohmic cooking), and LTOH (long-time ohmic cooking), in terms of protein profiles,

were investigated using 2D-PAGE. The differentially abundant proteins were iden-

tified by MALDI TOF/TOF. Both STOH and LTOH treatments led to an abundance

of sarcoplasmic and myofibrillar proteins compared to WB treatment. These prote-

omic differences potentially explain some of the differential meat properties. For

example, the abundance of myosin light chain 1 and myosin heavy chain 1 in the

myofibrillar fraction might be associated with beef tenderness, whereas, in the

sarcoplasmic fraction, the abundance of chaperone proteins and glycolytic enzymes

possibly determines a better meat color. This evidence suggests that ohmic cooking is

a great opportunity for the industrial production of meat products.

Food preparation and processing can play a significant role in the development

of a novel form of food allergy: red meat allergy. This severe allergic reaction is
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characterized by IgE antibodies directed against the carbohydrate

galactose-α-1,3-galactose (α-Gal) epitope. This compound can be generated during

different food processing, like heating or other treatments. The potential allerge-

nicity of different beef preparations (raw, medium rare, fried, and boiled) was

investigated by an immunoproteomics approach (Apostolovic et al. 2014). Protein

profiles of the differently cooked beef preparations were determined by 2DE.

Furthermore, to identify IgE-binding proteins, a methodology was developed that

consists in the application of 2DE followed by immunoblot with sera of meat-

allergic patients. The protein spots of interest were analyzed by peptide mass

fingerprint, and high-resolution MS/MS analysis allowed the identification of 18 -

IgE-binding proteins. A 2D immunoblot developed with anti-α-Gal antibodies was
used for identifying α-Gal-containing proteins. The comparison between the two

different types of immunoblots indicated that many IgE-binding proteins also

contain the α-Gal epitope. This approach, build on immunoproteomics and

MS/MS analysis, has allowed the identification of seven novel α-Gal-containing
allergens, of which four were stable to heat treatment: creatine kinase M-type,

aspartate aminotransferase, β-enolase, and α-enolase. The stability to heat treat-

ment was investigated with the comparison of protein profiles between raw and

cooked beef extracts. Aware of the fact that many aspects of red meat allergy

remain to be elucidated, this study demonstrates the essential role of proteomics in

understanding the biochemical pathways related to safer meat products and its

potential role in food product quality control.

Another aspect that can undermine the safety of meat food products is the use of

anabolic steroids in their production. In fact, despite the ban by the European

Union, growth promoters are being illicitly used to enhance productivity at the

expense of human health. The current available analytical techniques for drug

residue control have some limits. In particular, they exhibit a great difficulty in

the detection of low-dosage or unknown chemical structure anabolic compounds.

Proteomics techniques can represent a possible solution for this problem because

they allow the screening of indirect biological effects of growth promoter’s admin-

istration, such as the alteration of protein expression. Therefore, the identification of

protein biomarkers associated with steroid treatments represents a stimulating and

promising challenge. Targeted mass spectrometry, such as selected reaction mon-

itoring (SRM) also known as multiple reaction monitoring (MRM), has gained

more and more importance because it enables precise protein quantification that can

be standardized across laboratories. The study carried out by Stella et al. (2015) is a

good example of the possible application of proteomics in this field. The aim of this

study was to investigate differential muscle (biceps brachii) protein expression

patterns between bulls treated with an ear implant (Revalor-XS) containing

trenbolone acetate and estradiol and untreated animals. First, the building of a list

of candidate protein markers of treatment was performed using a shotgun proteo-

mics approach based on a combination of SDS-PAGE and LC-MS/MS. Before the

application of mass spectrometry and after the extraction from SDS-PAGE gels,

peptide mixtures were labeled with 6-plex TMT (tandem mass tag) reagents to

allow the simultaneous quantification of up to six samples in the same LC-MS/MS

analysis. It was possible to identify 28 candidate protein markers to be used to
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discriminate between treated and untreated animals. Then, to support these results,

the hypothetical candidate protein markers were subjected to a targeted proteomics

approach using SRM. By applying HPLC coupled to a triple quadrupole mass

spectrometer, 18 out of 28 potential protein markers were detected showing signif-

icantly different relative concentrations between the two animal groups. This study

demonstrates the successful application of a combination of shotgun and targeted

proteomics for drug residue analysis.

A highly relevant aspect for food product quality control is the identification of

adulterated meat. The fraudulent blending of meat from different species is asso-

ciated with both economical and ethical aspects. With regard to this specific field,

the study of von Bargen and colleagues (2013) represents an extremely effective

application of innovative proteomics techniques. The aim was the detection of

species-specific biomarker peptides that can help by mass spectrometry the detec-

tion of trace amounts of horse and pork in beef meat samples. First, it was necessary

to identify species-specific polymorphisms with a nontarget proteomics approach.

Subsequently, these novel specific biomarker peptides were utilized for the devel-

opment of a sensitive MRM-based method. This protocol, which allowed the

identification of 12 biomarker peptides specific for pork and horse meat, showed

sensitivities that are similar to the most sensitive PCR and ELISA methods avail-

able, highlighting the enormous potential of mass spectrometry.

Advanced proteomics techniques have been applied to investigate the basis of

beef meat color. Meat color is one of the most relevant quality attributes in

influencing the purchase decision of consumers. Therefore, understanding the

molecular mechanisms responsible for its stability is a crucial goal for the meat

industry from an economic perspective. In particular, proteomics techniques can be

applied to correlate the differences in protein patterns with variations in color and

biochemical traits influencing meat color. The sarcoplasmic proteome, containing

many distinct proteins, including myoglobin and enzymes, controls some of the

biochemical processes that influence meat color stability. Many studies have been

carried out aimed at identifying differences in the abundance of sarcoplasmic

proteins associated with different color stability. In particular, due to their color

features and biochemical characteristics, the most representative examples of color-

stable and color-labile beef meat are, respectively, beef Longissimus lumborum
(LL) and psoas major (PM). The differential sarcoplasmic proteomes of LL and PM

beef muscles were characterized by 2DE and tandem mass spectrometry (Joseph

et al. 2012). The results indicated that a higher color stability of LL muscle is

associated with the abundance of antioxidant proteins, glycolytic enzymes, and

chaperones. These results were later confirmed by the analysis of the sarcoplasmic

protein patterns of LL and PM muscles of Chinese Luxi Yellow cattle during

postmortem storage (Wu et al. 2015).

Although beef Longissimus lumborum muscle shows a greater color stability

when compared to other beef muscles, it was demonstrated that animal-to-animal

variations can influence this peculiar feature. The biochemical basis of the variation

in beef LL muscles color stability was further investigated through 2DE and tandem

mass spectrometry (Canto et al. 2015). A significant difference was found between

sarcoplasmic protein patterns of color-labile and color-stable LL muscles associated
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with an overabundance of glycolytic enzymes in the color-stable meat. The appli-

cation of proteomics techniques can help to identify breed, meat storage, and

processing conditions for preserving an optimal beef color. For example, this can

be achieved by the development of the proper muscle-specific processing strategies,

including the addition of muscle-specific antioxidants or specific modified atmo-

sphere packaging, and by the identification of potential predictors of meat

discoloration.

Yak, an Asiatic member of the Bovidae biological family, is commonly associ-

ated with high-quality meat products. Therefore, the preservation of yak meat

quality during postmortem aging is a primary goal for the meat industry. A

combination of proteomics and bioinformatics was applied to investigate one of

these features, the water-holding capacity (WHC) (Zuo et al. 2016). Poor WHC is a

common issue related to postmortem storage and to meat food processing. The aim

of the study was to obtain the differentially expressed proteins in yak muscle

(longissimus lumborum) during postmortem storage. Samples, classified according

to their specific drip loss capacity, were analyzed by 2DE, which allowed the

determination of differences between protein patterns. MALDI TOF/TOF mass

spectrometry allowed the identification of several proteins. Three proteins (myosin

light chain, heat shock protein 27, and triosephosphate isomerase), for which

identification was also validated by Western blot analysis, showed a great potential

as protein biomarkers for WHC prediction. This peculiar application of proteomics

techniques represents a further evidence of the forefront role of proteomics in meat

science.

3 Pork

Sausage, salami, bacon, speck, and cooked and dry-cured hams are the main

products obtained from pork. The percentage of processed versus fresh pork

consumed per capita is about 20%. Some of the processed pork products are

relatively cheap and widely consumed, such as salami, bacon, and sausages, and

some other products are expensive and consumed by selective groups of persons,

such as dry-cured ham because it is a delicatessen product perceived by consumers

as high-quality meat food. Nowadays, considering only the European countries, at

least 30 dry-cured hams have some sort of protected geographical indication. These

include the Italian Parma and San Daniele hams, the Spanish Jamon Serrano, the

French Bayonne, and the Portuguese Presunto. Several factors strongly influence

the quality of the final product, the selection of pig breeds, the feeding, and the

technological parameters applied in ham production, i.e., salt concentration, ripen-

ing time, and temperature and humidity for aging. A central role in the production

process is played by salt, which is rubbed on the whole pork legs. Sodium chloride,

the only salt used in Italian dry-cured ham processing, has several positive effects

like bacteriostatic activity, reduction of water content, and a crucial impact on the

sensory and quality parameters of the final product. Regarding the effects of
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ripening phase on pork quality, proteolytic activity is retained during all the phases

affecting the quality of the final product.

Proteomic methods have been applied to dry-cured ham aimed at characterizing

the modifications happening to the pork leg during the ripening phase. The modi-

fications at proteome level were analyzed for Parma and San Daniele dry-cured

hams ripened for 6, 10, and 14 months (Di Luccia et al. 2005). A differential

extraction of water-soluble and myofibrillar proteins was carried out. The protein

extract was analyzed by 2DE in order to improve the identification of less abundant

proteins. For the water-soluble fraction, a decrease in abundance was observed for

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), enolase, and creatine

kinase. These findings are in agreement with previous studies that showed a strong

proteolytic activity on these proteins. Moreover, at 14 months of ripening, two spots

in the acid region appeared, and they were identified as α- and β-tropomyosin.

According to the authors’ hypothesis, this finding was due to salt diffusion during

the ripening phase which increases the water solubility of these proteins. Data on

sarcoplasmic proteins led to the supposition of a reduction of proteolytic activity for

this class of proteins. Among myofibrillar proteins, modifications of several spots

were observed. Particularly, after 6 months of ripening, spots identified in raw meat

as myosin light chain 3 disappeared, and after 10 months several spots identified as

myosin light chain fragments were detected. Finally, at 12–14 months, there was no

evidence for spots related to the intact forms of α- and β-tropomyosin. These results

indicate that the proteolytic activity strongly influences the myofibrillar composi-

tion of dry-cured ham during all the ripening period affecting the quality of the

product. A LC-MS/MS approach was applied to follow the modification in

dry-cured ham proteome during a period of 9 months (Gallego et al. 2016). The

quantitative changes were characterized using a relative label-free quantification

for 20 sarcoplasmic proteins. All these proteins showed a reduction in protein

quantity during dry-cured ham processing due to the proteolytic activity of endo-

peptidase and exopeptidase toward the sarcoplasmic protein fraction. In particular,

in the first 2 months, the abundance reduction was observed for GAPDH, glycogen

phosphorylase (PYGM), phosphoglucomutase (PGAM), myoglobin (Mb), and glu-

tathione S-transferase (GST). GAPDH, Mb, and GST were almost undetectable

upon the salting phase. After 3.5 months, a reduction in the abundance of glucose

6-phosphate isomerase and triosephosphate isomerase was also observed. Aldolase

showed a reduction of 50% in 9 months, whereas enolase, which exhibits a higher

stability, showed a reduction of 2.8-fold in 9 months. Proteomic studies are in

progress in our laboratory (Paredi et al., 2017) monitoring the effect of a pressure

step applied on legs before the salting phase. For the characterization of the

molecular events that take place during the first 18 days of ham processing

(involving two steps of salting and resting), 2DE analysis and LC-MS were carried

out on ham exudates, the protein-rich solution that is formed due to the salt-induced

rupture of sarcoplasmic cells. Different protein profiles were obtained as a function

of time for both pressed and not pressed exudate samples. Furthermore, protein

profile differences were detected comparing pressed and not pressed samples.
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Cooked ham is a delicatessen that requires a multistep process for its production:

(i) injection of brine, a solution with a salt concentration in the range of 15–45%,

containing also spices and casein, (ii) tumbling of meat pieces using different time

lengths and distinct temperatures according to the quality of raw meat, (iii) cooking

that is carried out on the assembled meat pieces at 68–72 �C to reduce microbial

load, and (iv) refrigeration, packaging, and aging for at least 1 month. To date, only

two investigations have been carried out aimed at characterizing proteome modi-

fications related to the production process of cooked ham. Barbieri and Rivaldi

(2008) applied SDS-PAGE and 2DE to investigate protein variation during all the

steps of cooked ham processing. The protein solubility during tumbling was

evaluated for a period of 6 h and was found that myofibrillar protein extraction

increased during tumbling reaching a plateau after 5 h. The cooking step was

monitored in the temperature range between 35 and 75 �C. Differences in protein

extraction were observed particularly between 40 and 65 �C with an increase in

quantity of actin and desmin and a reduction of myosin heavy chain at 45 �C. A
deeper proteomic study was carried out on the first steps of cooked ham processing

applying 2DE approach, using IPG strips in the pH range 4–7 (Pioselli et al. 2011).

The proteome changes during brine injection and tumbling were determined on

exudates released from hams as a function of brine concentrations (15, 30, and

45%), tumbling time (30% brine for either 4, 16, or 20 h of tumbling), and

temperature (4 and 10 �C). The comparison of spot distribution showed that each

working condition leads to a specific protein pattern with brine concentration

strongly influencing the extraction of several proteins. For example, spots identified

as myosin light chain 1 and myosin regulatory light chain were more intense in

exudates generated with brine at 15 and 30% than 45%, and spots identified as

tropomyosin alpha chain were more concentrated in exudate at 30% brine. Tum-

bling temperature caused changes in extraction of tropomyosin beta chain that

showed a twofold increase at 10 �C compared to 4 �C. Finally, the length of

tumbling modified the extraction of three proteins, identified as actin alpha skeletal

muscle. The results of this proteomic analysis clearly show that each protein profile

is associated with a specific processing condition that, in turn, is likely associated

with a defined ham texture and quality of the final product.

Proteome modifications triggered by heat were investigated carrying out a

proteomic analysis on cooked ham, mortadella, and wüsterl (Di Luccia et al.

2015). A preliminary analysis with SDS-PAGE revealed that the sarcoplasmic

fraction of cooked products exhibited a low extractability in weak ionic strength

buffer. It was supposed that heat treatment induced aggregation, conformational

transitions, and an increase in protein-lipid interactions. 2DE profiles of cooked

pork showed that the highest number of spots, 211 and 242, was observed for

cooked hams Parma and Prague, respectively, whereas 70 and 68 spots were

detected in mortadella and wüsterl that showed missing spots related to several

myofibrillar proteins. This finding was explained by assuming that these proteins

are endowed by a lower extractability in mortadella and wüsterl. Indeed, it was
demonstrated that an ultrasonic step in the extraction protocol led to an increase in

the number of observed 2DE spots.
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AUT-PAGE/SDS-PAGE was used as an alternative to classic 2DE for the

comparison of water-soluble proteins obtained from microbiologically fermented

products, such as Naples-type salami; semi-fermented product, such as Italian

“coppa”; dry-cured ham; and raw pork (Picariello et al. 2006). Results showed

that dry-cured ham, after 12 months of ripening, showed an intense proteolysis of

four sarcoplasmic proteins and the appearance of two spots with molecular weight

of 37 and 38 kDa. The productive process of “Naples-type” salami requires a

ripening phase of only 30 days. The protein pattern showed a reduction in intensity

of spots identified as GAPDH, enolase B, and triosephosphate isomerase. Despite

the shorter ripening period compared to dry-cured ham, the addition of lactic

microflora led to a faster degradation of sarcoplasmic proteins. This is explained

by the distribution of bacteria within the meat mixture, a procedure that cannot be

achieved in dry-cured ham. Finally, the protein pattern for “coppa” was similar to

that observed for raw meat, with only the disappearance of glycogen phosphorylase

and the appearance of a spot with estimated molecular weight of 14 kDa.

4 Lamb and Goat Meat

A common method to process meat is by boiling for different lengths of times. Heat

causes a variety of protein modifications that affect carbonyl content and cause

aromatic residue alterations, formation of glycation end-products, and proteolysis.

These effects impact on meat quality and nutrition. A proteomic analysis of lamb

meat as well as of the proteins that are released in water was carried out via

SDS-PAGE coupled to LC�MS/MS upon digestion and SDS-PAGE coupled to

LC�MS/MS without digestion, respectively. The aim of the work was the charac-

terization of the change in proteomic profile and amino acid modifications boiling

either for 10 or 240 min (Yu et al. 2015). Not surprisingly, the sample boiled for

240 min allowed the identification of a lower number of proteins, 91, with respect to

the samples boiled for 10 min, 156, close to the control, 142. Boiling for a long

period might increase the extent of cross-linking among proteins, such as

dityrosine, Schiff bases, disulfide bridges, and protein carbonylation, thus leading

to lower solubility and increasing aggregation. It was also found that boiling causes

the modification of several amino acids, such as oxidation of methionine, acetyla-

tion and carboxymethylation of lysine, and deamidation of glutamine.

The alternative method of meat cooking is roasting. A proteomic analysis was

carried out for the characterization of the protein profile as well as protein modifica-

tions upon roasting lamb meat under control conditions (Yu et al. 2016). The

proteomic analysis, carried out via SDS-PAGE coupled to LC-MS/MS, showed

that upon heating protein concentration in urea-thiourea extracts decreased tenfold,

likely due to myofibrillar protein aggregation and cross-linking. Furthermore, several

amino acid modifications were observed, some of them previously observed when

lambmeat was cooked by boiling (Yu et al. 2015). In another investigation, the effect

of boiling goat muscle at either 100 �C for 30 min or at 121 �C and 15 PSI for 20 min
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in an autoclave was investigated by 2DE andMALDI TOF/TOF spectrometry (Sarah

et al. 2013). Meat storage at 4 �C was used as a control. The two heating conditions

were selected as models for home cooking and industrial cooking. The focus was on

the fate of actin as a function of different heating conditions. It was found that there

was no significant difference between the two procedures on the amount of actin.

Furthermore, analysis of the peptides generated from actin between residue 21 and

374 seems to suggest that these peptides might be exploited as biomarkers for the

identification of goat in food products. This investigation was extended to identify the

more heat-stable proteins (Sarah et al. 2014). These include myosin light chain, actin,

tropomyosin, troponin T, myoglobin, and creatine kinase.

5 Poultry Meat

Chicken is a leading source of meat worldwide. Its consumption is via boiling or

roasting with no traditional or industrial strategies for prolonged conservation. The

only exception is represented by fried chicken, the so-called chicken nuggets, for

which, however, no proteomic investigations have been carried out so far. How-

ever, because chicken meat has a lower commercial value than pig and especially

beef, it is frequently added to beef or pork meat products as a fraud. Furthermore,

because mechanically removed chicken meat has a lower commercial value than

hand-removed chicken meat, the first product might be added to the second. Not

surprisingly, given the analytical power of proteomics for both frauds, proteomic

tools have been exploited for the detection of chicken meat in mixture of pig and

beef meat and for the identification of markers of mechanical vs handmade proce-

dure. In order to identify proteins or peptides that are specific of chicken meat with

respect to beef and pork, the heat stability of chicken, pig, and beef proteins was

determined and compared with fresh meat (Sentandreu et al. 2010). It was found

that the peptide DQGTFEDFVGLR generated by trypsin digestion of myosin light

chain-3 was chicken-specific. This peptide was always detected in chicken meat

extracts and in pork mixture containing as low as 1% chicken meat. Thus, this

peptide represents a robust biomarker for chicken meat. A second chicken peptide,

the acetylated form of ALGQNPTNAEINK, was identified as a biomarker of

chicken meat. It was detected by LC-MS/MS in cooked pork in the presence of

0.5–10% of cooked chicken meat. A similar approach was followed for the identifi-

cation of peptide biomarkers specific of different classes of fish characterized by

distinct commercial value (Carrera et al. 2007) and in the detection of the added

soybean proteins in meat (Leitner et al. 2006).

Another study searched for protein biomarkers able to discriminate between

chicken meat obtained via mechanic procedures and via manual interventions

(Surowiec et al. 2011). Among the few proteins, which were identified by 2DE

and LC-MS/MS, differently present in the chicken meat obtained with the two

procedures, only hemoglobin was evaluated to be a robust biomarker for mechan-

ically recovered meat.
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6 Conclusions and Future Perspectives

Proteomic methods applied to meat have the potential of shaping and directing

actions toward the overall goal of achieving high-quality products. This could occur

at distinct but strongly interlinked levels: (i) animal selection, (ii) animal growth

and feed, (iii) animal slaughtering, (iv) muscle to meat transition, (v) meat techno-

logical processing, and (vi) meat adulteration detection. However, somewhat sur-

prisingly, relatively few proteomic studies have been carried out on the last two

levels. This calls for intense activities toward the application of proteomic tools for

the identification of robust protein markers in beef, broiler, and pork processing.
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Abstract The demand for animal protein for human consumption is currently on

the rise fueled mainly by an exponential increase of the world population. The

higher demand of fishery products and capture restrictions as a result of wild fish

stock exploitation made aquaculture an extremely important source of protein

(mainly fish, shellfish, and algae) available in human diet. Production statistics

database from FAO states a value of about 97.2 million tonnes, of which around

70.0 million tonnes of the total food fish and 27.0 million tonnes of aquatic plants.

The awareness that nowadays competitiveness is extremely dependent on scientific

knowledge and new technologies made the number of manuscripts published in this

area to rise almost exponentially. Aquaculture faces many challenges in order to

continuously deliver a high-quality farmed fish through a sustainable production

system. In order to achieve this goal, new management strategies need to be

addressed, and state-of-the-art technologies like proteomics have been applied to

study many factors like welfare, safety, nutrition, and diseases, which are directly

responsible for the end-product quality.
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In this review we will address the latest proteomic studies published in each one of

these influencing factors, giving a special importance to welfare since this is seen as

a complex interaction of all the other factors. Also a brief review on the actual

genomic resources is presented.

1 Proteomics and Fish Welfare

In fish with specific reference to aquaculture, the relationship between fish welfare,

stress, and health is a complex interaction of many different variables making

welfare in aquaculture a difficult subject to define. For all animals there are some

fundamental definitions that should be considered when animal welfare is assessed.

These include freedom from hunger, thirst, discomfort, pain, injury, disease, fear

and distress, and ability to behave in a “normal way” and are discussed in detail by

Ashley (2007). However several of these definitions are clearly difficult to transfer

to fish (Berrill et al. 2012; Huntingford and Kadri 2014), but as a starting point, it

does give clear lines that can be investigated. It can be hypothesized that when fish

are in a good welfare state, they will perform well, have efficient conversion of food

to growth, have a well-functioning immune system capable of dealing with immu-

nological challenges, and in general result in a high-quality product. Compromised

welfare not only reflects poorly on those who maintain the fish but is also of societal

concern; hence there is a demand for high welfare status of farmed fish. Gauging the

welfare status of fish is far from being easy, as we cannot easily perceive the

emotional well-being of a large number of fish. The basic assumption for fish

welfare is that the physiology and behavior do not significantly deviate from what

is expected as normal (Prunet et al. 2012). The normal zone of tolerance for many

physiological parameters needs to be assessed in relation to stress, nutrition, health,

physiology, and behavior, with major changes potentially being indicators of

compromised welfare. Developing markers, and how to interpret them, has been

a goal in defining welfare in recent years mostly driven by the enormous growth in

the aquaculture industry. So two aspects need to be considered: acute welfare issues

(such as stress) and chronic welfare issues, which may be ongoing environmental

changes such as water quality, environment, and health.

From a proteomic perspective, there are a number of core processes that can be

examined and give indications of deviation from the expected normal, with the

ambition of developing biomarkers for welfare assessment (Marco-Ramell et al.

2016). This term of “expected normal” requires a baseline to be established for the

abundance and presence of proteins or how these proteins are posttranslationally

modified. Such approaches have been carried out, and a recent example is reported

in carp, where a multi-organ transcriptome and proteome have been assessed
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(Kolder et al. 2016). Other papers have examined single tissues such as ovarian

fluid (Johnson et al. 2014) and the brain (Gebriel et al. 2014). With the assumption

that such analysis is performed on fish in a state of high welfare, the proteome and

relationship of abundance of proteins can be useful in comparative investigations.

Acute stress in fish has been extensively studied, and there are clear markers

including increased cortisol levels (Ellis et al. 2012), behavioral changes, food

intake, and partitioning of energy requirements (Santos et al. 2010). From these

observations, it is clear that multiple metabolic processes are changed, and many of

these may be related to reduced food intake and not as a direct response to the

stressor. Fish handling, netting, and reducing water volume are known to be major

acute stressors of fish and are likely to induce perturbations. Repeated handling in

Senegalese sole (Solea senegalensis) was examined for stress-induced responses in

the liver (Cordeiro et al. 2012) where fish were repeatedly handled once a week for

4 weeks. Although the stress events were described as scarce, they could represent

handling conditions in the commercial environment. Over 300 proteins were found

to be consistently modulated in expression between handled and control fish relating

to cellular response to redox stress, and a large number of heat shock proteins

(HSPs) were found altered. These results were in line with earlier studies (Alves

et al. 2010) where both repeated handling and crowding were used as stressor.

As fish are ectotherms, they have a temperature range where they have maximal

performance and when confronted with annual changes in water temperature will

acclimate accordingly (Johnston and Dunn 1987). However in culture conditions

they cannot move to a more suitable temperature. Incorrect temperature induces

stress by increasing oxygen demand, along with overall metabolic rate. Addition-

ally, lower temperatures can also result in an unbalanced fish physiology. Fish

behavior and its relation to temperature choice have been shown also to be linked

with immune capacity as described for zebra fish (Bolta~na et al. 2013). A number of

studies have examined the proteome in relation to changing temperatures. Larval

sea bream has been examined in relation to warming ocean temperatures (Madeira

et al. 2016). Although focused on future climate change, the paper has relevance for

aquaculture welfare. Whole animal proteomics showed that larval fish were unable

to modify proteins relating to energy metabolism as would have been anticipated

with warmer temperature, resulting in other physiological stresses. Although only

15 proteins were identified, some interesting conclusions were drawn. HSPs and

protein degradation-related proteins were increased, suggesting dysregulation of

protein folding. Other stress-related processes were changed including intracellular

transport and porphyrin metabolism indicating reduced oxygen transport. Wild

sturgeon larvae exposed to different temperatures (18 and 26 �C) in combination

with selenium (Silvestre et al. 2010) were examined for proteomic changes induced

by temperature, following 2-DE. Fifteen proteins were identified suggesting pro-

cesses relating to protein folding, protein turnover (protein synthesis and protein

degradation), ATP supply, and structural proteins changed in abundance in

response to heat and/or selenium. These possible biomarkers could act as early

indicators of dysfunction of larval development. These examples which are based

on studies of whole larval fish do not allow for tissue-specific responses to be

ascertained and may mask important changes in key tissues.
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Natural changes in water temperature can help interpret when fish are stressed or

in a state of compromised welfare. The murrel (Channa striatus) native to northeast
India inhabits streams emerging from hot springs and can live at temperatures up to

38 �C. In this work, fish were acclimated to this temperature and compared with fish

at a stable aquaculture temperature of 25 �C. The proteome analysis revealed a

panel of HSPs at higher levels in the warmwater fish as well as a number of

antioxidant proteins (Mahanty et al. 2016). In temperate latitudes, natural

populations of grayling (Thymallus thymallus) that naturally inhabit warm or cooler

water were examined for muscle proteomics (Mäkinen et al. 2015). Nearly all

proteins identified were associated with Gene ontology related to muscle develop-

ment and are interpreted “as driving the population closer to or to the thermal gene

expression optimum.” As these fish naturally tolerate and live in such environ-

ments, it may be debatable if these can be viewed as markers of welfare or a normal

biological response to natural environmental fluctuations.

Although most worries are related to increasing water temperature for fish, as

oxygen levels drop and metabolic stress is more likely to occur, warmer water

species such as sea bream can have welfare issues at decreased lower winter

temperatures. Winter disease occurs when water temperatures drop below about

12 �C, and a combination of organ malfunctions occurs including ionic regulation

by gills, poor digestion, and compromised immune function (Castillo et al. 2009).

To assess the key hepatic changes during a lowering of temperature in sea bream,

fish acclimated to 20 �C were transferred to 8 �C for 10 days before a proteome

comparative analysis of fish at the two temperatures was performed. There was a

clear shift in the proteome with more proteins being reduced in abundance than

increased (Ibarz et al. 2010b). The proteins identified that were changed in abun-

dance suggested that protein and amino acid metabolism was being altered as seen

by increased abundance of proteasome components and trypsinogen; secondly,

changes in antioxidant activity were evidenced by increase in catalase and gluta-

thione S-transferase. Taken together the authors concluded the cold shock resulted

in hepatic oxidative damage and might potentially impact on winter disease in sea

bream. Diets have been developed (winter feed, WF) to help mitigate these condi-

tions, based on high marine protein and krill oil diets (Silva et al. 2014a) on which

the fish grew and performed better. To define at a proteomic level the impacts of the

WF and define potential protein markers for improved performance, plasma

(Schrama et al. 2016) and liver (Richard et al. 2016) proteins related to protein

metabolism, lipid metabolism, and immune function were identified. Authors

suggest that fish fed the WF diet had improved oxidative stress capacity and

increased amino acid metabolism.

Behavior and emotions are key aspects of behavior with such activities being

controlled by brain function. However with the brain being such a complex tissue

and often overlooked by aquaculture-related researchers, there is little known

regarding the fish brain proteome. An interesting example is the zebra fish being

used as a model for sleep disorders where these fish were maintained in continuous

light/dark conditions (Purushothaman et al. 2015). These researchers were inter-

ested in circadian biology and endogenous daily rhythms controlled by the internal
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clock with 78 proteins found altered as a result of changed photoperiod. Several

proteins related to γ-aminobutyric acid (GABA)ergic receptors were modified as

shown by 2-DE, and further circadian clock genes found modified by real-time

PCR. These results could be expanded to the aquaculture environment where fish

are often kept on artificial photoperiods for enhanced food intake or for controlling

key life history events (Lorgen et al. 2015). Changes in brain proteome have also

been examined in carp following anoxia, a species that can survive anoxic condi-

tions, but little knowledge is known on how the brain deals with the lack of oxygen.

Smith et al. (2009) found a decrease in abundance of proteins involved in the

glycolysis pathway as well as proteins related to repression of neuronal apoptosis

and decrease in neuronal degradation, demonstrating coping strategies for this fish

species to environmental extremes it can face in natural environment.

Fish diets in aquaculture have changed significantly in recent years, with a move

away from wild-sourced marine fish meal and fish oil to terrestrial plants and oils.

Such diets can have impacts on fish welfare as they may contain anti-nutritional

factors that interfere with digestion and intestinal function (Krogdahl et al. 2015;

Król et al. 2016). To assess the impacts on the proteome of fish feeding on such

diets, both the liver and intestine have been examined for potential metabolic

changes that could indicate changed metabolism and welfare issues. Rainbow

trout fed soybean meal rich diets had proteome alterations in the liver (Martin

et al. 2003; Vilhelmsson et al. 2004) suggesting changes in lipid-binding proteins

and primary energy metabolism. The intestine tissues themselves have received

little in the way of proteome analysis; however Vasanth et al. (2015) found that

microbial feed additives were able to reduce Atlantic salmon intestinal inflamma-

tion and showed five proteins that could be associated with poor intestinal morphol-

ogy. Interestingly calreticulin, a multifunctional protein involved in extracellular

matrix, was also altered in the skin of salmon that were being fed functional feeds

associated with reduced sea lice burden (Micallef et al. 2017). Starvation is also

directly relevant to welfare in fish; however as in many examples above, the biology

of fish species is so plastic in that there is debate when starvation in salmonids

becomes a welfare issue. Short-term food withdrawal (2 weeks) has been examined

in rainbow trout (Martin et al. 2001) where several enzymes including cathepsin D

suggested changes in protein turnover were occurring. More recently the impact of a

4-week food withdrawal was assessed for the intestinal tissue proteome of rainbow

trout. In this study several immune-related function proteins and cellular stress

showed significant changes (Baumgarner et al. 2013).

2 Proteomics in Fish Nutrition

Nutrition is a central topic in aquaculture research due to its essential role in fish

metabolism, growth, health, and welfare. As such, it is not surprising that proteomic

techniques have been extensively applied in this field in order to measure biological

effects associated with particular dietary treatments or nutritional factors. Given the
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wide range of feeding behaviors, digestive physiologies, and nutritional tolerances

displayed by different species of fish, as well as the continuous introduction of new

alternative ingredients in fish feed formulations, the use of such untargeted

approaches can be seen as particularly beneficial by increasing the probability of

detecting unforeseen nutritional effects.

Though most proteomic studies in fish nutrition focus on the liver as the target

tissue, given its central role in regulating metabolism and adapting to nutritional

changes, the muscle seems to be another common target, due to its importance as a

peripheral energy-demanding tissue and its role in growth processes. Of particular

relevance to nutritional studies is also the gut/intestine, due to its direct contact with

bulk digesta and its particular susceptibility to the presence of anti-nutritional

factors, as well as its essential role in the immune system and in modulating nutrient

intake. Besides these, skin mucus and blood plasma are also seen as attractive

targets due to the possibility of sampling them through nonlethal methods, being

particularly suited to study the effects of dietary treatments on fish welfare and

health. Finally, some studies simply perform protein extraction and analysis of the

whole-body proteome, particularly when analyzing larvae or small fish, due to the

difficulty in isolating specific tissues.

An important area of research concerns the general physiological effects of

feeding (Mente et al. 2017), starvation, and refeeding (Baumgarner et al. 2013;

Enyu and Shu-Chien 2011; Martin et al. 2001), as well as the impact that dietary

energy intake levels can have on fish nutritional status (Jury 2005; Jury et al. 2008;

Kolditz et al. 2008). For example, the works of Martin et al. (2001) and of Enyu and

Shu-Chien (2011) show that starvation affects not only energy metabolism (gly-

colysis, gluconeogenesis, electron transfer chain) and oxidative stress response

(peroxiredoxin, catalase, heat shock proteins), as one would expect, but also

pathways such as methionine metabolism and lysosomal proteolysis (cathepsin

D). Also, some of these works underline the dynamic nature of the hepatic prote-

ome in particular and the need to consider the effect of, e.g., subjecting fish to

fasting prior to sampling on proteomic observations. In general, this line of research

is essential to assist in the correct interpretation of proteome alterations in fish

nutrition studies.

The introduction of alternative ingredients in fish feed formulations (such as

plant proteins, vegetable oils, and processed animal proteins) is seen as an impor-

tant topic in aquaculture, and many proteomic studies focus on this issue, given the

potential for unexpected deleterious effects (Ghisaura et al. 2014; Jessen et al. 2012;

Kolditz et al. 2007; Kwasek 2012; Martin et al. 2003; Nuez-Ortı́n et al. 2016;

Vilhelmsson et al. 2004; Wulff et al. 2012). Some of the proteins that consistently

seem to be affected by the replacement of fish meal by vegetable ingredients

include apolipoproteins, fatty acid-binding proteins, heat shock proteins, nitric

oxide synthase, homogentisate 1,2-dioxygenase, and methionine/homocysteine

metabolism proteins (adenosylhomocysteinase and betaine-homocysteine

methyltransferase). Still within this context is supplementation of feeds with

amino acids, particularly those displaying low abundance in vegetable ingredients.

In this sense, the effect of diets containing variable levels of lysine on the muscle
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and whole-body proteome of zebra fish has been characterized (de Vareilles et al.

2012; Gómez-Requeni et al. 2011), showing a high impact not only on structural

proteins (actin, myosin, tropomyosin) but also proteins such as apolipoprotein A-I,

Pdlim7, and proteins associated to energy metabolism. Another recent concern is

the use of genetically modified organisms in fish feeds and its possible impact on

fish health and nutritional safety. One study on the effect of genetically modified

soy (compared to a near-isogenic non-GM soy) on Atlantic salmon displayed a

minimal impact on its hepatic proteome, which suggests this particular strain of GM

soy induces no obvious deleterious impact on fish nutrition and health (Sissener

2009; Sissener et al. 2010).

Understanding the effects of dietary micronutrient levels on fish metabolism and

health is essential in the context of ever-changing feed formulations, where the

possibility of micronutrient deficiencies is not negligible. In this sense, studies of

the dietary effects of micronutrient supplementation through proteomic approaches

have been undertaken, with works published both on phosphorus (Veiseth-Kent

et al. 2013; Ye et al. 2016) and vitamin K (Richard et al. 2014) supplementation.

A particular issue with fish larvae is their high phospholipid requirements, which

complicate the formulation of adequate replacements for live feed. Given this, some

researchers studied the effect of different levels of soybean lecithin supplementa-

tion on the liver proteome of pike perch (Hamza et al. 2010). Results showed

growth differences between dietary treatments, which were attributed to observed

changes at the level of proteins related to oxidative stress (increased peroxiredoxin

and reduced GRP75 and glutathione S-transferase with increasing lecithin levels),

energy metabolism (changes in the levels of pyruvate carboxylase, phosphogluco-

mutase, fructose-biphosphate aldolase, and propionyl-CoA carboxylase), and cho-

line metabolism (increased level of sarcosine dehydrogenase with increasing

lecithin levels).

There are also studies on the impact of functional feeds, which are formulated or

supplemented with particular additives with the purpose of boosting the metabolic

and immune status of fish, to help them cope with particularly stressful situations

(Richard et al. 2016; Schrama et al. 2016) or ward off infections (Jensen 2015;

Jensen et al. 2015; Provan et al. 2013). A particularly strong trend in the field of

functional feeds is the use of probiotics (nonpathogenic microorganisms) and

bioactive substances derived from microorganisms (e.g., β-glucan), given their

putative effects in terms of fish health and even growth performance (Ghaedi

et al. 2016; Hosseini et al. 2016; Sveinsdóttir et al. 2009).

Finally, there are studies which focus on the effects of other dietary additives on

fish proteomes: ranging from nucleotides (Keyvanshokooh and Tahmasebi-

Kohyani 2012) and carbon sources, like α-ketoglutarate (Ibarz et al. 2010a) and

glycerol (Silva et al. 2012), to secondary plant metabolites, like maslinic acid

(Matos et al. 2013; Rufino-Palomares et al. 2011). These underline the versatility

of proteomic approaches as general tools in fish nutrition studies to screen for

potential effects at the level of cellular stress and metabolism.

An important detail in proteomic studies of fish nutrition is that the proteomes

are intrinsically dynamic and context-dependent, which can make the interpretation
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of the results highly challenging. In this sense, improving the design of experiments

and data analysis approaches can bring real benefits to fish nutrition studies that

leverage proteomic techniques. One of the ways of dealing with this complexity and

context-dependence is to include more than one reference (control group), such as a

negative control and a positive control. For example, if one is interested in knowing

whether a particular feed additive induces nutritional stress, it might make sense to

include a positive control diet (i.e., basal diet with an additive known to be stress-

inducing) beside the negative control diet (i.e., basal diet). With such approach, we

can convert ambiguous questions (“are the treatment samples similar to the nega-

tive control samples?”) into more objective ones (“are the treatment samples more

similar to negative control samples than to positive control samples?”). Following

this concept that nutritional effects on proteomes should be interpreted in relative

terms compared to reference group(s), rather than in absolute terms, one also should

consider, particularly in long-term studies, the possibility of taking and analyzing

samples from the start of the experiment and use them as a reference group. Another

important detail that can contribute toward correct interpretation of proteomic

observations is the co-measurement of complementary information, from easy-to-

measure zootechnical parameters (such as fish body weight, body length, condition

factor, hepatosomatic index, etc.) to other biological information obtained through

the use of high-throughput profiling techniques (metabolomics, transcriptomics).

This type of information can be used, on one hand, to isolate the treatment effect

from other confounding effects (e.g., when comparing two groups of different mean

weight, it is important to ensure that the treatment effects cannot simply be

explained by body weight differences) and, on the other hand, to confirm the

plausibility and consistency of the interpretation of the results (e.g., if a certain

pathway is shown to be affected both at the proteomic and transcriptomic levels,

one can be much more certain that the observation is not spurious). With these

improvements, and others, related to the technical evolution of higher-throughput

gel-free techniques, application of proteomics to the problematics of fish nutrition

can provide an invaluable complement to other classical and omics approaches.

2.1 Safety of Aquaculture Products and Fish Allergens

In aquaculture industry, safety is of enormous importance to prevent health hazards,

such as biological (bacteria, parasites, and viruses), chemical (heavy metals,

dioxins, and aromatic hydrocarbons), and physical (bones, plastic, and glass)

hazards (Teklemariam et al. 2015). To control this, the Food and Agriculture

Organization (FAO) of the United Nations stabilized a code of practice for fish

and fishery products (FAO 2012) where handling of fresh and frozen fish is

described following the rules of hazard analysis and critical control points

(HACCP). The European Union established Directive EC No 2073/2005 for regu-

lation of microbial contamination (European 2005) and recently published EC No

1379/2013 for labeling and traceability characteristics to control fishery and
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aquaculture products (European 2013). Authentication and labeling of fish species

these days is very important as the human population is easily mislead by seafood

identity substitution, as more than 20000 species of fish and seafood are known to

be consumed (Rasmussen and Morrissey 2008).

More recently, proteomics has been emerging in the aquaculture field as a

promising approach toward a high-quality end product (Mazzeo and Siciliano

2016). To achieve this goal, these advanced technologies have been used to

improve the knowledge regarding potential biomarkers for environmental moni-

toring, risk assessment, including allergens’ detection, traceability, and authentic-

ity (Addis et al. 2010; Mazzeo and Siciliano 2016; Tedesco et al. 2014).

Proteomics has been shown in numerous studies to deepen the genomic and

transcriptomic approaches since it allows the study of the proteome, which reflects

the physiological state of a fish at a given moment, in response to a stimulus.

Although the lack of available information at the genome level registered for the

majority of the aquaculture species is an enormous obstacle, a deeper proteome

coverage of these species was achieved due to complementary studies comprising

proteomics, genomics, and transcriptomics (Barbosa et al. 2012; Rodrigues et al.

2012). In case of traceability and authentication, several proteomic-related studies

have been performed using fish species such as perch (Berrini et al. 2006), cod,

mackerel (Martinez and Jakobsen Friis 2004; Martinez et al. 2007), hake (Pineiro

et al. 2001; Carrera et al. 2006), sea bass, sea bream, and tilapia among others (Mazzeo

et al. 2008). Muscle samples were used to identify specific proteins, such as

parvalbumin, actin, tropomyosin, and myosin light chains. Recently, overexpression

of the parvalbumin protein was detected in farmed gilthead sea bream against the wild

species using shotgun proteomics (Piovesana et al. 2016). Using 2-DE and MALDI-

TOF-MS, species of hake and grenadier were differentiated by the analysis of

parvalbumin patterns in white muscle. This differentiation was confirmed using de

novo sequencing of nucleoside diphosphate kinase B (Mazzeo and Siciliano 2016).

Procedures like 2-DE, MALDI-TOF-MS, and PCR have been contributing in an

extensive way for fish authentication (Siciliano et al. 2016; Carrera et al. 2013).

Depending on the research aim, the protein expression levels (comparative

proteomics) and the posttranslational modifications (PTMs) can be assessed

(Barbosa et al. 2012).

Food allergies are a worldwide issue and it is increasing fast. In 90% of the cases,

an allergic reaction is caused due to a food protein of the Big 8, which includes

milk, eggs, peanuts, tree nuts, soy, wheat, fish, and shellfish (Ahsan et al. 2016). The

majority of food allergic reactions are mediated by immunoglobulin E (IgE). In

case of fish allergy, it is estimated to affect up to 2% of adults and up to 7% of

infants (Ballmer-Weber et al. 2015) and might cause symptoms like asthma,

diarrhea, abdominal pain, or even anaphylaxis (Kuehn et al. 2014). As these

symptoms might be severe, it is important to characterize, identify, and quantify

all protein allergens (Di Girolamo et al. 2015). Allergens are the proteins used to

mediate the allergenicity, and the major fish allergen has been identified as

parvalbumin (Kuehn et al. 2014). Proteomics can be an important tool to charac-

terize fish allergens. The major fish allergen can now be detected in less than 2 h

using proteomic approaches using selected MS/MS ion monitoring (SMIM) in a
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linear ion trap (LIT) mass spectrometer (Swoboda et al. 2002; Carrera et al. 2011,

2012). All these approaches result in a new “omics” era, namely, the allergenomics.

After extraction of the proteins and separation by 1-DE or 2-DE, the visualization of

fish protein allergens can be performed using immunoblotting with sera of allergic

patients, and the N-terminal amino acids can be sequenced after the Edman

degradation. The quantification of these allergens can be done by an ELISA using

specific antibodies. Characterization and mapping of the IgE epitopes can be

performed using liquid chromatography combined with a tandem mass spectrom-

eter after 2-DE separation of the fish proteins (Fig. 1) (Di Girolamo et al. 2015).

A different method for absolute allergen quantification has been developed by

Fig. 1 Fish allergens identification using a proteomic approach
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the way of triple quadrupole (QQQ) mass spectrometers using selected reaction

monitoring (SRM) in plural multiple reaction monitoring (MRM) (Picotti et al.

2009), but this method is limited to known allergens (Ahsan et al. 2016). More

recently Kobayashi and colleagues quantified 22 species of fish by their parvalbumin

content using SDS-PAGE. They observed that parvalbumin is present in higher

quantities in white muscle and that large-sized translocating species like tuna,

swordfish, and salmon show lower quantities of this protein and lower reactivity of

IgE from allergic patients (Kobayashi et al. 2016b). They showed in a different study

that the amount of parvalbumin determines allergenicity and not the molecular

differences of the allergen between species (Kobayashi et al. 2016a).

Different isoforms of parvalbumin have been identified in freshwater carp, and it

has been shown that divergent developmental stages may express other isoforms

(Brownridge et al. 2009). A commercial antibody against parvalbumin has been

used to show its presence in various fish species and also demonstrates that heat

treatment of themuscle alters the recognition of the antibody (Saptarshi et al. 2014). A

few years earlier, it had been shown that in smoked fish species like salmon, mackerel,

and haddock, a novel band of parvalbumin appeared at 30 kDa, and altered immuno-

genicity was shown on processed cod, salmon, trout, and pickled herring (Sletten et al.

2010). Recent proteomic-based studies identified enolase, tropomyosin, and creatine

kinase as novel allergenic proteins, between others (Tomm et al. 2013), and charac-

terized the allergenome of transgenic and non-transgenic fish, showing no difference

in expression of parvalbumin and triose-phosphate isomerase, between others

(Nakamura et al. 2009). The analysis of parvalbumin allergenicity in different fish

species showed that the β-lineage is themost identified, and the International Union of

Immunological Societies Allergen Nomenclature Subcommittee (www.allergen.org)

contains 21 parvalbumins registered from 12 fish species (Kuehn et al. 2014).

3 Fish Diseases

Farmed fish are susceptible to a wide range of bacterial, viral, parasitic, and fungal

infections, and losses through disease not only constitute a serious constraint to this

industry, making a significant impact on the quality and volume of the fish produced

in Europe and throughout the world (Hill 2005), but also have led people to

question the safety of aquaculture (Adams and Thompson 2006).

Several pathogen detection methods (traditional, immunological, molecular)

have been extensively used to improve fish health (Parrington and Coward 2002;

Burge et al. 2016). And since scientific advances in aquatic health continue to

close the gap with clinical and veterinary medicine, new techniques are becoming

a reality that offers untold benefits to the aquaculture industry (Adams and

Thompson 2006; Oskoueian et al. 2016). Proteomics, still mostly focused on

gel-based techniques (Silva et al. 2014b), is one of those new tools and constitutes

one of the best approaches for health management in aquaculture (Rodrigues et al.

2012, 2016; Silva et al. 2011) and to better understand fish diseases and epidemi-

ology (Alves et al. 2010).
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Fish diseases can be divided in two main areas: infectious fish disease and

noninfectious fish diseases.

Infectious fish diseases are caused by pathogens such as virus, bacteria, fungi,

and parasites and are the main source of economical loss in farm fish industry

(Shinn et al. 2015).

Several proteomic studies related to infectious diseases have been described in

the literature in areas like pathogenesis (Park et al. 2012), vaccine development

(Lee 2001; Chen et al. 2004), disease diagnosis (Chen et al. 2004), disease resis-

tance (Almeida et al. 2015), physiological response to pathogens (Rodrigues et al.

2012; Peng 2013; Addis et al. 2010), pathogen characterization (Dumpala et al.

2010; Buján et al. 2015; Fernández-Álvarez et al. 2016), immune proteins and

immune system characterization and responses (Encinas et al. 2010; Coates and

Decker 2016), disease biomarkers (Braceland et al. 2015), and organism response

to disease treatment products (Varó et al. 2010).

In Table 1, a summary of some of the proteomic techniques applied in the study

of infectious fish diseases is presented. Interestingly the number of proteomic

studies in parasites is far lower than the number of studies in virus or bacteria.

This is probably due to the availability of more DNA, RNA, and protein informa-

tion from virus and bacteria in comparison with fish parasites in different databases

(Burge et al. 2016).

Noninfectious fish diseases are mostly related to an external stimulus caused for

instance by nutrition or the environment. These are normally associated with the

production technology and can be the cause of several problems to aquaculture

production as malformation, low growth rate, tumors, anorexia, poor quality of the

product, or even high death rates (Forné et al. 2010).

The study of the influence of these external factors using proteomics is addressed

in several papers such as the ones describing fish response to contaminants like PAH

or PCBs (Galland et al. 2015), exposure to heavy metals or radioactive compounds

(Hogstrand et al. 2002; Smith et al. 2015; Yadetie et al. 2016), exposure to toxins

(Karim et al. 2011), response to stressors (Cordeiro et al. 2012), physical trauma

(Wu et al. 2004) or fish development characterization used to reduce malformation

incidence (Chicano-Gálvez et al. 2015), characterization of gas bubble disease

caused by hyperoxygenation of the tanks (Salas-Leiton et al. 2009), and character-

ization of fish tumors (Stentiford et al. 2005; Lerebours et al. 2013).

As can be observed in Table 1, most proteomic studies in this field use top-down

approaches (mainly 2-DE, followed by mass spectrometry). The major reason for

this is related to the use of proteomics in aquaculture being still in its early days and

progress in defining fish proteomes is expected to be slower than genome sequenc-

ing. Also, datasets from diseased fish and from fish pathogens need to be collected

and available on a large scale before this technology can be fully used. In addition,

although 2-D electrophoresis is the main technique used for detecting variation in

the expression of proteins, this procedure is time-consuming and expensive, and

reproducibility is a problem. Even in combination with mass spectrometry, only the

more abundant proteins can be detected, thus indicating the need for new technol-

ogies (Zhou et al. 2012; Rodrigues et al. 2016).
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4 Genomic Resources

Genomic resources provide the bioinformatic tools needed for proteomics. In

general, the proteome is dynamic in different cells, organs, growth stages, and

environmental conditions, and the differences in the proteome may be affected by a

number of factors. For instance, differential splicing of RNA or alternative splicing

generates multiple protein translated products produced from a single gene. There

are posttranslational processes that result in the modification of protein products.

Therefore, proteomic studies that complement genomic information can provide a

useful tool to investigate the entire biological, physiological, and metabolic pro-

cesses in an organism. Genomics is defined as the systematic study of genomes,

which refers to the entire genetic material of an organism. A database of animal

genome sizes, which have been estimated using haploid DNA contents (C-values,

in picograms), has been constructed with genomes available for over 5600 animal

species (http://www.genomesize.com/). Recent advances in DNA sequencing tech-

nologies and bioinformatics have brought revolutionary advances in genomics for

several aquatic animals (Table 2). In addition, more genomic information for

Table 2 Genomic databases of aquatic animals

Species Website

Zebra fish (Danio rerio) http://zfin.org/cgi-bin/webdriver?MIval¼
aa-newmrkrselect.apg

Salmon (Salmo salar) http://web.uvic.ca/grasp/

http://www.salmobase.org/

Fugu (Takifugu rubripes) http://www.fugu-sg.org/index.html

Catfish (Ictalurus spp.) http://catfishgenome.org/

Rainbow trout (Oncorhynchus
mykiss)

https://www.genoscope.cns.fr/trout/

Oyster (Crassostrea gigas) http://www.oysterdb.com/FrontHomeAction.do?

method¼home

Shrimp (Litopenaeus vannamei) http://www.shrimp.ufscar.br/en/introduction/

http://shrimpgpat.sc.mahidol.ac.th/ShrimpGPATV2/

Marine genomic database http://mgnew.clemson.edu/

Medaka (Oryzias latipes) http://mepd.cos.uni-heidelberg.de/mepd/

http://utgenome.org/medaka/

http://asia.ensembl.org/Oryzias_latipes/Info/Index

http://mbase.nig.ac.jp/mbase/medaka_top.html

Pufferfish (Tetraodon nigroviridis) http://www.genoscope.cns.fr/externe/tetraodon/

https://www.genome.gov/11008305/

Stickleback (Gasterosteus aculeatus) http://sticklebrowser.stanford.edu/cgi-bin/hgGateway?

hgsid¼21904

Tilapia (Oreochromis niloticus,
Astatotilapia burtoni, Metriaclima
(Maylandia) zebra, Pundamila
nyererei, and Neolamprologus
brichardi)

http://cichlid.umd.edu/CGCindex.html

https://www.broadinstitute.org/tilapia/tilapia-genome-

project
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aquatic animals are expected to be accessible in the near future. The applications of

genome technologies have implications for fisheries sciences and aquaculture such

as the management of fish genetic resources, improvement of aquaculture produc-

tivity for food security, and environmental sustainability of the aquaculture industry

(Wenne et al. 2007; Quinn et al. 2012). Genomic research areas include structural

genomics, functional genomics, epigenomics, and metagenomics.

Structural genomics describes genome structure, organization, and evolution

including genetic map construction, genome sequencing, and the determination of

a protein and its three-dimensional structure. Recently, salmonid genomes provide

the valuable sources of whole genome duplications, which have been an important

landmark for vertebrate evolution (Berthelot et al. 2014; Lien et al. 2016). The

National Center for Biotechnology Information (NCBI) genomic information orga-

nizes databases on whole genome sequences, maps, assemblies, and annotations of

over 80 fishes (https://www.ncbi.nlm.nih.gov/genome/browse/). The genome

sequences have been published for a number of aquatic animals (Spaink et al.

2014) (Table 2). In addition, Ensembl (http://asia.ensembl.org/index.html) has been

available as a genome browser for supporting the comparative genomic information

of vertebrates. With the extensively growing number of genomic databases, whole

genome-based selection for aquaculture species is expected to be possible in the

near future. The genetic information of the mitochondria of fish has also been

extensively determined and used for taxonomy study. To date, a number of mito-

chondrial genomes of fish have been available, and the mitochondrial genomes or

mitogenomes of fish have been provided in a database at http://mitofish.aori.u-

tokyo.ac.jp/ (Satoh et al. 2016). Furthermore, DNA bar codes of fish are derived

from the 50 end of the cytochrome c oxidase subunit I gene of mitochondrial gene

sequences (Kochzius et al. 2010); international participants have been called to

submit the bar codes of all fishes worldwide at http://www.fishbol.org/.

Functional genomics describes gene expression, function, and interactions on a

genome-wide scale. Functional genomics integrates bioinformation from large-

scale and high-throughput analysis to explore dynamics of gene expression in a

range of processes including transcription and translation under various experimen-

tal or environmental conditions. Functional genomics also investigates the complex

relationship between genotype (both protein-coding genes and regulatory noncod-

ing regions) and phenotype during various biological processes such as growth,

development, metabolism, immunity, and reproduction (Rossi et al. 2007; Panhuis

et al. 2011; Sun et al. 2013). The most common technologies for functional

genomics in aquatic animals have been sequencing-based approaches such as

expressed sequence tags (ESTs) and high-throughput sequencing of mRNA or

RNA sequencing (RNA-Seq) and hybridization-based microarray analysis (Rossi

et al. 2007; Panhuis et al. 2011; Liu et al. 2012; Qian et al. 2014; Salem et al. 2015).

ESTs are generated from the 50 or 30 end of cDNA libraries. ESTs provide

information of transcription-active regions or transcriptomics, which are a primary

source for gene databases. The EST database has contributed important genomic

bioinformation for the identification of gene expression. For instance, EST

resources provide sequence databases for gene discovery, identification of single
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nucleotide polymorphisms (SNPs) and microsatellites, microarray development,

and genome annotation. To date, EST data in public databases have been available

for various aquatic animals including at the NCBI (http://www.ncbi.nlm.nih.gov/

dbEST/), the Unigene database (http://www.ncbi.nlm.nih.gov.unigene), the Gene

Index database (http://compbio.dfci.harvard.edu/tgi/), the Sigenae EST Contig

(http://publiccontigbrower.sigenae.org:2020/index.html), and the USDA National

Animal Genome Project (http://www.genome.iastate.edu/bioinfo/). RNA sequenc-

ing (RNA-Seq) uses high-throughput sequencing techniques to provide

transcriptomic information or the complete set of transcription in both quantitative

and qualitative manners. RNA-Seq information have been published for various

aquatic animals (Sun et al. 2013; Liu et al. 2013; Salem et al. 2015). Microarray has

been a useful technique for analyzing gene expression profiles at a transcription

level in an organism under various developmental stages, involving the immune

system, disease resistance, and response to environmental conditions (Peatman

et al. 2007; Drivenes et al. 2012; Matsumoto et al. 2014). Microarray analysis

and construction should be compliant with the Minimum Information About a

Microarray Experiments guidelines (MIAME guidelines) and meet the standards

of the Microarrays Gene Expression Data (MGED) society. Quantitative reverse

transcription polymerase chain reaction (qRT-PCR) has been commonly used to

evaluate the individual gene expression to confirm EST, RNA-Seq, and microarray

analysis results. To date, functional genomics offers databases for the application of

SNP analysis and quantitative trait loci (QTL) mapping which provide the valuable

bioinformatics for powerful DNA markers.

Other genomic tools have been gaining attention recently in the aquatic sciences

(Ardura et al. 2011; Williams et al. 2014; Moghadam et al. 2015). For example, the

study of epigenetics focusing on heritable modification in gene expression does not

involve changes to the DNA sequence. The epigenetic modifications affect gene

expression due to several known mechanisms such as DNAmethylation and histone

modification (Chatterjee and Eccles 2015). Epigenomics refers to the whole

bioinformation of epigenetics which offers an understanding of transcriptional

regulation. In addition, metagenomics which has been referred to environmental

genomics or ecogenomics provides the bioinformation on the genetic material of

microbial ecology. Since there are a number of uncultivated microorganisms in

nature, which cannot be determined by cultivation-based methods, PCR-directed

sequencing (shotgun) offers a useful methodology to explore the entire microor-

ganism community in nature (Xing et al. 2013).

5 Concluding Remarks

This chapter offers a brief overview of the potential of proteomics-based technol-

ogies in aquaculture management strategies describing its use in factors like

welfare, nutrition, safety, or diseases, which pose some of the main constrains in

this industry nowadays. Limitations to the use of this technology are mostly related
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to the lack of gene annotation for most fish-farmed species. Here, we are sure to see

a major change with the development of high-throughput sequencing facilities and

sequencing cost reductions. It is also most likely that proteomic technologies will

move away from 2-DE and rely more directly on gel-free approaches.

The need of integration with other OMICS technologies like genomics or

metabolomics together with the more broad use of bottom-up proteomic tech-

niques, the development of protein arrays, the increased capacity of centralized

databases, networks, data repositories, and contingency plans, and, in particular,

antibody microarrays might hold potential for a boost of application of proteomics

in aquaculture.

Ethical issues also need to be considered as a possible hindrance. New practices

such as genetic modification (transgenic and gene editing) will potentially lead to

welfare issues, and the functional outputs of such changes will be increasingly

assessed by proteomics.

Acknowledgments Rodrigues’s lab was supported by project ALG-01-0247-FEDER-003520—

ALISSA—Healthy and sustainable feeds for farmed fish, supported by Portugal and the European

Union through FEDER, COMPETE 2020, and CRESC Algarve 2020, in the framework of

Portugal 2020. Denise Schrama acknowledges scholarship on project ALG-01-0247-FEDER-

003520—ALISSA—Healthy and sustainable feeds for farmed fish, supported by Portugal and

the European Union through FEDER, COMPETE 2020, and CRESC Algarve 2020, in the
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The Use of Proteomics to Study Biomarkers

of Stress and Welfare in Farm Animals

Anna Marco-Ramell, Ana M. Gutiérrez, Antonio Velarde, Jose J. Cerón,

and Anna Bassols

Abstract Animal welfare and stress are important issues mainly because of public

perception, marketing, product acceptance and production efficiency, quality and

quantity. They are complex conditions that include physical and psychological

stress, as well as the beneficial or deleterious effects that the environment may

have on the welfare of the individual. Although a lot has been done in the

establishment of protocols to ensure an adequate environment for livestock

throughout their lives and their way to the slaughterhouse, there is still a significant

lack of information about biological markers that can be easily and objectively

measured in the laboratory and can provide information about the biological

consequences of suboptimal living conditions in the individual. These biomarkers

have to be measured in biological samples that have to fulfil several criteria: they

should be easy to obtain, even in a repetitive manner from each individual if

necessary, and should mirror the biological processes occurring inside the cells

and organs as a consequence of challenging environmental conditions. Proteomics,

a technology that allows protein identification in complex samples from a holistic,

non-hypothesis-driven approach, is a very suitable method for the search of bio-

markers in animal science, including those related to stress and welfare.

A. Marco-Ramell

Departament de Bioquı́mica i Biologia Molecular, Facultat de Veterin�aria, Universitat
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List of Abbreviations

1D One-dimensional

2D Two-dimensional

APP Acute-phase protein

BALF Bronchoalveolar fluid

BRD Bovine respiratory disease

DIGE Difference gel electrophoresis

ELF Epithelial lung fluid

EU European Union

GPx Glutathione peroxidase

HPA Hypothalamic-pituitary-adrenal axis

Hsp Heat-shock protein

iTRAQ Isobaric tags for relative and absolute quantitation

LC Liquid chromatography

MALDI Matrix-assisted laser desorption/ionization

MS Mass spectrometry

MS/MS Tandem mass spectrometry

NEB Negative energy balance

PBMC Peripheral blood mononuclear cell

PSE Pale, soft and exudative

SWL Seasonal weight loss

SOD Superoxide dismutase

1 Animal Welfare Definition

1.1 Current Practices in Animal Welfare Assessment

Animal welfare can be defined in a number of different ways, but there is a growing

consensus that whatever be the definition it has to include three main elements

(Duncan and Fraser 1997). The first element is based on its ability to express certain

species-specific normal behaviours (Hughes and Duncan 1988). The second one,

the emotional state of the animal, refers to the absence of negative emotions such as

pain or chronic fear and the presence of positive ones. The third element is the

animal’s adequate biological functioning, when coping with its environment

(Broom 1986).

Welfare comprises physical and mental health (Dawkins 2004; Webster et al.

2004) and includes several aspects such as the absence of thirst, hunger, discomfort,

disease, pain, injuries and stress and the expression of normal behaviour, referred to

as the Five Freedoms of the Farm Animal Welfare Council (FAWC 1992). When
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the situation moves away from the ideal state, the animal will use a wide range of

physiological mechanisms and behaviours to cope with its environment (Fig. 1).

The impossibility to cope with an aversive situation may lead to the appearance of

injuries or diseases and consequently to pain and suffering (Broom and Johnson

1993).

More recently, the integrated project cofinanced by the European Commission,

Welfare Quality® (www.welfarequalitynetwork.net), built on and extended the Five

Freedoms to four main welfare principles: good feeding, good housing, good health

and appropriate behaviour (Blokhuis et al. 2008). Each of these four principles

comprises two to four criteria, with an overall total of 12 criteria: good feeding

includes the absence of prolonged hunger and absence of prolonged thirst; good

housing includes comfort around resting, thermal comfort and ease of movement;

good health includes absence of injuries, disease and pain; and appropriate behav-

iour includes the expression of social and other behaviours, good human-animal

relationship and positive emotional state. These 12 animal welfare criteria provide a

very useful framework for assessing animal welfare. The acquired data provide

feedback to animal unit managers about the welfare status of their animals and can

be translated into accessible and understandable information on the welfare status

of food-producing animals for consumers and others (Velarde and Dalmau 2012).

The emphasis of Welfare Quality® protocols is placed on animal-based mea-

sures (also called outcome or performance measures), in an attempt to estimate the

actual welfare state of the animals in terms of, for instance, their behaviour,

fearfulness, health or physical condition. Animal-based measures include a range

of different parameters (Fig. 2):

– Physiological measurements. These measurements are generally related to the

stress response, including plasma levels of glucocorticoids and heart rate (Broom

and Johnson 1993). Secretion of glucocorticoids by the adrenal cortex is the final

Behaviour

Neuroendocrine systemAutonomic nervous system

Immune system

stress

STRESS IS A COMPLEX ISSUE 

Fig. 1 Physiological mechanisms of response to stress: when the situation moves away from the

ideal state, a wide range of reactions take place in an attempt to cope with stress
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step in a cascade of events beginning in the brain (Sapolsky 1992). In aversive

situations, plasma concentration of glucocorticoids increases within a fewminutes.

Uncertainty and anxiety are among the most potent stimuli for the hypothalamic-

pituitary-adrenal axis (HPA) activation, whereas reward and sense of control result

in suppression of HPA activity (De Kloet et al. 1991). Other hormones increased

by stress are adrenaline, ACTH and prolactin. Plasma acute-phase proteins (APPs)

and other parameters such as glucose, lactic acid, lipid metabolites or skeletal

muscle enzymes are also used to monitor certain aspects of stress.

– Behavioural measures. Appropriate behaviour includes the expression of social

and other behaviours. The amount of fighting that animals show is of particular

interest, as fighting may cause both injuries and stress. Fighting occurs as a

consequence of social mixing, and the amount of fighting depends on the

species, sex, age and handling conditions (Velarde 2007). Other abnormal

behaviours such as stereotypes, self-mutilation, tail-biting in pigs and feather-

pecking in hens are often an indicator of poor welfare because they tend to

develop in apparently aversive and stressful environments (Tuyttens 2007).

Reluctance to move and turning back have been validated as behavioural

measures to assess fear in domestic pigs (Dalmau et al. 2009).

1.2 European Requirements

Over the years, consumers’ concerns about the ethical treatments of animals have

become more and more important. Animal welfare is indeed seen as attribute of an

Physiological measures

Blood hormone concentrations
adrenaline
ACTH
cortisol, corticosterone
prolactin

Blood metabolite concentrations
glucose
lactic acid
free fatty acids
3-hydroxybutyrate
Enzymes: LDH, CK
Acute phase proteins

Other variables
heart rate
breathing rate and depth
blood leukocyte levels

Behavioural measures
Vocalization

whimpers, howls, screams, 
grunts, moans, squeaks, silent

Posture and locomotion
cowers, huddled, hiding,    
lying, standing, rigid, reluctant 
to  move, awkward, falls, 
circles, escape/avoidance 
movements, pacing, restless

Temperament
withdrawn, depressed, quiet, 
docile, agitated, anxious, 
frightened, terrified, aggressive

Abnormal behaviours 
Stereotypias,  self-mutilation, 
tail-biting,  feather-pecking

Fig. 2 Physiological and behavioural measures used as indicators of stress in farm animals
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‘overall food quality concept’, which is strictly correlated to other issues such as

animal health, food safety and food quality, safeguarding environmental protection

and sustainability. Over the past 40 years, the European Union (EU) animal welfare

legislation has evolved on the basis of sound scientific knowledge, improving the

quality of animals’ lives in accordance with citizens’ expectations and market

demands.

In the EU, legislation on animal welfare has a long-standing tradition. It has been

the commonest way of protecting farm animal welfare and ensures that animals do

not endure avoidable pain, distress or suffering while obliging the owner or any

other persons dealing with animals to respect minimum welfare requirements. EU

legislation is primarily founded on the principle that animals are ‘sentient beings’,
as recognized by the EU Lisbon Treaty (EU 2009). Recently, the European Com-

mission has adopted a new Strategy for the Protection and Welfare of Animals

2012–2015 to improve welfare conditions for animals kept on farms, living in zoos

and used for experiments (https://ec.europa.eu/food/sites/food/files/animals/docs/

aw_brochure_strategy_en.pdf). Currently, there is a range of EU Directives and

Regulations specifying general and species-specific requirements, conditions and

practices to ensure good animal welfare for different species. These cover areas

such as animal housing and management, transport and slaughter.

2 The Search for Novel Stress Markers

The laboratory parameters currently addressed to evaluate the stress of farm

animals involve most notably the stress hormones. The most important are adren-

aline, the fast-acting hormone released by the adrenal gland under the control of the

sympathetic nervous system, and the glucocorticoids cortisol and corticosterone,

secreted by the adrenal gland after activation of the HPA axis (Broom and Johnson

1993; Bassols et al. 2014). However, the use of these hormones has some limita-

tions: the short half-life of adrenaline, the high intra- and interindividual variability

of cortisol and the influence of circadian rhythms on its secretion (Mormede

et al. 2007). Although both hormones are good markers for acute stress condi-

tions, they are not adequate as indicators for chronic stress. Other hormones and

proteins have been proposed as markers for stress (Fig. 2). For instance, APPs

such as Pig-MAP and haptoglobin have been proposed as indicators of stress in

cattle and pigs (Murata 2007). Nevertheless, their levels are also modified

during inflammation and thus they lack specificity. Other conditions, such as

nutritional stress, may be monitored by using metabolic plasma markers, as

nonesterified fatty acids and 3-hydroxybutyrate, which are increased in plasma

as a result of lipid mobilization from the adipose tissue and synthesis of ketone

bodies by the liver. Stress-released adrenaline activates glycolysis, giving rise to

blood glucose and lactic acid. The skeletal muscle is rich in the enzymes lactate

dehydrogenase and creatine kinase, and as a consequence, any kind of physical stress

resulting in muscle damage will provoke an increase in the blood concentration of
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these enzymes, but again these parameters are not specific for stress. As a conse-

quence, specific and objective laboratorial criteria to evaluate animal stress and

welfare are still lacking, and proteomics may be a useful approach to achieve this

goal. The global assessment of animal welfare would greatly benefit from objec-

tive laboratory markers to complement the information provided by the

behavioural tests.

Proteomics is a global non-hypothesis-driven approach widely used for the

search of new biomarkers. This search is being fuelled by the advances in mass

spectrometry (MS)-based technologies, which are widely reviewed in other chap-

ters of this book (Fig. 3), as well as by the completion of protein/peptide sequence

databases. The genomes of cows (Elsik et al. 2009), pigs (Groenen et al. 2012) and

chicken (Hillier et al. 2004) have been already published, and this achievement is

being translated into the improvement of databases, essential for the translation of

proteomic results to functional conclusions. The most widely used publicly acces-

sible protein databases are the UniProtKB and NCBI databases that offer protein

sequence information and contain direct links to numerous other protein informa-

tion sites and tools. UniProtKB present both manually annotated and reviewed

entries (Swiss-Prot) and unreviewed automatically annotated data (TrEMBL),

whereas RefSeq databases at NCBI present only one single canonical entry for

every gene and protein species. The main provider of farm animal proteome data is

PeptideAtlas, which contains sequences for cow (Bislev et al. 2012), pig

(Hesselager et al. 2016) and horse (Bundgaard et al. 2014).

Samples 

Sample 
preparation

Protein separation 
(1D/2D  electrophoresis)

Data analysis

Protein digestion

Peptides

Protein digestion

Peptides

Peptide fractionation
(liquid chromatography)

Mass spectrometry

Data analysis

Protein identification/
quantification

Biological interpretation: 
pathway/network analysis

Gel-based 
approach

Gel-free
approach

Fig. 3 Main approaches in the proteomic investigation of biological samples
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2.1 Biomarkers in Serum, Plasma and Blood Cells

Plasma is obtained after collecting blood in the presence of an anticoagulant, and

hence, it contains fibrinogen as well as other coagulation factors. Serum is obtained

by allowing the blood to coagulate, and it lacks most of the coagulation factors,

including fibrinogen, which is the fourth most abundant protein in plasma (Anderson

and Anderson 2002). Serum, EDTA plasma, heparin plasma and citrate plasma have

been used for proteomic approaches, but all exhibit shortcomings. Depending on

analytical objectives and/or target peptides or proteins, use of either plasma or serum

may impact both method and results. Serum may have components, especially

proteolytic fragments, coming from the coagulation process. EDTA and citrate are

negatively charged polycarboxylic acids and form soluble complexes with metal ions

and prevent them from further reaction. They may not be useful if the endpoint

measurement of interest involves assays where divalent cations are necessary. Hep-

arin can result in interference in some affinity processes. In any case, platelet-

depleted plasma should be prepared to avoid the presence of platelet-related proteins.

A very useful set of recommendations for sample collection and handling have been

already raised for human studies (Rai et al. 2005). Although in many cases it is very

difficult to follow these guidelines in animal studies, attention should be paid to keep

them in mind as much as possible. Indeed, biological variability is an important issue

when dealing with stress and pathological conditions. Keeping this variability as low

as possible by imposing restrictions in sample collection will always increase the

chances of positive results in biomarker searches.

The protein content of serum is dominated by a handful of high-abundance

proteins including albumin, immunoglobulins and transferrin, with their estimated

concentration exceeding the low-abundance proteins highly by ten orders of mag-

nitude (Anderson and Anderson 2002). To detect proteins that are present in low

levels, it is advisable to process the samples prior to the proteomic analysis. Many

strategies have been developed for the selective removal of high-abundance pro-

teins or for the reduction of the orders of magnitude of protein abundance (Fuchs

et al. 2005; Luque-Garcia and Neubert 2007; de Roos et al. 2008; Apweiler et al.

2009; Marco-Ramell and Bassols 2010; Lista et al. 2013; Lygirou et al. 2015;

Mesmin et al. 2016; Gianazza et al. 2016; Chutipongtanate et al. 2017).

Blood cells (white blood cells, erythrocytes and platelets) are key components of

the immune response and the coagulation cascade, and they have also other

functions such as iron and oxygen transportation and protection of blood vessels.

The analysis of the proteome of these blood cells can provide new insights on the

molecular mechanisms involved in stress-related conditions (Thadikkaran et al.

2005). Blood cells are widely used in proteomic research, but special care has to be

taken during collection, handling and storage of this type of samples as they are

fragile, and thus the extent of cell haemolysis should be tightly controlled and

minimized, i.e. by separation at low centrifugation speeds. Moreover, they are very

sensitive to the activation or inactivation, e.g. blood-clotting cascade, thus neces-

sitating stringent sample-preparation procedures (time to processing, temperature

of processing) to avoid artefacts (Vuckovic 2012).
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2.2 Biomarkers in Saliva

Saliva is an important biological fluid present in the oral cavity. It is composed of

more than 99% water but also a variety of electrolytes, proteins, enzymes, mucins

and nitrogenous products (Humphrey and Williamson 2001; Nieuw Amerongen

et al. 2007; Schipper et al. 2007). The term saliva is usually used to refer to either

gland-specific saliva or whole saliva. Gland-specific saliva is directly collected

from individual salivary glands. Whole saliva is a mixture of oral fluids and

includes secretions from major and minor salivary glands and several constituents

of non-salivary origin, such as gingival crevicular fluid; expectorated secretions;

serum and blood derivatives; bacteria, fungi and viruses; desquamated epithelial

cells; and food debris (Kaufman and Lamster 2002). Whole saliva, usually just

called saliva, is most frequently studied for the evaluation of systemic disorders.

Standardization of the salivary collection procedure is of utmost importance in

order to obtain reproducible results, particularly when the concentration of intrinsic

salivary constituents is used as diagnostic criterion (Nieuw Amerongen et al. 2007).

Saliva can be obtained either unstimulated or stimulated. Unstimulated saliva is

very rich in mucins with high viscosity that could cause difficulties in handling and

analysis (Mau et al. 2009). Stimulation for saliva collection could be performed by

chemical or mechanical procedures. Chemical stimulation, by using citric acid,

reduces the total amount of saliva proteins in comparison to other collection

methods (Topkas et al. 2012), and it has not been widely employed in animals.

On the other hand, mechanically stimulated saliva is commonly collected with

devices such as Salivette® (Sarstedt AG & Co., Nümbrecht, Germany) that consists

of a small cotton roll chewed by the animal until it is moistened. Some technical

considerations should be taken into account. For example, saliva is collected in pigs

with cotton buds (Parrott et al. 1989) or sponges (Gutierrez et al. 2009), which could

be clipped to a flexible metal rod to minimize human disturbances. Moreover,

cotton buds could be also enclosed in nylon netting with twine extensions (Bushong

et al. 2000). However, sponges have been considered as the optimal material for

porcine saliva collection since they are less absorbent and release more saliva

following centrifugation than cotton buds (Gutierrez et al. 2009). The use of these

devices reduces salivary viscosity, allowing an easier processing of the samples

(Amado et al. 2013). Mechanical stimulation has the advantage that saliva is easily

obtained in high volumes, thus not diluting the total salivary protein concentration

in comparison to passive drooling (Topkas et al. 2012).

Advantages of saliva over serum samples as an analytical tool have been

postulated. First, saliva testing has facilitated the safe, efficient and low-cost

collection of large numbers of diagnostic samples (Ramirez et al. 2012). Moreover,

saliva samples may be obtained in remote sites and by unskilled personnel (Prickett

and Zimmerman 2010).

So far the most extensive salivary studies have been carried out on primates,

especially humans, and rodents, and much less attention has been paid to farm

animals. The composition of bovine saliva is different from that of most other
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species studied. It has high levels of carbonic anhydrase but lacks amylase, prob-

ably reflecting its role in ruminant metabolism (Mau et al. 2009; Ang et al. 2011).

Porcine saliva composition has physiological similarities to human saliva (Verma

et al. 2011), but some differences, i.e. amylase and lipocalin levels, have been also

observed (Gutiérrez et al. 2013).

Saliva renders a sample type by which animal systemic health could be moni-

tored since salivary components include local and systemic proteins that could act

as biomarkers (Lawrence 2002; Lamy and Mau 2012). Similar to serum, the protein

profile of saliva is dominated by a subset of abundant proteins. In order to measure

low-abundance analytes, several depletion strategies have been developed for

saliva samples (Krief et al. 2011).

2.3 Other Biological Samples

Although blood and saliva have been the preferred biological samples to identify

stress biomarkers, other types of samples have been also used to search for bio-

markers. In the following, we briefly describe them.

Bronchoalveolar fluid (BALF) contains the secretory products and the remnants of

the epithelial fluid of the lungs (ELF) and represents the first line of defence against

inhaled opportunistic pathogens (Mitchell et al. 2008). BALF is obtained through

bronchoscopy, which is a safe but invasive technique. The use of BALF in proteome

research is in an exponential growth phase, and protocols on BALF sample collection

and preparation have been optimized (Wattiez and Falmagne 2005).

The liver is the largest organ in the body and has a central role in the metabolism

of biomolecules, as well as in food digestion, detoxification and immunity. The

analysis of its proteome is highly valuable in human and animal research. Indeed

the liver proteome has been used to define biomarkers of hepatitis, cirrhosis,

hepatotoxicity and fatty liver disease, among others. The Human Liver Proteome

Project (HLPP) is an international cooperative effort to integrate academic, indus-

trial and government activities into a comprehensive study of liver proteins

(He 2005).

There is also a wide range of proteomic applications in neuroscience. For instance,

proteomics has been used to identify biomarkers of neurological diseases such as

Alzheimer, Parkinson or schizophrenia. Protocols for brain sample preparation and

analysis have been described (Lubec et al. 2003; Fernandez-Gomez et al. 2014).

In addition, other biological matrices such as milk and mammary glands

(Danielsen et al. 2010; van Altena et al. 2016), wool (Almeida et al. 2014) and

meat (Paredi et al. 2012; Hollung et al. 2014; Piras et al. 2016) have been used for

biomarker search through proteomics. In addition, faeces and hair have been also

employed as biological matrices for the quantification of the stress hormones

cortisol and corticosterone, but no proteomic attempts with them have been made

so far.
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3 Search for Stress Markers in Pigs by Using Proteomics

Pigs are social animals and prone to experience stress. Welfare problems and stress

reactions might result from a number of environmental stimuli in commercial

porcine farms, including feeding and housing conditions, social environment and

management practices (Merlot et al. 2011). A high degree of stress is related to an

increased susceptibility to suffer diseases and detrimental effects in meat quality.

3.1 Management Stress

3.1.1 Biomarkers from Serum Samples

High stocking density is a common housing condition that growing and finishing

pigs generally suffer in commercial farms. Although minimum space requirements

have been stipulated by the European Council (Directive 2001/88/EC), the space

allowance during the latter part of the growing and the finishing periods often fails

to meet these dimensions (Leek et al. 2004). The differential expression of serum

proteins between high and low stocking density was analysed by two-dimensional

difference gel electrophoresis (2D-DIGE). The cytoplasmic β-actin, a component of

the cytoskeleton, was identified as a differentially expressed protein by matrix-

assisted laser desorption/ionization (MALDI-MS), pointing out to cellular or tissue

damage associated to high stocking density (Marco-Ramell et al. 2011).

Individual confinement of pregnant sows is a recently banned housing system by

the European Union (CD 66 2001/88/EC) but was widely used under field condi-

tions in the past. The serum proteome of gilts housed in group and subjected to

individual confinement was compared by 2D-DIGE and isobaric tags for relative

and absolute quantitation (iTRAQ) by Marco-Ramell et al. to identify serum stress

biomarkers before the actual legislation came into force. Differentially expressed

proteins comprised APPs, antioxidant enzymes, apolipoproteins, heat-shock pro-

teins, metabolic enzymes and structural cytoplasmic proteins, indicating that indi-

vidual confinement of gilts led to a complex physiological response that is

characterized by the activation of the immune system, lipid mobilization, redox

imbalance and cellular or tissue damage (Marco-Ramell et al. 2016).

Peripheral blood mononuclear cells (PBMCs), namely, lymphocytes and mono-

cytes, were used to search for stress biomarkers in pigs housed under different

management conditions. For instance, one group of pigs was kept under commer-

cial farm conditions and the other one to a close human-animal relationship, with

daily personal care of the animals by the same, well-trained person for 2 months.

PBMC samples were subjected to 2D-DIGE followed by liquid chromatography

tandem mass spectrometry (LC-MS/MS) identification, and several proteins were

identified, many of them being potential targets of cortisol (Valent et al. 2017).
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3.1.2 Biomarkers from Saliva Samples

To overcome the stress induced by blood sampling itself, alternative methods such

as the measurement of stress biomarkers in saliva samples have been developed

(Mormede et al. 2007). There is only one report in which potential new salivary

biomarkers of stress have been investigated using proteomic approaches. Three

experimental models of acute stress were studied: snaring restraint followed by

simulated sampling of vena cava blood, brief transport by road and restriction of

movement in a digestibility cage. Two proteins were postulated as possible markers

of stress, odorant-binding protein and fragments of albumin (Fuentes-Rubio et al.

2014).

Porcine salivary protein patterns were characterized using one-dimensional

(1D) and 2D electrophoresis in healthy individuals and in animals with subclinical

infections (Gutierrez et al. 2011). Medium- to high-abundance proteins were

identified as differential among both groups of animals including adenosine deam-

inase, calcium-binding proteins S-100 A8 and A9, submandibular gland-like dou-

ble-headed protease inhibitor, haptoglobin, lipocalin 1, pancreatic α-amylase,

protein S-100 A2, salivary lipocalin and serum albumin (Gutiérrez et al. 2013).

In addition, glycopattern alterations in pigs suffering from acute rectal prolapse

have been observed in saliva, but not in serum samples (Gutiérrez et al. 2016).

These results highlight the potential of saliva samples to provide additional infor-

mation on disease condition and require intensive exploration in further studies.

Criado et al. studied the protein composition in saliva in two groups of pigs

subjected to short and long transport, as conditions of low and high stress level,

through 1D and 2D electrophoresis. Four proteins were found to be differentially

regulated, such as serum albumin, haptoglobin, immunoglobulin L chain and

lipocalin (Criado et al. 2014).

3.2 Heat Stress

Heat stress annually causes important losses to the porcine industry, including

animal performance decrease, metabolic disorders and health problems, but the

physiological mechanisms underlying this condition still remain elusive.

To characterize the skeletal muscle cellular response to acute heat stress in pigs,

the sarcoplasmic proteome of the semitendinosus muscle was analysed by

2D-DIGE followed by LC-MS and MS/MS. Several proteins involved in glycoly-

sis, glycogenesis and glycogenolysis were increased or modified, indicating

enhanced glycolytic capacity in response to heat stress. At the same time, abun-

dance of tubulins and other proteins decreased, indicating a loss of microtubule

structure. Changes in redox metabolism were also observed with increased manga-

nese superoxide dismutase (SOD) and decreased peroxiredoxin 2 abundances, a

sign for an antioxidant response to heat stress (Cruzen et al. 2015).
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Furthermore, the effects of chronic heat stress on the small intestine were

analysed by using proteomics in finishing pigs maintained at 30 �C for 3 weeks.

Heat stress damaged the intestinal mucosa, as observed by changes in morphology.

In addition, the proteome analysis of the jejunum mucosa by 2D electrophoresis

followed by MS confirmed changes in proteins related to cell structure and showed

an impaired energy metabolism due to a downregulation of proteins involved in

tricarboxylic acid cycle, electron transport chain and oxidative phosphorylation

(Cui and Gu 2015). Similar responses in the ileum were shown by a 2D-DIGE

approach. Stress response enzymes peroxiredoxin-1 and peptidyl-prolyl cis-trans

isomerase A were altered by heat stress as well, suggesting a reduced intestinal

integrity (Pearce et al. 2015).

4 Search for Stress Markers in Cattle by Using Proteomics

4.1 Management Conditions

4.1.1 Biomarkers from Blood Samples

Marco-Ramell et al. compared the serum proteome of a group of cows that was

maintained on a diet of cultivated pastures during the winter and a group of cows

that lived in semi-feral conditions through 2D-DIGE followed by MALDI-MS.

Several serum proteins were identified as mechanisms of adaptation to harsh

housing conditions including the antioxidant enzymes paraoxonase-1 and glutathi-

one peroxidase (GPx) 3, proteins related to the complement cascade and the APPs

α2-HS-glycoprotein and AMBP precursor. Some of these proteins were validated as

stress biomarkers in cows in a third group of cows that were living in very harsh

conditions during the winter (Marco-Ramell et al. 2012).

In addition to stress conditions, proteomics has been also used to differentiate

stress from a viral infection in cows. Bovine respiratory disease (BRD) is a leading

cause of morbidity and mortality in feedlot cattle, and it results from the combined

infection of bacterial and viral agents. Animals subjected to stress such as weaning,

transportation and processing are prone to suffer this disease. Aich et al. employed

an experimental infection of BRD together with several stressors (a combination of

weaning, transportation and social reorganization in young calves). Different ana-

lytical approaches (proteomics, metabolomic and elemental profiles) on serum

samples allowed differentiating a stress response from a primary viral respiratory

infection. Differential regulation of serum amyloid A, apolipoproteins A-I and C-III

and haptoglobin, among others, and changes in the metabolome were found (Aich

et al. 2007).
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4.1.2 Biomarkers from Bronchoalveolar Fluid

Several proteomic studies have employed BALF to identify stress and disease

(BRD) biomarkers. Mitchell et al. hypothesized that stress would change ELF

composition, which would increase the susceptibility of the animal to suffer

respiratory diseases such as BRD. The study revealed increases in antioxidant

enzymes as SOD and GPx and changes in several APPs including α2-HS-glyco-
protein, fibrinogen and annexin, among others (Mitchell et al. 2008).

4.2 Nutritional Stress

4.2.1 Biomarkers from Blood

Proteomics has also helped to understand the physiological basis of the many

problems arising during the transition period of dairy cows, normally characterized

by a status of negative energy balance (NEB) because the ingestion of nutrients is

insufficient to meet the energy demands of milk production and secretion (Kuhla

et al. 2007). Increased energy requirements lead to hypoglycaemia, increased lipid

mobilization to the liver and further hepatic synthesis of ketone bodies. Ketosis is a

main problem in dairy cow production (Turk et al. 2008), and persistent ketosis is

accompanied by acidosis, redox imbalance and impaired immune function, which

lead to a higher susceptibility to diseases and metabolic disorders (Loor et al. 2013).

The proteome of plasma from ketotic cows was analysed by 2D electrophoresis

and MALDI-MS, and an increase of the APPs haptoglobin, α1-acid glycoprotein

and α-chymotrypsin levels and a decrease in other APPs including apolipoprotein

A-IV and α2-HS-glycoprotein were detected (Cairoli et al. 2006; Yang et al. 2012).
These were validated by iTRAQ and the enhanced sensitivity of this technique also

allowed the identification of the antimicrobial peptides cathelicidins, the antioxi-

dant enzyme GPx and several components of the complement system and coagu-

lation cascade (factor V, α2-antiplasmin and prothrombin), demonstrating the role

of these proteins in inflammatory and immune processes (Yang et al. 2012).

4.2.2 Biomarkers from Liver and Brain Samples

In the liver, important changes in carbohydrate, fatty acid, amino acid and nucle-

otide metabolism were identified by proteomics. For example, regulatory metabolic

enzymes involved in the Krebs cycle and gluconeogenesis were deregulated during

early lactation indicating the adaptation of the liver to cope with the metabolic

imbalance (Xu and Wang 2008; Moyes et al. 2013). Due to the lipid mobilization to

the liver, an exaggerated deposit of lipids in this organ could occur, giving rise to

‘fatty liver’. In addition to its intrinsic importance in dairy cow production, research
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on hepatic steatosis is of major importance since it is closely related to metabolic

disorders in humans such as obesity, metabolic syndrome and diabetes.

Kuhla et al. analysed the proteome of cows subjected to nutrient deprivation

through 2D electrophoresis followed by MALDI-MS and MS/MS. An increase in

liver total fat content and a decrease in the concentration of glucose and glycogen,

similar to the hepatic proteome observed in dairy cows during the periparturient

period, were found in feed-restricted cows. The analysis also showed that the

enzymes involved in the oxidation of fatty acids were downregulated after feed

restriction, which could cause an excessive fat deposition in the liver (Kuhla et al.

2009). Concomitantly, there is a decrease in proteins involved in glycogen synthe-

sis and the TCA cycle and an increase in proteins related to the glycolysis, fatty acid

degradation and lactate production, thus providing the Cori cycle with substrates for

the hepatic gluconeogenesis. In addition the organism counteracts the energy

deprivation by obtaining amino acids from muscle proteins that can be used for

glucose production via gluconeogenesis (Kuhla et al. 2011). Additional insights of

nutritional stress in cows were obtained by analysing the proteome of brain tissue

(Kuhla et al. 2007, 2010).

4.3 Heat Stress

Heat stress has an enormous economic impact on the dairy industry. In order to

identify the mechanisms underlying heat stress, plasma from cows subjected to

neutral thermal conditions and to heat stress were compared through iTRAQ

proteomic approach. Database searches combined with Gene Ontology and

KEGG pathway enrichment analyses revealed that many components of the com-

plement and coagulation cascades were altered in heat-stressed cows. For instance,

several complement components were downregulated, whereas components of the

coagulation system such as coagulation factors, vitamin K-dependent proteins and

fibrinogens were upregulated by heat stress (Min et al. 2016).

5 Search for Stress Markers in Small Ruminants by Using

Proteomics: Seasonal Weight Loss

Seasonal weight loss (SWL) is the most important limitation in small ruminant

production in the Tropical and Mediterranean regions, thereby conditioning pro-

ducer’s incomes and the nutritional status of rural communities. SWL significantly

affects the productivity of milk, meat and wool farms.

The mitochondrial proteome of the mammary gland was analysed in two goat

breeds with different levels of adaptation to nutritional stress (tolerant and suscep-

tible to nutritional stress). A gel-based strategy (Blue Native-PAGE) followed by
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MALDI-MS/MS enabled the identification of several proteins related to mitochon-

drial oxidative metabolism associated to weight loss, including NADH-ubiquinone

oxidoreductase, lamin B1, guanine nucleotide-binding protein subunit beta-2, cyto-

chrome b-c1 complex subunit 1 and chain D of ATP synthase (Cugno et al. 2016).

Hernandez-Castellano et al. performed a label-free LC-MS/MS analysis of the

whole proteome of the mammary gland of the same goat breeds that found similar

results, including a number of proteins related to protein, carbohydrate and fat

metabolism. Furthermore, the tolerant breed showed higher concentrations of

immune system-related proteins, whereas the susceptible breed had higher abun-

dance of apoptosis-related proteins (Hernández-Castellano et al. 2016).

The proteomic investigation of the consequences of SWL on skeletal muscle

revealed putative biomarkers of tolerance to weight loss: desmin, troponin T,

phosphoglucomutase and the histidine triad nucleotide-binding protein 1 (Almeida

et al. 2016). SWL also affects the structure and protein composition of wool fibres

from merino sheep. A significant reduction in the fibre diameter and an increase in

the expression of the high sulphur protein KAP13.1 and proteins from the high

glycine-tyrosine protein KAP6 family were found in the wool of animals on a

restricted diet. Such findings have strong implications for the wool industry that

favours finer wool (Almeida et al. 2014).

6 Searching for Stress Markers in Poultry by Using

Proteomics

6.1 Management Conditions

Poultry production can be extremely intensive and subjected to stressful situations.

For instance, animals are kept in cages in groups and transported to the abattoir by

road. Hazard et al. studied the effects of restraining transport on thigh muscle in

chickens subjected to a 2-h road transport through transcriptomics, proteomics and

metabolomics. Animals presented increased levels of corticosterone, the stress

hormone in birds, changes in the myofibrillar protein profile and impaired glyco-

genolysis and glycolysis metabolic processes (Hazard et al. 2011).

6.2 Heat Stress

Heat stress also has detrimental effects in the poultry industry. For example, it

compromises feed intake and conversion rates and increases the susceptibility to

diseases and infections, resulting in higher mortality rates. The effects of heat stress

on the liver proteome of two breeds of foie-producing ducks were studied by Zeng et al.

through 2D electrophoresis followed by MALDI-MS. Heat-shock proteins (Hsp)

Hsp70 and Hsp10 were clearly increased in both species in response to heat stress,

whereas α-enolase and S-adenosylmethionine synthetase showed a different regulation
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pattern, revealing that heat stress affected the glycolytic pathway in both duck species.

In addition, processes such as antigen processing/presentation and apoptosis seem to

essentially affect the heat-stress-resistant duck breed (Zeng et al. 2013).

The effects of acute stress on the testis proteome have been investigated in

roosters by Wang et al. Two-dimensional-DIGE followed by MALDI-MS revealed

that heat stress has an impact on protein folding and degradation linked to sper-

matogenesis, contributing to the abnormal, apoptotic, spermatogenic cells observed

in this condition. Proteins with antioxidant properties were also differentially

regulated, showing a compensatory mechanism that could attenuate heat-stress

consequences and could be used as putative markers of tolerance to heat stress in

chickens (Wang et al. 2014).

7 Stress and Meat Quality

Plenty of attention has been devoted to changes in muscle proteins after slaughter. It

is well known that any cause of preslaughter stress affects meat quality giving rise

to pale, soft and exudative meat (PSE or PSE-like meat). The phenomenon occurs

essentially in pigs and poultry. It was first described in homozygous (nn) Pietrain

pigs carrying the halothane mutation affecting the Ryr1 gene; however, PSE-like

meat can also occur in heterozygous (Nn) carriers for this mutation and noncarriers

(NN) if animals are slaughtered following an intense effort or stress. Two proteomic

approaches based on 2D gels analysed the metabolic changes associated to

PSE-like meat in pigs. Changes in Hsp proteins (Hsp72 and Hsp27) and metabolic

enzymes indicated that the muscle of nn pigs possesses less anti-oxidative and

repair capacities than NN and Nn genotypes. Furthermore, glyceraldehyde

3-phosphate dehydrogenase, an enzyme involved in multiple routes as amino

acid, lipid and carbohydrate metabolism and antioxidant defence, has been pro-

posed as stress biomarker in carriers of the nn mutation (Kwasiborski et al. 2008;

Picard et al. 2010).

Desai et al. profiled through 2D electrophoresis the muscle proteome in chicken

and identified differentially abundant proteins in PSE-like breast samples, including

mainly structural proteins. Mitochondrial metabolic enzymes such as phosphoglyc-

erate kinase, creatine kinase M type, beta-enolase, carbonic anhydrase 2, pyruvate

kinase and malate dehydrogenase were more abundant in PSE-like meat, whereas

glycolytic enzymes including phosphoglycerate mutase-1, alpha-enolase,

ATP-dependent 6-phosphofructokinase and fructose 1,6-bisphosphatase were

more abundant in non-PSE-like meat (Desai et al. 2016).

8 Final Conclusion

The complementarity of animal behaviour, biochemistry, physiology and immu-

nology, as well as the use of modern, high-throughput technologies such as prote-

omics, will help to create a more comprehensive scientific basis for animal care and
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management. When appropriate biomarkers will be available to assess animal

welfare, stress tolerance and their effects on the final product, the quality and

effectiveness of animal production will improve, leading to a higher acceptance

by the public.
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Bioinformatics Support for Farm Animal

Proteomics

Aivett Bilbao and Frédérique Lisacek

Abstract In this chapter, we attempt to compile information published in the most

recent reviews and regular publications highlighting the use of bioinformatics in the

field of veterinary proteomics. We present a summary of the data resources and

popular end user-oriented computational tools that do not require advanced infor-

matics skills.

1 Introduction

The application of proteomics in veterinary science is lagging behind in comparison

to studies that have explored the potential of advanced proteomic technologies in

human research. The situation is particularly acute in clinical medicine (Ceciliani

et al. 2014). This slow start may turn out an advantage, as the recent boost in

veterinary proteomics is contemporary with technological development

(e.g. targeted proteomics or data-independent acquisition) and improvement of

method accuracy and coverage. This progress is in turn challenging the design of

automation procedures necessary to cope with ever-increasing amounts of data,

thereby justifying a dedicated chapter on bioinformatics in this book.

Several generic reviews summarise the advent of shotgun proteomics

(Aebersold 2003; Nesvizhskii 2010) that provides the original context for software

development. The corresponding methodology mainly focused on protein identifi-

cation based on sequence database search engines is now mature with its recognised

shortcomings such as a strong bias towards abundant proteins, and the present

chapter is centred on more recent efforts applicable to veterinary science.
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One of the remarkable paradigm shifts from shotgun proteomics with data-

dependent acquisition (DDA) is data-independent acquisition (DIA). It introduces

the systematic fragmentation of precursor ions as opposed to a limited selection

based on high-intensity peaks. Within successive and overlapping sliding windows

along the m/z dimension, all precursor ions are fragmented resulting in a very

populated tandem MS collection of redundant data (Chapman et al. 2014; Bilbao

et al. 2015a). The sheer amount of mass spectra requires smart and accurate

software for data analysis (Bilbao et al. 2015a). DIA is now well established for

its ability to monitor detectable peptides with high sensitivity and reproducibility

across multiple samples. Specifically, since DIA fragmentation of all detectable

ions within a wide m/z range is systematically carried out regardless of intensity,

then extracted ion chromatograms (XICs) can be generated at the fragment ion

level. It is therefore particularly suitable to perform more consistent and accurate

quantification. A direct consequence of using DIA methods is the expanding use of

spectral libraries in particular as an alternative approach to sequence database

search. Matching experimental to reference spectra is considerably faster and less

error-prone than checking all possible theoretical spectra of the tryptic digest of

proteins. Corresponding software tools for spectral library searching are reviewed

in Griss (2016). However, the lack of a standardised file format and the possible

incomplete coverage of spectral libraries are still limiting expansion. At present,

library search is recognised as a helpful complementing approach to database

search.

The second major development in recent proteomics is quantification and in

particular targeted proteomics (Picotti and Aebersold 2012). Selecting the appro-

priate peptides, optimising fragment prediction and integrating these steps in a

pipeline are the main bioinformatics challenges as summarised in Reker and

Malmstr€om (2012). These are definitely usable across the board, irrespective of

the application.

Finally, a crucial point remains that of data and processing quality. Indeed, data

should be appropriately processed with robust software ensuring reproducible and

accurate results. Even with robust software and optimised settings, low-quality data

yield poor and questionable results. Reproducible and high confidence results

strongly rely on software usability and the ability to choose the most appropriate

parameters, since different parameters could lead to different results and wrong

interpretations or conclusions. Within all the steps in the proteomics workflow,

from sample collection to data processing, “Mount Bioinformatics” remains the last

and the highest peak to climb (Aebersold 2009). The challenges of bioinformatics

in software for quantitative proteomics have been previously described (Cappadona

et al. 2012). Important issues that directly impact the effectiveness of proteomic

quantitation and common tasks in computational solutions to correct for the occur-

rence of these factors are well depicted. This chapter surveys the different resources

and software tools that are currently in use for data reference and analysis in the

field of proteomics and tackles veterinary proteomics issues in this context either

referring to published work or to prospective solutions.
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2 Data Resources

As presented by Perez-Riverol et al. (2015), the information generated in proteo-

mics experiments is organised in three levels:

(1) Raw MS data

(2) Processed experimental data

(3) Interpreted biological results

Level (1) corresponds to MS data collection through the ProteomeXchange

protocol (Vizcaɩno et al. 2014; Deutsch et al. 2017). In the past few years, this

international initiative has allowed channelling all reported/published experimental

data into three main repositories through standardised submission and dissemina-

tion pipelines.

Level (2) encompasses a significant number of databases storing peptide/protein

identification and quantification whenever available.

Level (3) is associated with the concept of “knowledgebase” in which protein

information is curated and recorded and can be searched, compared or mined.

2.1 Generic Proteomics Databases in a Nutshell

Several recent reviews comprehensively cover the topic of proteomics databases

(Martens 2010; Perez-Riverol et al. 2015). Suffice to say that the collection of

identified proteins is steadily growing and this broadens the extent of comparative

or integrative approaches of data analysis. This is made possible through the

generalised use of shared data formats and standards acknowledged by the Prote-

omics Standard Initiative (PSI; http://psidev.info). Table 1 summarises the range of

formats in use in the current proteomics databases.

Martens and Vizcaɩno (2017) very recently praised the “golden age” of proteo-

mic data sharing precisely based on the availability and broad usage of standards.

2.1.1 Mass Spectrometry Data

File formats commonly used in MS-based proteomics are reviewed by Deutsch

(2012). Mass spectra are stored in multiple repositories: PeptideAtlas (Farrah et al.

2013), GPMDB (Craig and Beavis 2004), Massive (https://massive.ucsd.edu) and

PRIDE (Vizcaɩno et al. 2015) to cite the most renowned. The vast majority of these

publicly available datasets are generated for human and the main model organisms

(S. cerevisiae, D. melanogaster, C. elegans, etc.). However, some dedicated

resources have been created for farm animal proteomics as detailed in Sect. 2.2.1.

One of the obvious advantages of such raw data availability is the potential for reuse

and reanalysis. Reanalysis can be done individually, but note that PeptideAtlas and
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GPMDB, for instance, routinely reprocess many datasets with in-house bioinfor-

matics pipelines.

The second remarkable feature of these repositories is the option of defining a

characteristic spectral library. Despite the existence of institutions such as the

National Institute of Standards and Technology (NIST) where reference spectral

libraries are collected, it may be of interest to constitute a specialised library. As

mentioned in the introduction, the current shift from DDA to DIA approaches

emphasises the need for quality spectral libraries.

It is important to stress that minimal quality checks are undertaken so that the

resulting data resources contain uneven quality spectra and subsequent more or less

reliable identifications of peptides and proteins.

2.1.2 Integrated Data

UniProt (www.uniprot.org) and protein data collected at NCBI (https://www.ncbi.

nlm.nih.gov/protein) are the main sequence sources used in database search

engines. UniProt however has a greater level of data integration and contains a

wealth of information beyond sequence features including protein expression and

structure. It is, as such, the most popular resource used for characterising proteins as

finely as possible.

Recently proteogenomics has become a popular approach for merging informa-

tion originating from genomics, transcriptomics and proteomics studies. Indeed,

DNA sequence and RNA expression data accumulation over the past three decades

provides rich sources to be combined with ever-increasing proteomics data.

Proteogenomics currently significantly contributes to the identification of sequence

variants, especially in humans, and the tools developed in this context could easily

benefit farm animal proteomics studies. At the time of writing this chapter, no farm

animal proteogenomics study has been published.

Table 1 Formats in use in the current proteomics databases

Encoding purpose Standard name References

Mass spectra mzXML Pedrioli et al. (2004)

mzML Martens (2010)

Peptide/protein pepXML/protXML Keller et al. (2005)

identifications mzIdentML Jones et al. (2012)

Quantitative analysis mzQuantML Walzer et al. (2013)

SRM transitions TraML Deutsch et al. (2012)
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2.2 Farm Animal Proteomics Dedicated Databases

Farm animal dedicated databases are usually focused on genetic mapping informa-

tion. Though apparently discontinued, ArkDB (http://www.thearkdb.org/arkdb)

still hosts genome mapping data from farmed and other animal species spanning

genetic linkage and QTL (quantitative trait locus). A related website called

ResSpecies (http://www.resspecies.org/resspecies/) gathers tools for displaying or

exporting genotyping and phenotype data as well as population coverage and

markers. Along the same lines, QTLdb [http://www.animalgenome.org/QTLdb,

(Hu et al. 2015)] collects publicly available trait mapping data for a smaller range

of animal and is associated with CorrDB, the animal trait correlation database

(http://www.animalgenome.org/cgi-bin/CorrDB). In order to complete this abun-

dant genetic information, some effort was invested into developing proteomic-

centred resources especially in capturing mass spectrometry data.

2.2.1 Farm Animal Mass Spectrometry Data

As mentioned in Sect. 2.1.1, mass spectrometry data repositories have recently

imposed a paradigm shift in considering published data. PeptideAtlas pioneered in

collecting datasets dedicated to farm animals though admittedly, these are not as

often updated or enriched with new data as the human collection is, as shown in the

homepage where all newly included sets are listed.

The frequent use of mass spectrometry in studying milk and its constituents

naturally led to the first initiative devoted to collecting MS data in bovine milk and

mammary gland (Bislev et al. 2012). Then the Equine PeptideAtlas (Bundgaard

et al. 2014) and the Pig PeptideAtlas were introduced (Hesselager et al. 2016), and

finally the PeptideAtlas for the domestic chicken (McCord et al. 2017) is the most

recent addition to the collection. This data can be queried from the generic interface

(“Queries” tab), and corresponding data can be downloaded.

2.2.2 Farm Animal Integrated Data

The success of proteomic-based investigations largely depends on the availability

of complete and annotated databases containing the gene and protein sequence

information for the animal species of interest (Soares et al. 2012). Nonetheless,

once proteins are identified by matching mass spectrometry data with sequence

data, according to various strategies detailed in Sect. 3, stored and in the best of

cases integrated knowledge of protein properties is very useful to potentially

rationalise the content of the studied sample. There are very few such resources

for FAP, and the following three cover the range:

1. ProteINSIDE specifically supports the annotation of farm animal proteomics

experiments (http://www.proteinside.org; Kaspric et al. 2015). It stores
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information on bovine, sheep and goat. An in-built workflow processes lists of

proteins input by a user to extract information on protein function, subcellular

location (secreted/cytoplasmic) and interacting partners.

2. AgBase is an alternative resource for functional annotation though not

proteomics-oriented (http://www.agbase.msstate.edu; McCarthy et al. 2010). It

covers more farm animal organisms.

3. paxDB stores proteome-wide protein abundance information across organisms

and tissues (http://pax-db.org; Wang et al. 2015b). Pig, bovine, horse and

chicken are included.

3 Data Analysis Software

The use of two-dimensional gel electrophoresis (2DE) approaches combined with

MS already allowed the characterisation of several distinct proteomes in different

fields of animal science (Soares et al. 2012). However, the complexity of most

proteomic samples challenges the separation power of such traditional techniques.

More importantly, even with the current improvements in 2DE, it is still a manual

and time-demanding process. In proteomics studies, liquid chromatography

(LC) has been increasingly used as a replacement technique for gel electrophoresis,

since it can be employed to analyse large numbers of samples in a faster, automated

and more repeatable fashion. This trend can be observed in Fig. 1.

As one of the core technologies routinely used in advanced proteomics research,

we focus this section on software and computational methods for analysing LC-MS

data. We particularly describe the data and associated algorithms from a
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red) vs. liquid chromatography (LC, blue). PubMed queries: “proteomics gel electrophoresis mass

spectrometry” and “proteomics liquid chromatography mass spectrometry”
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perspective of the acquisition methods by which it is generated, because under-

standing the process of data generation may turn out to be critical for successful

data analysis and result interpretation.

Prior to LC separation, complex protein samples are digested into peptides.

Since the chemistry of peptides is more uniform than the chemistry of proteins,

tandem MS methods to sequence peptides are nowadays robust and mature (Yates

III 2015). The most popular enzyme used for protein digestion is trypsin, which

leads to peptides with C-terminally protonated amino acids, providing an advantage

in subsequent MS-based peptide sequencing (Aebersold 2003). As peptides elute

from the LC column, they are ionised by electrospray ionisation (ESI), and resulting

ions are analysed by the mass spectrometer.

The MS analysis can be performed with different instruments and different

operation modes. Broadly speaking, they can be classified as targeted and shotgun

methods. The characteristics of the spectra and informatics approaches for these

methods are discussed in the following subsections.

As illustrated in Fig. 2, we emphasise examples of chromatogram-based MS

quantification workflows using the Skyline software tool (MacLean et al. 2010),

developed and maintained by the MacCoss lab. Skyline is a Windows client,

versatile and robust platform that can be used to analyse the different types of

MS data here described. A key feature of Skyline is the extraction of MS data

directly from many instrument vendor formats, that is, a conversion to open file

formats is usually not required. Skyline is freely available and open source, with an

interactive and rather intuitive graphical user interface (GUI) for visualisation, and

several tutorials describing the usage are available. Results can be exported as text

reports that researchers can further process using other tools.

Moreover, several tools are available as plug-in modules within Skyline. A

framework called “external tools” allows researchers to integrate their tools into

Skyline without modifying the Skyline codebase (Broudy et al. 2014). With a

uniform interface for installation into Skyline, the external tools can be easily

accessed by all users for downstream statistical analyses.

3.1 Targeted MS Methods

Selected reaction monitoring (SRM)—also referred to as multiple reaction moni-

toring (MRM)—is a targeted MS technique whereby a predefined series of transi-

tions (precursor/fragment ion pairs) are selected by the two mass filters of a triple

quadrupole instrument and monitored over chromatographic elution for precise

quantification (Lange et al. 2008; Picotti and Aebersold 2012).

Since SRM strictly targets a predetermined set of peptides, it is particularly

useful when only a handful of proteins from a complex background, such as those

constituting a cellular network or a set of candidate biomarkers, need to be

measured across multiple samples in a consistent, reproducible and quantitatively

precise manner.
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A useful discussion of the best practices for targeted MS measurements in

biology and medicine, also applicable in animal science, can be found in Carr

et al. (2014). The authors discussed the analytical goals and the experimental

evidence needed to properly describe developed assays according to the required

Fig. 2 Chromatogram-based MS quantification workflows in proteomics. RawMS data generated

by LC-MS analysis have different complexities depending on the purpose of the study. Targeted

MS methods such as SRM require more effort prior to the actual LC-MS analysis, but the data

contains single chromatogram traces for each targeted peptide transition and therefore requires less

complex data processing. Shotgun MS methods acquire a full mass spectrum within each cycle.

For DDA, MS1 data is used for quantification and MS2 data for identification. For DIA, the MS1

data is optional, and quantification is usually performed with the MS2 data, since the systematic

fragmentation acquires continuous data for all fragments across the complete elution profile. The

m/z range is typically divided in several precursor isolation windows, and thus DIA spectra contain

several fragment ion maps. The spectral library provides information such as m/z and expected

retention time used by Skyline as seeds for chromatogram extraction. The spectral library is not

required for processing SRM data, but it might be used for designing the acquisition method, e.g.,

for selecting the best peptides and fragment ions. For DDA, the spectral library is used to extract

the MS1 chromatograms for each identified peptide. For DIA, the spectral library is used to extract

the MS2 chromatograms for the fragment ions of each identified peptide, from the spectra

corresponding to the precursor isolation window. Statistical analysis to find differentially

expressed proteins can be performed using MSstat, either as one of the external tools available

within the Skyline GUI or independently using the exported results for the input of the R MSstat

package. Further downstream analysis can be performed with tools such as Cytoscape and DAVID
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levels of performance, as well as the computational and statistical tools useful for

the analysis of targeted MS.

3.1.1 Design of Targeted Acquisition Methods

In SRM-based proteomics, a significant amount of time is required for the design of

the acquisition method or assay, and several informatics tools are available to assist

this process. For instance, software to select proteotypic peptides, transitions and

best acquisition settings include SRMCollider (R€ost et al. 2012), MRMOptimizer

(Alghanem et al. 2017) and PREGO (Searle et al. 2015).

We highlight the PNNL Biodiversity Plugin as one of the external tools available

in Skyline (Degan et al. 2016). The tool summarises available mass spectrometry

data in a pathway-centric view and facilitates querying it from a biological per-

spective to design quantitative experiments. Selected proteins and their underlying

mass spectra are imported to Skyline for further assay design (transition selection).

The PNNL Biodiversity Library catalogues MS/MS spectra from over 3 million

peptides and 230,000 proteins from 118 distinct organisms across the tree of life all

cross-referenced to KEGG pathways for intuitive biological interpretation.

To maximise the number of peptides that can be monitored in a single LC-MS

analysis, scheduled SRM methods can be designed (Stahl-Zeng et al. 2007). Using

information of the expected peptide elution time in the target list, computer pro-

grams automatically generate SRM acquisition methods where the transitions of a

specific peptide are only targeted during a time window around its elution time. In

this way, the number of peptides measured in a LC-MS run is increased without

compromising the limit of detection or the quantitative accuracy.

3.1.2 Data Processing for SRM Quantification

Unlike in other MS-based proteomic techniques, no full mass spectra are recorded

in SRM analysis. SRM data consist of a set of chromatographic traces with the

retention time and signal intensity for each of the monitored transition. This

non-scanning nature translates into an increased sensitivity by one or two orders

of magnitude compared with conventional “full-scan” techniques. The two levels of

quadrupole mass selection with narrow mass windows result in a high selectivity, as

co-eluting background ions are filtered out very effectively.

Integration of the chromatographic peaks for each transition supports the relative

or, if suitable heavy isotope-labelled reference standards are used, absolute quan-

tification of the targeted peptides, which are used as a surrogate measure of the

proteins of interest. Isotope labelling increases the complexity and costs of an

experiment with the benefit of more precise quantification.

Other targeted methods, in which high-resolution full MS/MS spectra are

acquired for each target peptide, such as parallel reaction monitoring (PRM)

(Peterson et al. 2012), generate data for all detectable fragment ions. The third

Bioinformatics Support for Farm Animal Proteomics 369



quadrupole of a triple quadrupole is substituted with a high-resolution and accurate

mass analyser.

3.2 Shotgun MS Methods

In contrast to targeted MS methods, the so-called shotgun or bottom-up approach

does not require predefined information about the proteins of interest or analytes in

the sample. TheMS instrument is operated to record the spectra of many peptides as

possible, as they elute from the LC column and are ionised by electrospray.

3.2.1 Data-Dependent Acquisition and MS1 Quantification

Within each DDA cycle, ion signals are recorded in a MS1 or survey scan

(precursor ion signals), and the top-N most abundant ions are then selected and

serially isolated for fragmentation (MS/MS, MS2, or tandem MS) to generate

structural information. Since fragmentation models are well characterised for

amino acid sequences, theoretical spectra can be generated according to factors

including peptide sequence and type of fragmentation, typically collision-induced

dissociation (CID). Typically, most of the MS/MS data is highly pure (each

spectrum contains fragments from mainly one peptide) and can be annotated with

peptide sequences using search tools such as Mascot (Perkins et al. 1999),

SEQUEST (Eng et al. 1994), Andromeda (Cox et al. 2011), X!Tandem (Craig

and Beavis 2004) and MS-GFþ(Kim and Pevzner 2014). A search tool in silico

digests the protein sequences into peptides and generates theoretical spectra to

score the observed tandem mass spectra against the predicted fragmentation

(Nesvizhskii 2010).

While search tools produce a match for almost every input MS/MS spectrum,

only a fraction of those peptide to spectrum matches (PSMs) are true. The most

commonly used and accepted statistical confidence measure is the false discovery

rate (FDR) (Benjamini and Hochberg 1995) adapted in proteomics (Elias and Gygi

2007)—also known as “target-decoy approach” (TDA)—as a summary statistics

for the entire collection of PSMs. A decoy database is generated by reversing or

shuffling the amino acids in the sequences of the reference database and thus

included in the search to estimate the FDR as the expected proportion of incorrect

PSMs among all accepted PSM (Nesvizhskii 2010). FDR analysis is typically

included within the identification software; however, it can also be performed and

refined using other tools such as MAYU (Reiter et al. 2009), Percolator (Käll et al.

2007; The M et al. 2016), iProphet (Shteynberg et al. 2011), PeptideProphet (Keller

et al. 2002; Choi and Nesvizhskii 2007) and ProteinProphet (Nesvizhskii et al.

2003).

Properly estimating and controlling the FDR are essential steps in the computa-

tional pipeline for preventing subtle but profound errors in high-throughput science.
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It is necessary to place less emphasis on the number of identifications achieved and

instead to value the work as a whole (Serang and Käll 2015).

After FRD analysis, confidently identified peptides can be used to build a library,

which can be imported into Skyline to perform label-free relative quantification.

Skyline extracts the precursor ion signals of each peptide from the MS1 raw data

and computes the area under the peak or ion chromatogram from each peptide

elution profile (Schilling et al. 2012).

Another popular method that has been traditionally used for label-free quantifi-

cation in shotgun proteomics is the spectral count, which is based on the number of

MS/MS spectra identified for each peptide sequence (Liu et al. 2004). Despite

providing a rapid and semi-quantitative measure of abundance, spectral count-

based quantification is affected by sample complexity; it has been found to often

give irreproducible results and being unsuitable for quantifying low-abundance

proteins (Cappadona et al. 2012; Ahrné et al. 2013). In contrast, chromatogram-

based MS quantification based on integration of the peptide elution profile provides

a level of accuracy comparable to labelling approaches.

3.2.2 Data-Independent Acquisition and MS2 Quantification

With recent developments in MS instrumentation, application of alternative MS

operation modes such as DIA has become feasible (Chapman et al. 2014; Bilbao

et al. 2015a). In contrast to DDA and by means of systematically parallelising the

fragmentation, DIA avoids the selection of individual peptide ions during LC-MS

analysis, therefore providing several advantages for characterising complex protein

digests.

In a single injection or LC-MS analysis, DIA generates a comprehensive and

permanent digital record of the sample (Liu et al. 2013). Because of the systematic

sampling process, there is no need to reinject the sample for LC-MS analysis, as

opposed to DDA and SRM. Acquired once and mineable forever, DIA spectra can

be used to test for new hypothesis or reprocessed when a better-quality library is

available (e.g. new genome available) or an updated or new processing software

tool is released.

At the same time, in DIA, convoluted or multiplexed MS/MS spectra are

generated without explicit association between each single precursor and its

corresponding fragments. As a result, DDA search engines are not appropriate for

processing DIA spectra, and several informatics tools have been developed recently

to effectively process these complex datasets for identification: DIA-Umpire (Tsou

et al. 2015, 2016), Group-DIA (Li et al. 2015) and MSPLIT-DIA (Wang et al.

2015a).

Here we focus on the targeted data extraction strategy related to the SWATH

methodology (Gillet et al. 2012), where a list of peptide transitions (also called

assay) built from previous DDA/SRM libraries is required. These libraries can be

either collected from public repositories such as PeptideAtlas (www.peptideatlas.

org), SRMAtlas (www.srmatlas.org) and SWATHAtlas (www.swathatlas.org) or
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generated by analysing the studied sample also in DDA mode to generate reference

libraries (for a detailed protocol to generate high-quality reference libraries, see

Schubert et al. (2015a)). A multiplexed variant of the SWATH methodology,

termed MSX (Egertson et al. 2013, 2015), is also implemented within the Skyline

software, supporting both acquisition method design and data processing for

quantification.

As for MS1 quantification, Skyline extracts the ion signals of each peptide, but in

this case fragment ion signals are extracted from the MS2 raw DIA files. Quanti-

fication is therefore performed using the elution profile of the peptide fragments,

like for SRM, with the area under the peak or ion chromatogram as the abundance

measure. Fragment ion abundances are subsequently aggregated into the

corresponding peptides and proteins. A statistical measure of detection confidence

is also computed for each peptide, using a similar version of the

mProphet algorithm (Reiter et al. 2011) implemented within Skyline.

Other software tools for targeted data extraction are also available: Spectronaut

(Bernhardt et al. 2012) (Biognosys proprietary software with free license for

academics) and OpenSWATH (R€ost et al. 2014) (open-source standalone tool or

integrated module into the proteomics software OpenMS) (Sturm et al. 2008; R€ost
et al. 2016), including tools without GUI such as DIANA (Teleman et al. 2014) and

SWATHProphet (Keller et al. 2015).

Recently, the performance of several of these tools was compared (Navarro et al.

2016). The authors observed similar reliable performances after software and

parameter optimisation and concluded that targeted data extraction is a valid

alternative to isotope-labelling-based methods.

Another consideration related to DIA data processing is the fact that the con-

current fragmentation of peptides has the drawback of increasing the likelihood of

interference due to the overlap of fragment ions from different precursors. Several

computational strategies can tackle this issue to further expand the benefits of DIA

(Zhang et al. 2015; Bilbao et al. 2015b, 2016).

3.3 Statistical Analysis of Quantitative Results

Based on the quantification data, the next step is to determine candidate proteins

showing significant differences across several sample types or conditions. The R

statistical package MSstats (Choi et al. 2014) can be used as a standalone or as one

of the external tools available within Skyline. MSstats can be used to interpret

SRM, DDA and DIA quantification results.

The external set of QuaSAR tools (Abbatiello et al. 2010; Mani et al. 2012)

automate and assist quantification of stable isotope dilution experiments. QuaSAR

produces tabulated results for every peptide for essential statistics such as coeffi-

cient of variation, regression slope and intercept (with confidence intervals) and

limits of detection and quantification as well as figures summarising their distribu-

tion and variation.
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3.4 Automated PTM Detection

It is now well established that posttranslational modifications (PTMs) act in isola-

tion or in combination with proteins for modulation and regulation purposes. In

recent years, this field of investigation has led to intense bioinformatics

development.

3.4.1 Main PTM Bioinformatics Resources

Two main databases are considered as references for storing PTM-related informa-

tion. UniMod (http://www.unimod.org) is a comprehensive list of protein modifi-

cations for mass spectrometry applications. dbPTM (http://dbPTM.mbc.nctu.edu.

tw) describes substrate specificity of PTM sites and provides functional annotation

of PTM-related substrates and known interacting proteins. Neither specifically

distinguishes between species as both aim at increasing numbers of their respective

statistical tables. However, with this concern for broad coverage, dbPTM maintains

a comprehensive list of databases and prediction software dedicated to individual or

groups of PTMs. To complement the summary information associated with each

resource, useful and more detailed comments can be found, for instance, in Kamath

et al. (2011).

Over the past decades, the accumulation of sequence data led to implementation

of PTM site prediction software based on amino acid patterns in aligned sequences.

Each method was usually designed to identify individual PTMs. Many of these

methods were developed with web interfaces and are hosted on the ExPASy (www.

expasy.org/proteomics/post-translational_modification) and the CBS (www.cbs.

dtu.dk/databases/PTMpredictions) servers whose creators pioneered in this field.

More recently, the accumulation of mass spectrometry data to support PTM detec-

tion contributed to refining the reliability of prediction based on more comprehen-

sive experimental data. This is, for instance, the case of phosphorylation sites

through the use of resources such as PhosphoSite (http://www.phosphosite.org)

that collects published mass spectrometry data for site annotation. In fact, under-

standing PTM occurrence goes along with studying the corresponding modifying

enzyme(s). In many cases, these enzymes are not known, or their target is not

precisely defined. For phosphorylation, KinBase (http://kinase.com/kinbase/) is the

kinome reference, and the combined use of MS-validated sites and kinase specific-

ity helps in refining site prediction as further explained in Sect. 3.4.2.

Although not fully considered as a PTM, protein cleavage should nonetheless be

part of the modification landscape, and proteases have long been collected and

classified in the MEROPS database (http://merops.sanger.ac.uk). The connection

between proteolysis and PTMs is brought out in TOPFind, the N-/C-terminal

modification database (http://clipserve.clip.ubc.ca/topfind). With a strong focus

on human and mouse data, TOPFind also attempts to merge protein cleavage
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information with protein-protein interactions with the PathFinder tool (Fortelny

et al. 2014) through mapping and modelling a protease interaction network.

Nonetheless, at present, besides published articles, UniProt remains the main

source compiling information on alternative effectors of PTMs. In fact, examples of

protein-protein interaction networks integrating PTM knowledge (occurrence þ
specific effector) are rare. They tend to be devoted to mapping data collected in

eukaryotes such the yeast methylome (Erce et al. 2012) or the phospho-tyrosine

interaction network in human (Grossmann et al. 2015).

3.4.2 Predicting PTM and Their Associated Enzymes

The association between a phosphorylated site and the kinase that actually

performed the attachment on a serine, threonine or tyrosine residue is far from

being obvious to predict, despite the clear need for getting a fuller picture of

phosphorylation. So far, the most known tool that combines several sources of

data to suggest site-enzyme associations for phosphorylation is networKIN (http://

networkin.info). The method first uses a predictor to label a given phosphosite

sequence with a kinase or kinase family. This predictor is trained with experimental

data to ascertain the relationship between a site and a kinase. For instance, Scansite

(http://scansite3.mit.edu) mostly relies on peptide library screening, phage display

and mass spectrometry experiments to get enough examples of labelled sites and

identify characteristic sequence patterns for a site in definite association with a

known kinase. Nonetheless a high level of ambiguity persists and as a second step in

order to narrow down the options, networKIN includes contextual information by

extracting knowledge of protein-protein interactions centred on the kinases of

interest from a database of interactions. By calculating the proximity of the

substrate to all kinases in a network of functional relationships, networKIN infers

the most likely candidate kinase for each site.

The knowledge of phosphorylation is by far more advanced than that of other

common PTMs such as glycosylation. Despite the possible mapping between a

glycan structure and the set of enzymes that are required for its synthesis, the

characterisation of intact glycopeptides remains a definite challenge. As it is, most

glycan structures have been solved after being cleaved off their natural support,

while protein glycosylation sites are identified after removing the attached glycans.

In the end, key information on the glycoconjugate is lost. The correlation between

glycan structures and glycoproteins can be restored manually through literature

searches that are both labour- and time-consuming. This is, for example, the

purpose of UniCarbKB (www.unicarbkb.org). In this context, the design of predic-

tion tools linking a glycosite with the appropriate glycosyltransferases may happen

in a not too distant future. Information on these enzymes has accumulated in the

CAZy database (www.cazy.org) over the past two decades.
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3.4.3 PTM Discovery

Mass spectrometry is the method of choice for detecting PTMs. Since the early days

of software development for analysing mass spectra, the concern for identifying

possible mass shifts corresponding to the addition or removal of chemical groups of

known masses has been shared by bioinformaticians. Then it appeared that, con-

versely, the occurrence of regular and identical mass shifts of unknown origin in

MS2 data could be a source of new knowledge, and a range of tools was then

developed to perform the so-called open modification search, that is, PTM search

with no a priori (Ahrné et al. 2010). This approach was scaled to process high-

throughput proteome data with the prospect of discovering unexpected modifica-

tions (Na et al. 2011; Horlacher et al. 2015). However, data interpretation remains a

challenge, and findings require experimental validation. Nonetheless, large-scale

processing supports scientists in investigating and discovering new leads.

It is worth noting that the top-down proteomic approach is very promising for

generating mass information on PTMs (Smith et al. 2013). The ProSight software

that is commonly run to analyse this particular type of data is adapted to the

identification of a broad range of PTMs (Fellers et al. 2015).

Recently, the potential of label-free by PRM was demonstrated for targeted

phosphoproteome analysis (Lawrence et al. 2016). The authors also created a

web-based assay development application that queries the database for optimal

peptide selection and retention time scheduling (phosphopedia.gs.washington.edu).

3.4.4 PTM Combination

The next challenge is to identify the constraints that rule PTM cooperative and/or

antagonist effects as pointed in Venne et al. (2014). Indeed, PTMs can be mutually

exclusive such as the phosphorylation and the O-GlcNAcylation of serine and

threonine of signalling proteins presented very early on as the “yin-yang hypothe-

sis” (Hart et al. 1995), but they can also be cooperative as in the well-studied case of

histones (Schwammle et al. 2014). Data has accumulated on a few other proteins

such as tubulins (Verhey and Gaertig 2007), the FoxO regulator (Calnan and Brunet

2008) or chaperones (Cloutier and Coulombe 2013). However, a critical mass of

experimental data is still missing to design appropriate bioinformatics tools

supporting the discovery of PTM co-occurrence rules that could potentially explain

corresponding effects on protein function. In the meantime, simple co-occurrence is

collected, for instance, in the PTMCode database (Minguez et al. 2014) that shows

potential trends. This field is likely to blossom in the years to come.
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3.5 Interactomics and Data Interpretation

A list of identified proteins is not sufficient for characterising a sample. The

challenge is to understand why some proteins are co- or differentially expressed

and what are the underlying processes explaining cooperative or concurrent

activity.

Detailed information about how MS-based proteomics has been applied to

network biology, to detect and quantify perturbation-induced network changes

and to correlate network dynamics with cellular phenotypes can be found in

Bensimon et al. (2012).

The most common approach is to extract protein information from the gene

ontology (GO) that assigns relevant terms from controlled vocabularies to specify

the protein subcellular location, its function and its contribution to one or more

processes (see www.geneontology.org). Then, when proteins share terms

characterising a location or a function or a process, this type of similarity helps in

shaping a hypothesis. Alternatively, the knowledge of protein-protein interactions

stored in databases such as IntAct (http://www.ebi.ac.uk/intact/) or BioGrid (http://

www.biogrid.org) can be used to build an interaction network. Note that readily

available interaction networks can be visualised and queried in STRING (http://

string-db.org). In all cases, integrated tools in the cited data resources provide

support for protein data interpretation. One of the most popular open-source

software for integration, visualisation and analysis of biological networks is

Cytoscape (Shannon et al. 2003). This popularity has been driven by the ability

of extending Cytoscape functionality through plugins (Saito et al. 2012), yielding a

powerful and heterogeneous set of tools and enabling a broad community of

scientists to contribute. This part is illustrated further in the following section

with concrete examples.

4 Applications

There are roughly three types of applications where high-throughput proteomics

methods are used and therefore bioinformatics is necessary. In most instances

detailed below, resources tailored for the study of model organisms spanning

mainly humans, mouse, drosophila and yeast show some limitation in supporting

the interpretation of experimental results.

4.1 Animal Health

In much the same way as in medical studies, one of the goals of using proteomics is

to identify reliable disease biomarkers for diagnosis or prognosis. For example,
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serum protein profiles have been used to detect infectious disease in pigs (Koene

et al. 2012). However, the prevalence of genomics approaches remains as illustrated

in a recent comprehensive review on bioinformatics tools available to study para-

sites of veterinary significance (Cantacessi et al. 2012). Omics data integration is

still a prospect at this point in time.

As highlighted in Sect. 3.5, interactomics provides the most attractive ground for

the interpretation of proteomics data. The identification of protein complexes in a

sample is a first step in rationalising and understanding protein co-expression. For

example, cellular proteins of the host-forming complexes with specific proteins of

the porcine reproductive and respiratory syndrome virus (PRRSV) essential in virus

replication were identified by pull-down experiments in Dong et al. (2016). Binding

partners of viral proteins were then systematically mapped on known pathways with

a piece of software (https://www.qiagenbioinformatics.com/products/ingenuity-

pathway-analysis/) to shortlist those that involve the mostly expressed partners.

This study along with further experimental work led to identify and validate the role

of the HSP70 chaperone as key to transcription and replication of PRRSV. More

generally, the investigation of host-pathogen interactions is obviously suited to

proteomics-based approaches, and the wealth of information stored in bioinformat-

ics databases provides useful support. Proteomics is increasingly introduced in

veterinary medicine (Ceciliani et al. 2014), and data accumulation will soon

popularise the use of bioinformatics to allow for information-rich comparative

studies.

Furthermore, Bundgaard et al. (2016) applied SRM to investigated levels of

eight inflammatory acute phase proteins in interstitial fluid from wounds in horses.

Selection of protein-specific peptides was performed using the equine PeptideAtlas

website.

Packialakshmi et al. investigated proteomics differences in the plasma of healthy

and femoral head necrosis-affected chickens using shotgun MS methods

(Packialakshmi et al. 2016). MS/MS data was converted from proprietary format

to mzXML files using the instrument vendor software and submitted to global

proteome machine (GPM; http://www.thegpm.org) for identification with X!

Tandem.

Proteins with at least one unique peptide and 5% FDR were considered true for

protein identifications. The results were downloaded as *.xml files for Skyline

software. After MS1 signal extraction, label-free quantitation was performed

using MSstats as one of the external tools directly available in Skyline. Group

comparison function was used for the label-free quantitation and to generate the

volcano plot that shows the differentially expressed proteins.

The list of proteins was mapped to the corresponding ensemble gene IDs using

Biomart and analysed for relative enrichment, clustering and GO annotations using

DAVID (Huang et al. 2009a, b).
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4.2 Adipose Tissue and Muscle Studies

The lack of farm animal dedicated resources in proteomics motivated the develop-

ment of the ProteINSIDE database cited in Sect. 2.2.2. It was used in a study of

bovine adipogenesis and myogenesis as well as the balance between these two

processes (Kaspric et al. 2015). Previously analysed mass spectrometry data of

adipose (Taga et al. 2012) and muscle (Chaze et al. 2009) foetal bovine tissues led

to identify proteins, which were poorly annotated. Data and tool integration of

ProteINSIDE supported the interpretation of protein lists. In particular protein-

protein interactions, as collected from various sources as cited in Sect. 3.5, were

used as the main piece of information for identifying clusters of functionally

interconnected proteins. In the muscle they were associated with four processes,

muscle development, cell proliferation, energetic complex and respiratory chain,

and in the adipose tissue with seven, cell proliferation, proteasome complex,

complexes I and III of the respiratory chain, redox activity and differentiation and

metabolism of adipose tissue. The overlap between the two tissue types led to

suggest possible crosstalk mechanisms.

Other authors have used bioinformatics sequence analysis tools to identify

proteotypic peptides in an attempt to define biomarkers of meat authenticity

following a targeted proteomics approach (Orduna et al. 2015). In the same vein,

Stella and co-workers used SRM to quantify 12 potential protein markers of skeletal

muscle and detect anabolic treatments with dexamethasone (Stella et al. 2016). The

listed proteins were markers identified in a previous study applying a

two-dimensional difference gel electrophoresis proteomics approach. A scheduled

SRM method was developed using Skyline software to monitor 24 signature pep-

tides from the 12 considered protein markers (two peptides per protein). For each

peptide, 3 precursor-to-product ion transitions were targeted. Peptide quantification

was achieved using a spike-in dedicated internal standard for each target. To this

end, 13C/15N isotopically labelled peptides sharing the same sequence but with a

defined mass shift were used. Peptide quantification was achieved using Skyline

software integrating the area of the chromatographic peak of each peptide and the

corresponding labelled internal standard.

Using R, protein abundances were graphically described using box plots, and

potential differences of protein concentration values among different animal groups

were explored performing one-way analysis of variance (ANOVA) on the two

animal sets.

4.3 Milk Proteome and Glycoproteome

As mentioned in Sect. 2.2.1, the analysis of protein content in farm animal milk has

long been the focus of veterinary and biological science. It is not surprising that

several groups already undertook global studies such as a more detailed pathway
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mapping of 106 human milk proteins (D’Alessandro et al. 2010). In this in silico

study, pathway analysis software based on knowledge of metabolism is used to

identify cell proliferation and differentiation pathways on top of the usual nutrition

and immune functions known to characterise milk proteins. This provides evidence

of tissue growth and organ development capacities of milk proteins based on

collecting public data and using pathway analysis tools.

To account for quantitative aspects, mass spectrometry and bioinformatics tools

were used in two recent studies (Tacoma et al. 2016; Zhang et al. 2016). While the

former reference conventionally relies on gene ontology to track functional features

of differentially expressed proteins in two dairy cow breeds, the latter brings the

comparison of the human and bovine milk proteomes over lactation further. In this

study, MS data was first differentially quantified using the MaxQuant software, and

interactions between the most co-expressed proteins were then derived from

STRING (see Sect. 3.5). Results reveal the interconnected roles of milk proteins

in nutrition and protection to the neonate.

Finally, the importance of glycosylation in milk needs to be acknowledged, and

quantitative studies are also undertaken in a systematic way. For example, Huang

et al. (2016) used SRM to quantitate seven human milk proteins and their

glycoforms.

5 Conclusion

The application of proteomics in veterinary studies has been moving from the initial

qualitative description towards the quantification stage, where experiments to

identify and quantify protein changes in different samples of particular tissues or

fluids become more common (Ceciliani et al. 2014). Application of untargeted

label-free quantification methods is rapidly increasing in the proteomics field in

general, fuelled by the advantages of DIA methods and development of software

tools and innovative algorithms, which already have been shown implementations

to estimate absolute cellular protein concentrations (Schubert et al. 2015b). In this

context, further improvements and developments of new computational strategies

for quantification are expected.

Numerous studies have been published to date in domestic and farm animal

proteomics; among several challenges and limitations, we highlight the lack of

detailed information of MS-based proteome informatics tools in the context of farm

animal reviews/resources. Only general notions are described but not specific tools

and very few references.

The previously described difficulty to use MS proteomics software (Cappadona

et al. 2012), associated with the lack of appropriate documentation or with a poor

graphical user interface, is still an issue. Fortunately, this is changing with tools like

Skyline. Skyline is an active project and continues expanding, for instance, it

currently supports chromatogram extraction from MS1 and MS2 spectra with the

additional ion mobility separation recently available in commercial instruments
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(Baker et al. 2015). An increasing number of available tools within open-source and

collaborative projects can be expected, and we encourage development of more

robust MS tools that can be used by researchers nonspecialised in mass spectrom-

etry or informatics.
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Abstract Although peptidomics is a discipline complementary to proteomics,

since nowadays both mainly rely on analytical strategies based on mass spectrom-

etry, there are fundamental differences. In this chapter, we discuss these differences

along with the application of these technologies for the study of the different stages

of meat production, from storage to processing to unravel mechanisms that will

allow reaching high-quality and safer meat products. The use of peptidomics and

the related high-throughput technologies, now relying on mass spectrometry but

once also on N-terminal sequencing, is discussed. Clear examples are provided

dealing with relevant studies on meat proteolysis and peptide generation occurring

during ageing, as well as those produced during ripening of meat products by

endogenous and microbial enzymes. Also the involvement of this phenomenon in

the development of taste-active compounds is addressed. Finally, the application of

novel omics technologies on bacterial identification in food for diagnosis and safety

purposes is presented, putting emphasis on their potential advantages and future

perspectives.
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1 General Concepts

1.1 Peptidomics Versus Proteomics

The concept peptidomics is complementary to the more familiar term proteomics,

which prompts us to the need to describe the two concepts. Proteomics aims the

study of the expression of products of a genome (proteins) in a biological sample

with the aim to have a global and integrated vision of the cellular processes at a

particular time period. On the other hand, peptidomics will cover the comprehen-

sive study of peptides that are present in a biological sample. Qualitative and

quantitative features would be addressed in both cases. The term peptidomics

already appeared in some scientific literature published in 2001 (Bergquist and

Ekman 2001; Clynen et al. 2001; Minamino 2001; Schulz-Knappe et al. 2001;

Verhaert et al. 2001). It is also important to better differentiate between these two

terms to establish the difference between a peptide and a protein. It is assumed that

peptides are short molecules formed from the linking of various amino acids being

in the range from 2 to 50. However, this convention is rather arbitrary and flexible,

not being possible in many cases to establish a clear difference, for example,

between big polypeptides and small proteins. For that reason, it has also been

accepted that a peptide has a less complex structure, being able to contain helices,

sheets, other functional subunits or modifications of some particular residues but

not reaching the more complex tertiary and quaternary structures as in the case of

proteins. Peptides resulting from proteolytic cleavage of proteins will be influenced

by these structural elements, which will drive the action of peptidases in the release

of peptide products.

1.2 Technological Features in Peptidomics as Compared
to Proteomics

Nowadays, proteomics and peptidomics are related disciplines since both rely on

analytical strategies based on mass spectrometry (MS), and thus the separation

between the two concepts is sometimes blurred. In proteomics, with the aim to

facilitate the analysis by mass spectrometry, proteins are usually digested into

peptides, which will be further analysed by single MS to obtain their peptide

mass fingerprint (PMF) or by tandem mass spectrometry (MS/MS) to get the

amino acid sequence of the generated peptides. This is known as the bottom-up
approach, since the information obtained from the analysis of peptides will serve to

reach up to the identity of the protein of origin. Even if the enzymatic digestion will

contribute to increase sample complexity, the ease to analyse relatively short

peptide sequences as compared to large polypeptide chains largely compensates

for this. As a drawback of the digestion process, information about tertiary and

quaternary structure of the protein will be lost. In contrast to this, peptidomics
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would point at characterizing as much as possible the structure of the target

peptides, getting information about the proteolytic processes responsible for their

generation and the presence of post-translational modifications. This will be the

case of a top-down approach, in which it will be necessary to manually evaluate the

MS/MS spectra generated and verify that the assignment of peptides is accurate

(Schrader et al. 2014). In food peptidomics, this can reveal valuable information

about the proteolytic processes and final quality of food and food-derived products.

In bottom-up approaches, proteins are cleaved using proteolytic enzymes that

have a defined substrate specificity. The most representative example is trypsin,

which cleaves proteins and polypeptides having Lys or Arg at the left side

(P1 position) of the peptide bond. Due to the frequency in the occurrence of Lys

and Arg residues in proteins, this restricted specificity will allow for the generation

of medium-size peptides, falling within the range from 7 to 25 amino acids

(700–3000 Da), which are ideal for their precise mass determination using current

proteomic technology based on the ionization of intact peptides by the so-called

“soft” ionization techniques such as matrix-assisted laser desorption/ionization

(MALDI) (Karas and Hillenkamp 1988) and electrospray ionization (ESI) (Fenn

et al. 1989). Furthermore, fragmentation of peptides based on techniques such as

CID (collision-induced dissociation), electron-transfer dissociation (ETD) or some

others (Jones and Cooper 2011) will allow for the elucidation of the amino acid

sequence in tandem mass spectrometry experiments. Protein digestion using

enzymes with defined cleavage sites greatly simplifies the study of the fragmenta-

tion mechanisms, making it possible to predict the peptide fragment ions according

to the type of MS instrument. This has allowed the development of several

bioinformatic algorithms that, together with the expansion of protein databases by

massive genome sequencing, makes it possible to analyse these peptide ion product

spectra automatically by spectral matching, comparing the obtainedMS/MS spectra

to theoretical peptide spectra obtained by in silico digestion of proteins contained in
previously defined protein databases. A probabilistic score derived from these

comparisons will allow the identification of the most probable sequence matching

our MS/MS data (Panchaud et al. 2012). Several robust and high-throughput

MS/MS algorithms have been developed based on the principle of spectral

matching (Hernandez et al. 2006).

Apart from making easier the study and prediction of fragment ions, tryptic

peptides hold an amino group on their N-terminus, but also most of them have an

additional amino group at the side chain of the C-terminal Arg or Lys. If in addition

histidine residues occur in the peptide sequence, then charge states higher than

2 can also be observed. This will favour strong peptide signal intensities easily

detected by the MS instruments and MS/MS fragmentation spectra of high quality,

necessary for an accurate elucidation of the peptide sequence with no ambiguities

(Schrader et al. 2014).

Peptides generated by protein digestion are not exclusive of bottom-up proteo-

mic studies. As it will be explained below, some top-down peptidomic approaches

are based in the identification and quantification of some of these sequences as

individual entities, constituting the core of the analysis beyond the protein of origin.
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Some examples are the use of peptide biomarkers in meat authentication studies

(Marbaix et al. 2016; Sentandreu et al. 2010) and nutritional studies (Paolella et al.

2015; Wen et al. 2015) or the generation of bioactive peptides by the action of

proteolytic enzymes on animal proteins (Fu et al. 2016; Lafarga et al. 2016;

Mirdhayati et al. 2016). Other peptidomic approaches, however, deal with the

characterization of the endogenous peptides naturally present in foodstuffs. These

peptides, in many cases, will not follow the ideal model of those generated by

digestion with known enzymes, having more difficulties for MS analyses. Special

attention needs to be paid to the design of extraction protocols in order to minimize

the peptide proteolysis after sample collection (Dallas et al. 2015). Because the

enzymatic processes that are responsible for the formation of endogenous peptides

are complex and most often imply the action of unknown peptidases and/or

unspecific cleavages, size can change considerably, having sequences too large or

too small for a proper identification and quantification using standard MS applica-

tions that have been developed for medium-size peptides in bottom-up proteomics.

In the case of large peptides, elucidation of the amino acid sequence from MS/MS

spectra of peptides having charge states þ5 or more becomes more complicated

than for peptides having charge states þ2 or þ3. Moreover, the non-specificity for

cleavage sites makes identifications based on spectral matching considerably more

complicated and time consuming in database searches. In the case of small peptides

(lower than six amino acids), ambiguity in the elucidation of the sequence consid-

erably increases, and database searches usually bring several identifications with

similar scores and a confusing variety of parental proteins. For these cases, espe-

cially in very small peptides (two–four amino acids), other, less efficient bioinfor-

matic tools not based on database search are required, together with manual

verification of the MS/MS sequencing results. Another challenging aspect of

small peptides is the difficulty to be retained in the reverse phase C18 columns

that are massively used for tryptic peptides. Unless the small peptides contain some

hydrophobic amino acids, they will not be retained by the reverse phase columns,

and thus other separation alternatives such as ion-exchange, size-exclusion or

hydrophilic interaction (HILIC) chromatography will become necessary.

1.3 Types of Peptides

According to their synthesis, three classes of peptides can be distinguished in

biological samples (Zürbig and Mischak 2008):

(a) Ribosomal peptides, which will be those that are synthesized by translation of

mRNA. These include peptides that function as hormones and signalling trans-

mitters in superior organisms. In the case of lower organisms, these peptides

can exert antibiotic action (Mahlapuu et al. 2016). In general, they are linear,

though other nonlinear forms also exist (Craik et al. 2016; McIntosh et al.

2009).
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(b) Nonribosomal peptides, which are those synthesized using a modular enzyme

complex. These peptides are mainly ascribed to unicellular organisms, plants

and fungi. They appear as a family of related compounds sharing a common

core structure. In general they are cyclic, although linear structures also exist

(Horst and Niedermeyer 2016).

(c) Processed peptides, which are the result of non-specific proteolysis in diges-

tive/proteolytic processes: There are many events both inside and outside of

cells by which proteins or longer peptides are cut into smaller fragments. Most

of works dealing with peptidomics in food science and domestic animals

revised in the present chapter are part of this group. Indeed, food scientists

have mainly worked on the characterization of peptides generated from muscle

tissue either by the action of digestive enzymes or by the proteolytic action

occurring during the processing of meat and meat-derived products due to the

action of endogenous muscle peptidases or peptidases coming from starter

cultures. In the literature, apart from muscle tissue, there are also many impor-

tant contributions dealing with peptides derived from milk proteins in both milk

and milk-related products. Since quite recent and interesting reviews have been

published, we will not focus on this part but encourage readers to also look at

some of these contributions (Picariello et al. 2012; Roncada et al. 2012;

Sanchez-Rivera et al. 2014). Other issues dealing with peptide research in

domestic animals that have been also recently reviewed or reported and, thus

out of the scope of this chapter, are researched into food authentication studies

based on identification of species-specific peptide biomarkers (Ortea et al.

2016; Sentandreu and Sentandreu 2011, 2014) and characterization of bioactive

peptides derived from farm animal sources (Fu et al. 2017; Lafarga and Hayes

2014; Stadnik and Keska 2015; Udenigwe and Howard 2013).

2 Peptidomics as Related to Postmortem Muscle

Proteolysis

The interest of meat scientists in the study of postmortem proteolysis occurring in

skeletal muscle immediately after animal slaughter has been a major issue for

several decades. The reason is that this phenomenon is strongly linked to the

development of the main quality attributes of meat and derived meat products.

Among them, tenderness has been traditionally considered as the most important

meat quality attribute by consumers (Ouali et al. 2013). Tenderness can be defined

as the development of adequate toughness of meat due to the ageing process

occurring after slaughter. This is because during this time, generally up to 2–3

weeks in the case of beef, there is an intense breakdown of muscle structure due to

the action of several endogenous proteolytic systems, giving rise to a decrease in the

mechanical resistance of meat and the generation of large polypeptides. With

respect to dry-cured meat products, processing times are generally longer than
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meat ageing. In the case of dry-cured ham, for example, processing times of

12 months and even more are usual. As a consequence, degradation of muscle

proteins will be much more intense, and large polypeptides will be further degraded

to generate medium-to-small peptides, together with free amino acids, that will

contribute to reach their appreciated final flavour and texture characteristics

(Fig. 1). Postmortem proteolysis is not a single process but a complex set of

enzymatic actions driven by a wide variety of endo- and exopeptidase groups

endogenous of muscle tissue that will be active far beyond animal slaughter. In

the case of meat products in which starter cultures have been used during

processing, proteolytic reactions will be even more complex due to the additional

implication of bacterial proteolytic systems. This complexity of the proteolytic

events occurring in postmortem muscle is summarized in Fig. 1. With respect to the

proteolytic events occurring early postmortem, triggering of apoptosis is most

probably the first step responsible for the degradation of protein cell constituents,

with the activation of both initiator and executor caspases (Ouali et al. 2013). After

this, other endopeptidase groups such as calpains, cathepsins, proteasome, etc. will

continue the degradation of the myofibrillar structure. In that respect, additional

MUSCLE PROTEINS
Caspases 3, 6, 7
Calpains I, II
Cathepsins B, D, H, L …
Proteasome 
Other endopeptidase groups…

POLYPEPTIDES

FREE AMINO ACIDS

MEDIUM TO SMALL PEPTIDES

Dipeptidylpeptidases
Tripeptidylpeptidases
Peptidyldipeptidases

Aminopeptidases
Carboxipeptidases

Dipeptidases
Aminopeptidases
Carboxypeptidases

SMALL PEPTIDES
Resistant to exopeptidase action

FLAVOUR

Meat ageing 

Microbial peptidases 

Dry-curing

Dry-fermented sausages 

Fig. 1 Overview of the proteolytic systems implicated in the degradation of muscle proteins

during both postmortem meat ageing and dry-curing
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research is needed to clearly understand the role and importance of each peptidase

group in the initial steps of muscle degradation (Sentandreu et al. 2002).

During the processing of meat products, the proteolytic action extends far

beyond the initial days after slaughter; as a result, large polypeptides generated

during the initial steps will be further degraded to smaller peptides and free amino

acids due to the action of exopeptidase groups such as di- and tri-peptidilpeptidases,

peptidyl dipeptidases, dipeptidases, carboxypeptidases and aminopeptidases

(Fig. 1). Recent research works based on mass spectrometry applied to peptidomics

have notably contributed to gain knowledge about the main protein substrates and

peptides generated during postmortem muscle proteolysis, but it is also true that

much work is still needed to explain the whole proteolytic processes as a way to

predict and standardize the final quality of meat and processed meat products.

2.1 Meat Storage and Development of Its Final Quality

There have been notable efforts during the last two decades in the development of

state-of-the-art peptidomic approaches focused on the study of peptides generated

during the storage of meat in relation to product quality. Table 1 summarizes the

main contributions in this field, highlighting the topics of research and the different

strategies that have been employed to achieve the identification of peptides derived

from muscle proteins. With respect to the identification of peptides generated

during meat storage, one of the pioneer contributions is the work carried out by

Nishimura and colleagues. In 1995, this group carried out the identification of a

peptide produced during beef meat storage up to 10 days postmortem. To achieve

this, trichloroacetic acid (TCA) muscle-soluble extracts were fractionated by

HPLC, allowing isolation and collection of the target peptide. Determination of

the peptide sequence was achieved by N-terminal sequencing using automated

Edman degradation, identifying a 15-amino acid peptide derived from bovine

muscle troponin T (Nakai et al. 1995). A similar sequence, found in peptides

generated during pig meat ageing, was shown to be able to suppress the sour taste

(Okumura et al. 2004). All these results contributed to establish troponin T as one of

the key proteins involved in meat tenderization. Following a similar approach,

Stoeva et al. (2000) were able to identify small peptide fragments derived from

glyceraldehyde-3-phosphate dehydrogenase, troponin T and creatine kinase during

bovine meat storage up to 15 days postmortem. In addition to N-terminal sequenc-

ing, these authors made use of MALDI-TOF MS for determining the exact molec-

ular mass of the isolated peptides. They proposed the identified peptides as potential

good indicators of beef meat quality, suggesting that rapid analytical procedures

such as HPLC, capillary electrophoresis or immunoassays could be developed for

routine analysis of these quality markers (Voelter et al. 2000).

A different strategy was carried out by Muroya et al. (2004) at the time to reveal

the identity of large peptide fragments (25–32 kDa) generated during postmortem

ageing of bovine muscle. Western blot analysis revealed that these polypeptides
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were fragments of troponin T. N-terminal sequencing corresponding to the first

amino acid residues of these fragments confirmed troponin T as the protein of origin

and allowed to define the N-terminal cleavage sites responsible for the generation of

these fragments.

With the aim to study changes in muscle proteome during storage by pointing at

a larger set of protein coverage, Bendixen and co-workers introduced

two-dimensional gel electrophoresis (2-DE) for characterizing changes occurring

in pig muscle during postmortem storage. This technique has proved to be partic-

ularly suitable for the study of large polypeptides; however, gel electrophoresis

approaches are limited in the fractionation of peptides lower than 3–5 kDa since

they will be eluted from the gel unless special protocols are applied. Protein

changes were initially reported by comparing 2-DE patterns of muscle samples

taken at different postmortem times (Lametsch and Bendixen 2001), whereas

identification of differently abundant spots was accomplished by trypsin digestion

followed by MALDI-TOF MS (Lametsch et al. 2002). This way, they were able to

identify 18 polypeptides generated from postmortem storage that could serve as

possible markers of pork quality. Furthermore, 2-DE proteome analysis established

interesting correlations between tenderness development and postmortem degrada-

tion of actin and myosin (Lametsch et al. 2003). As seen in Table 1, the use of 2-DE

as a high-throughput resolving technique coupled with different MS approaches for

spot identification has been widely used in subsequent works to characterize the

generation of considerable amounts of polypeptides during meat storage in relation

to tenderness. There are also some works reporting the use of one-dimensional

electrophoresis (1-DE) as the fractionation step to separate and further identify, by

MS approaches, some proteolytic fragments that were found to correlate with

ultimate beef tenderness (Sawdy et al. 2004; Sierra et al. 2012). Compared to

automated Edman degradation, current high-throughput peptide sequencing based

on tandem mass spectrometry (MS/MS) has made affordable the generation of

massive sequencing data and the analysis of meat peptidome at great scale. As a

drawback, the standard identification of polypeptides based on bottom-up MS

approaches requires a prior trypsin digestion step that most often does not give

information about the identity of neither N- nor C-terminal ends, thus being difficult

to elucidate the cleavage sites responsible for the generation of these polypeptides.

Peptidomic research has been decisive in gaining knowledge about the role that

the different endopeptidase groups can have in the development of meat tenderness

through the cleavage of key proteins. Works carried out by Hughes and collabora-

tors showed the ability of cathepsins B and D to hydrolyse bovine F-actin. Cathep-

sin B was able to generate both large (29–35 kDa) and small peptides of around

1 kDa (Hughes et al. 1999), whereas cathepsin D caused an extensive degradation

of actin, generating small peptides (0.8–2.2 kDa) that could be mainly detected by

HPLC (Hughes et al. 2000). The combined use of N-terminal sequencing and

peptide mass determination using mass spectrometry allowed authors characteriz-

ing, for the small peptides, both the N- and C-terminal cleavage sites of the

cathepsin endopeptidase action. On the contrary, incubation of desmin with
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cathepsin B caused hydrolysis of this protein but through its peptidyl dipeptidase

action, liberating successive dipeptides from the C-terminal end (Baron et al. 2004).

The action of calpains on myofibrillar proteins has been also a major topic of

research since this enzyme group is considered to play also an important role in

postmortem myofibril disruption (Sentandreu et al. 2002). Using the aforemen-

tioned strategy of combining N-terminal sequencing and mass spectrometry for

peptide mass determination, Hughes et al. (2001) were able to characterize the

proteolytic action of μ-calpain on rabbit troponin T. These authors were able to

identify some peptides, as well as to characterize cleavage sites of the calpain action

at both N- and C-terminal sides, for both large polypeptides (18–22 kDa) and

medium-to-small peptides (2–5 kDa). A similar work was carried out by Kitamura

et al. (2005); however, the molecular mass of generated troponin T peptides was not

determined; thus, only the nature of N-terminal cleavage site was elucidated. In a

different approach, using 2-DE and spot identification by in-gel digestion and

MALDI-TOF MS, Lametsch et al. (2004) confirmed the hydrolysis of troponin T

by μ-calpain together with eight additional myofibrillar proteins. They identified

polypeptide fragments coming from actin, tropomyosin α4, myosin heavy chain

and myosin light chain 1. They also reported that the degree of hydrolysis of both

actin and myosin by the action of μ-calpain was rather low compared to other

protein substrates. Considering the hypothesis that postmortem muscle proteolysis

is a multienzymatic process, involving different peptidase groups in addition to

cathepsins and calpains (Sentandreu et al. 2002), further studies were driven to

elucidate the ability of other peptidases to hydrolyse actin and myosin more

efficiently.

The way to look at the conversion of muscle into meat experienced a step

forward from the conceptual point of view when the group of Ouali and

co-workers introduced in 2006 the hypothesis of programmed cell death or apopto-

sis as one of the first events occurring in postmortem muscle after animal bleeding,

providing answers to observations that remained unclear by that time. As depicted

in Fig. 2, the onset of apoptosis in the muscle would probably imply the activation

of caspases as the first peptidase group initiating the cell dismantling process and

facilitating the action of the rest of peptidase groups, with important consequences

on the development of the final quality of meat (Ouali et al. 2006). Following this

idea, Kemp and Parr (2008) investigated the ability of caspase 3 to disrupt myofi-

brillar proteins by means of SDS-PAGE and MALDI-TOF MS. They found that

caspase 3 was able to efficiently degrade desmin and troponin I, observing also the

appearance of degradation products at around 32, 28 and 18 kDa, which were

identified as fragments of actin, troponin T and myosin light chain 3, respectively.

These findings confirmed the hypothesis of caspase action on postmortem muscle

proteolysis and development of meat tenderness. This was also supported by the

results obtained by Rodriguez-Frometa et al. (2013), who studied the action of

caspases 3 and 7 on both bovine and porcine myofibrillar proteins based on

SDS-PAGE followed by identification of fragments using LC-ESI-MS/MS.

According to their results, caspase 7, but not caspase 3, efficiently hydrolysed

myosin heavy chain of both animal species, generating a polypeptide of around
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200 kDa. On the other hand, porcine and bovine myosin light chain 1 was exten-

sively hydrolysed by caspase 3 but not by caspase 7, suggesting a complementary

and coordinated action between these two effector caspases during cell dismantling.

But probably the main hallmark of caspase-mediated proteolysis on both porcine

ANIMAL SLAUGHTER

BLEEDING

DEPRIVATION OF OXYGEN 
AND NUTRIENTS

APOPTOSIS ONSET

Activation of caspases

Myofibril disruption

Other endopeptidases
(Calpains, cathepsins, etc)

TENDER MEAT

Cell dismantling

Cross-talk

Generation of 
large peptides

Time antemortem

Time postmortem

Fig. 2 Schematic view illustrating the conversion of muscle into meat after animal slaughtering.

Triggering of apoptosis by caspase activation would be the first step in the dismantling of muscle

myofibrillar structure, following the concerted and complementary action of other endogenous

endopeptidase groups
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and bovine myofibrillar proteins was the generation of a polypeptide of around

30 kDa of remarkable intensity, indistinctive of either caspase 3 or caspase 7 action.

MS/MS data of tryptic peptides generated from these polypeptides revealed that it

was a fragment of actin in all cases, supporting the idea that caspases would be

probably the main peptidase group, through triggering of apoptosis, implicated in

the early postmortem degradation of the actomyosin complex during the develop-

ment of meat tenderness (Ouali et al. 2013). Despite the commented advances on

peptidomic research in relation to the conversion of muscle into meat, there is still a

long way to do if we want to fully characterize the main proteolytic products of

muscle peptidases to really assess the real contribution of each group to the final

tenderness and overall meat quality.

2.2 Proteolysis During the Processing of Meat Products

Studies on Non-Fermented Meats The main contributions of peptidomic research

dealing with the quality of processed meat product are summarized in Table 2. First

works were focused on the characterization of taste-related peptides present in

different types of dry-cured ham. Sforza et al. (2001) attempted to characterize

small peptides present in Parma ham in relation to the occurrence of a bitter taste.

Since peptide analysis was carried out by HPLC coupled with single MS detection,

the exact peptide sequence was difficult to achieve for each full scan spectrum;

however, they were able to determine the presence of lipophilic amino acids in

peptides, establishing a correlation to bitter taste. Following a similar approach but

using N-terminal sequencing, these authors were able to elucidate the sequence of a

25-amino acid peptide having a correlation to ageing time but not to bitter taste,

supporting the assumption that the main contribution to bitter taste may be due to

free amino acids and small peptides (Sforza et al. 2003). This was in agreement to

the results obtained by Sentandreu et al. (2003), who determined the sequence of

peptides contained in the size-exclusion savoury fractions of Serrano dry-cured

ham, most of them being dipeptides. More recently, taste-active peptides associated

to umami taste from Jinhua and Parma hams were elucidated by Dang et al. (2015)

using MALDI-TOF/TOF MS.

Research has also been applied to characterize the great variety of peptides

generated during the ripening of dry-cured meat products, as can be seen in Table 2.

Usual approaches include fractionation of deproteinized ham extracts by classical

size-exclusion chromatography and HPLC followed by peptide sequence identifi-

cation using tandem mass spectrometry. In the work carried out by Sentandreu et al.

(2007), they identified four oligopeptides derived from the degradation of actin in

Serrano dry-cured ham using both MALDI-TOF MS and ESI-MS/MS. Some of the

cleavage sites associated to the generation of these fragments were shown to be

produced by the action of cathepsin D on bovine F-actin (Hughes et al. 2000), thus

supporting a relevant action of this enzyme during the processing of dry-cured ham.

Peptides identified in Serrano dry-cured ham also include many others derived from
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Table 2 Peptidomics in processed meat products

Topic

Peptide

fractionation/

separation

Peptide

identification Product References

(1) Study of peptide

generation during the

processing period

SDS-PAGE þ
HPLC

ESI-MS/MS

þ Western

blot

San Daniele,

Parma and

Toscano ham

Fabbro et al.

(2016)

MALDI-

TOF/TOF

Argentinean

fermented

sausages

López et al.

(2015a)

2-DE MALDI-

TOF

Parma and San

Daniele ham

Di Luccia et al.

(2005), Picariello

et al. (2006)

2-DE þ HPLC MALDI-

TOFþ
ESI-MS/MS

Bayonne ham Theron et al.

(2011)

Size-exclusion

þ HPLC

MALDI-

TOF/TOF

Serrano ham Mora et al. (2010)

MALDI-

TOF þ
ESI-MS/MS

Serrano ham Sentandreu et al.

(2007), Mora et al.

(2009a, b), Gallego

et al. (2015b)

ESI-MS/MS Serrano ham Mora et al. (2011a,

b, 2015b), Gallego

et al. (2014, 2016)

Meat-

fermented

models

López et al.

(2015b, c)

Serrano hamþ
dry-fermented

sausages

Mora et al. (2015c)

Solid phase

extraction þ
HPLC

ESI-MS/MS Serrano ham Gallego et al.

(2015a)

Deproteinized

extract

MALDI-

TOF/TOF

Dry-fermented

sausages

Mora et al. (2015a)

(2) Characterization of

taste peptides

Size-exclusion

þ HPLC

N-terminal

sequencing

Serrano ham Sentandreu et al.

(2003)

MALDI-

TOF/TOF

Jinhua and

Parma ham

Dang et al. (2015)

ESI-MS Parma ham Sforza et al. (2001)

N-terminal

sequencing

þ ESI-MS

Parma ham Sforza et al. (2003)

(3) Characterization of

raw and/or final prod-

uct according to animal

characteristics

2-DE þ HPLC MALDI-

TOFþ
ESI-MS/MS

Kraski prsut

ham

Skrlep et al. (2011)

HPLC ESI-MS/MS Serrano ham Mora et al. (2016)
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myofibrillar proteins such as troponin T (Mora et al. 2010), titin (Gallego et al.

2015b) or myosin light chains (Mora et al. 2009b, 2011a), for example, which will

be directly related to the final texture and taste characteristics of this product. In the

same line, an intense proteolysis has also been reported for glycolytic enzymes at

the end of dry-curing with the identification of small and medium peptides (Mora

et al. 2009a, 2011b, 2015b). Under the same approach, Gallego et al. (2016) studied

the evolution of peptide formation along the dry-curing process with the aim to

identify potential biomarkers of the curing time and final product quality.

In the case of Parma and San Daniele hams, the use of 2-DE, trypsin hydrolysis

and MALDI-TOF MS allowed reporting the presence of large polypeptides of

myosin heavy chain still at 14 months of curing, whereas no such polypeptides

were found for actin and myosin light chain, indicating an extensive proteolysis,

thus as proof of a ripening time of at least 12 months (Di Luccia et al. 2005). The

same authors reported a separation approach, alternative to conventional 2-DE,

which combined acetic acid, urea, and Triton X-100 polyacrylamide gel electro-

phoresis, with standard SDS-PAGE. This would allow achieving a higher resolution

in the separation of complex mixtures of basic proteins having also similar molec-

ular weights, which is the case of water-soluble extracts of meat and meat products.

Concomitant to the disappearance of several sarcoplasmic proteins, they reported

the generation of several polypeptides ranging from 14 to 38 kDa in several Italian

dry-cured meat products (Picariello et al. 2006). 2-DE coupled with MS identifi-

cation of spots of interest has also been used in the study of proteome changes and

polypeptide formation in other dry-cured ham types. In the case of Kraski prsut

ham, pig genotype influenced the quantity of an actin polypeptide, whereas the salt

level had a marked effect on the quantity of several protein fragments, indicating its

important effect on proteolysis during dry-curing (Skrlep et al. 2011). This is in

accordance to the results obtained in Bayonne dry-cured ham, where a more intense

formation of protein fragments was reported in the biceps femoris compared to

semimembranosus muscle as consequence of a higher proteolysis due to the fact

that the enzyme inhibitory effect of salt occurs later in this muscle, which is

protected by rind and fat (Theron et al. 2011).

Studies on Fermented Meats In the case of meat products in which bacterial

fermentation occurred and led mainly by lactic acid bacteria (LAB), meat protein

degradation will be a quite more complex process. As mentioned before, the

proteolytic system of the microorganisms growing spontaneously or added as

starter cultures will complement meat endogenous proteolytic machinery to achieve

protein hydrolysis during ripening. Prediction and/or characterization of the final

quality of meat-fermented products is a difficult task since a high number of factors

such as the type of raw materials, technologies and starter cultures are involved in

the process. The identification of the protein fragments naturally generated during

sausage fermentation and ripening would be beneficial in order to better understand

proteolysis and flavour development mechanisms that occur during the processing

of fermented products. Recently, López et al. (2015a, b, c) have focused their

studies on fermented meat proteolysis applying both proteomic and peptidomic
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approaches. In the first work, low molecular weight (LMW) peptides (< 3 kDa) and

protein profiles from commercial Argentinean fermented sausages obtained by

tricine-SDS-PAGE and RP-HPLC-MS, respectively, allowed to distinguish two

different types of fermented sausages, although no specific biomarkers relating to

commercial brands or quality were recognized (Fig. 3). Thirty-six LMW peptides

arising from sarcoplasmic (28) and myofibrillar (8) proteins were identified. These

peptides had been originated from α-actin, myoglobin and creatine kinase M-type

but also from the hydrolysis of other proteins not previously reported. Results

showed that although muscle enzymes exerted a major role on peptidogenesis,

microbial contribution cannot be excluded. This work represents the first

peptidomic approach for fermented sausages, thereby providing a baseline to define

key peptides acting as potential biomarkers (López et al. 2015a). Subsequently, the

study of the degradation of proteins was approached in a beaker model system

inoculated with a selected autochthonous starter culture to evaluate the role of the

microorganisms in the proteolytic process. Sausage models inoculated with Lacto-
bacillus curvatus CRL705 and Staphylococcus vitulinus GV318 were incubated

10 days at 22 �C. Low molecular weight peptides (<3 kDa) derived from sarco-

plasmic and myofibrillar proteins were analysed by 2-DE and LC-MS/MS and

complemented with amino acid profiles, in order to provide a whole map of

proteolysis results (Fig. 4). A diverse number of protein fragments were identified.

Results indicated that peptides mainly arose from myoglobin, creatine kinase,

glyceraldehyde-3-phosphate dehydrogenase and fructose-biphosphate aldolase

(ALDOA). Also the hydrolysis of actin, myosin light chain 1/3 (MLC 1/3), myosin

PEPTIDOMIC APPROACH

RP HPLC+MALDI TOF-MS/MS

SMALL 
PEPTIDES

PRODUCT 
DIFERENTIATION / 

QUALITY BIOMARKERS

TASTE

Tricine-SDS- PAGE

Microbial enzymes

Muscle Enzymes

HYDROLYSIS OF SARCOPLASMIC & MYOFIBRILLAR  PROTEINS

Fig. 3 Schematic summary of proteolysis that occurred in Argentinean fermented sausages

carried out by López et al. (2015a) from a peptidomic approach
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regulatory light chain 2 (MRLC-2) and myosin heavy chain (MHC) were evidenced

by 2-DE. Thirty-three peptides arisen from troponin T, MRLC-2 and particularly

from actin were identified. These results showed that, in addition to the endogenous

enzymes, the starter culture enhanced the hydrolysis of the above-mentioned pro-

teins. L. curvatus CRL705 highly enriched both peptide pattern and amino acid

concentrations. The primary structure of actin was highly susceptible to degrada-

tion by the starter culture especially in three different regions. Additionally, the

essential role of exopeptidases—from meat and bacteria—was evidenced by the

diversity of actin-derived peptides during fermentation. These studies improved the

knowledge of the proteolysis of sarcoplasmic and myofibrillar proteins, as well as

the role of the studied autochthonous starter culture. In fact, the use of a specific

autochthonous starter culture guarantees hygiene and tipicity of fermented sau-

sages. The identification of new peptides as well as new target proteins by means of

peptidomics represents a significant step towards the elucidation of the role of

microorganisms in meat proteolysis. Moreover, these peptides may be further used
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Fig. 4 Graphical summary of López et al.’s (2015b, c) research in which proteolysis of sarco-

plasmic and myofibrillar protein hydrolysis by the action of an autochthonous starter culture was

studied in a beaker sausage model using a proteomic and peptidomic approach
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as biomarkers capable to certify the use of the applied autochthonous starter culture

described here (López et al. 2015b, c).

3 Meat Microbiology: Introduction to Meat Ecosystems

In animals under good condition, tissues that eventually develop into meat are

usually considered to be germ-free. However, if not properly handled, processed

and preserved, meat will support the growth of microorganisms, thereby creating a

significant health risk. Usually contamination arises during the slaughter, dressing,

cutting and/or packaging process (Koutsoumanis and Sofos 2004; Sharma and

Chattopadhyay 2015). Sources of contamination are diverse: faeces, ingestion,

hides, lymph nodes and/or intestines of the animals. Although some differences

exist between animal species regarding the type and frequency of microorganisms

isolated from carcasses, the same bacterial species from beef, pork, sheep and even

chicken carcasses are generally isolated (Zhao et al. 2001).

3.1 Meat Contamination: Pathogenic Microorganisms

In recent years, the major short-term health risks associated with the consumption

of meat have been from infections with enteric pathogens. Campylobacter, Salmo-
nella and pathogenic E. coli all colonize the gastrointestinal tracts of a wide range
of wild and domestic animals, especially animals raised for human consumption.

Salmonella is the main causative agent of food-borne outbreaks reported in Europe

in 2014 (EFSA European Food Safety Authority 2015). High levels of Salmonella
in the meat may arise from animal production practices at the rearing stage as well

as cross-contamination after slaughter (McEvoy et al. 2006). This pathogen is most

frequently detected in poultry meat followed by turkey and pork meat (Carraturo

et al. 2016). Food-poisoning staphylococci are also widely distributed; meat con-

tamination is often connected to poor hygienic practices during slaughtering,

transportation, chopping, storage and points of sale by the personnel implicated in

the manufacture process. Moreover contaminated meat can move staphylococci to

different processing surfaces and packaging materials (Karmi 2013). The etiologic

agent is Staphylococcus aureus, and its related heat-stable enterotoxins are a major

cause of food-poisoning cases and outbreaks worldwide (Liu et al. 2006). For

instance, 50 isolates of methicillin-resistant Staphylococcus spp. were detected

recently in raw meat samples in Nigeria (52% from pork, 28% from beef and

20% from chicken samples) (Igbinosa et al. 2016).

On the other hand, Shiga toxin-producing Escherichia coli (STEC) emerged as a

food-borne pathogen more significant than other well-known ones because of the

severe consequences of infection, its low infection dose, its acid tolerance and its

association with ruminants used for food (Hussein and Bollinger 2005). STEC is of
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major concern for the sustainability of the meat industry and a serious threat for

public health. As such, STEC is still a very serious menace that can jeopardize the

sustainability of beef- and pork-meat chain. In fact pigs are also reservoirs of STEC.

The entrance of these strains into the food chain implies a risk for consumers

because of the severity of haemolytic uremic syndrome. Colello et al. (2016)

have recently reported the prevalence and characterization of STEC during pork

production.

Listeria monocytogenes has continued to raise food safety concerns, especially

with respect to ready-to-eat (RTE) products. Listeriosis, caused by this pathogen, is

a significant public health concern as a result of its clinical severity and high

mortality rates (Vaillant et al. 2005).

Species within the genus Campylobacter and Yersinia have also emerged

as pathogens of human public health concerns (Buncic et al. 2014).

Campylobacteriosis was the most commonly reported zoonosis in the European

Union (EU) since 2008. In food, the incidence of Campylobacter remained high in

broiler meat. Positive findings for Yersinia were mainly reported in pork meat and

products thereof (EFSA 2015).

As mentioned before, food contamination with these pathogens occurs generally

along the food chain (production, processing, distribution, retail marketing and

handling). In consequence, microbial food safety is an increasing public health

worry worldwide. Many epidemiological studies have implicated foods of animal

origin as the major vehicles associated with illnesses caused by food-borne patho-

gens. Contaminated raw or undercooked poultry and red meats are particularly

important in transmitting these pathogens (Zhao et al. 2001). To prevent food-borne

outbreaks related to harmful microorganisms, the official control of meat is critical

in order to verify and ensure the safety of products and, therefore, guarantee public

health (Carraturo et al. 2016). As proposed by many authors, effective control of

meat-borne pathogens requires an integrated approach involving all the actors of

meat chain, the use of Good Manufacturing/Good Hygienic Practice (GMP/GHP)

and Hazard Analysis and Critical Control Point (HACCP) principles (Buncic 2006;

Nørrung et al. 2009).

3.2 Meat Contamination: Spoilage Microorganisms

Some of the microorganisms that grow in food can cause unacceptable sensory

alterations, through the production of metabolites, such as off-flavours or changes

in texture or appearance (Ellis and Goodacre 2001). These are the microorganisms

defined as specific spoilage organisms for food, as other microorganisms may also

grow in food but without causing any sensory changes.

Cold storage of meat will decrease bacterial growth, only 10% of the bacteria

initially present being able to grow at refrigeration temperatures. As meat is a

selective agent for aerobic microbiota, a consortium of bacteria commonly domi-

nated by Pseudomonas spp. is responsible for the spoilage of meat stored
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aerobically at temperatures between �1 and 25 �C. Cold-tolerant

Enterobacteriaceae, Brochothrix thermosphacta and LAB also occur in chilled

meat stored aerobically, but in terms of numbers, they do not contribute to dominate

microbial associations (Nychas et al. 2008). Oxygen restriction by the use of

vacuum or modified atmospheres will drastically reduce the presence of Pseudo-
monas, and bacterial microbiota will be gradually selected towards CO2-tolerant

organisms. Under these conditions, the dominating microorganisms involve

Brochothrix thermosphacta, Enterobacteriaceae and LAB.

Systems for retail meat distribution and commercialization are mainly based on

vacuum packaging (VP) or modified atmosphere packaging (MAP) of meat cuts

using low gas permeability films and refrigeration. These methods using gas

mixtures containing variable O2 and CO2 concentrations and low temperatures

proved to be very effective in extending the shelf life of perishable foods such as

muscle foods preventing the growth of pathogens such as pseudomonads and

Enterobacteriaceae so that spoilage typically occurs associated with the growth

of psychrotolerant LAB (Jones 1999; McMillin 2008). Both LAB and

B. thermosphacta, the most important cause of spoilage commonly associated

with meat packaged under VP and MAP conditions, result from the competition

between facultative anaerobic Gram (þ) biota (Russo et al. 2006). The LAB most

often isolated from meat belong to the genera Carnobacterium, Lactobacillus,
Leuconostoc and Weissella. They show varying potential to cause spoilage,

e.g. by souring, discoloration, swelling and slime or off-odour compound produc-

tion (Nieminen et al. 2011). The metabolites produced by LAB do not tend to

cause spoilage of packaged meat until LAB species have reached maximum

numbers and their metabolic by-products accumulated to sensorial detectable levels

(Borch et al. 1996).

3.3 Bacteria of Technological Interest in Meat: The Focus
on Lactic Acid Bacteria

Lactic acid bacteria (LAB) are cocci, coccobacilli or rods Gram (þ), non-spore

forming with a low GþC content (less than 53%). They involve a heterogeneous

group of microorganisms that produce lactic acid from the fermentation of sugars as

the main metabolic product. They are generally nonrespiratory organisms and lack

catalase, fermenting glucose primarily to lactic acid, CO2 and ethanol. LAB grow

anaerobically, but they are aerotolerant and possess superoxide dismutase and

peroxidase enzymes to detoxify peroxide radicals (Carr et al. 2002). The genera

included in the LAB group are Lactobacillus, Lactococcus, Streptococcus,
Pediococcus, Weissella, Carnobacterium, Leuconostoc, Enterococcus,
Tetragenococcus, Oenococcus and Vagococcus (Holzapfel et al. 2001). Although
most of LAB members are non-pathogenic being generally recognized as safe

(GRAS) organisms, only a few of them are pathogenic, such as some members of
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the genus Streptococcus. In addition, LAB are heterotrophic and generally have

complex nutritional requirements because they lack many biosynthetic capabilities;

most species have multiple requirements for amino acids and vitamins. Because of

these nutritional exigencies, they can be found in environments where these

requirements can be provided such as meat and meat products, milk and dairy

products and cereals. They are often associated with animal and human oral cavities

and intestines (e.g. Streptococcus mutans, Enterococcus faecalis), plants (Lactoba-
cillus, Leuconostoc) and decaying plant materials.

LAB are the microorganisms of major technological importance in the food

industry. Due to their characteristics and metabolic properties, they are essential to

carry out the fermentation in fermented food, such as yogurt, cheese and cured

sausages. Specifically in fermented meat products, LAB contribute to the develop-

ment of the texture and flavour of the final product and inhibit food spoilage

bacteria by producing growth-inhibiting substances and large amounts of lactic

acid (Fadda et al. 2010). LAB are either present as contaminants or deliberately

added as starter cultures to guarantee the optimal fermentation process. They are

also considered the most important microorganisms responsible for the health-

promoting effects of fermented foods, such as immunomodulation, intestinal integ-

rity and pathogen resistance (Venema and do Carmo 2015). Indeed, strains of some

species have traditionally been used as probiotics and added as functional bacteria

in various food commodities (Florou-Paneri et al. 2013). Due to the huge economic

significance of industrial application of LAB as starters, biopreservatives and

probiotics, a research emphasis on their metabolism, genetics and applications

has been placed in the last 30 years (Das and Goyal 2012).

On the other hand, in response to consumer’s demands related to food free from

pathogens, with minimal processing and less preservatives and additives, but

keeping its sensorial quality, present trends in the meat technology include the

research of alternative inhibitors of pathogen and spoilage microorganisms. Espe-

cially, biopreservation has gained increasing attention as a means of naturally

controlling the shelf life and safety of foods. Certainly the use of bioprotective

cultures to ensure the hygienic quality of food is a promising tool, and LAB stand as

the best candidates to be used because of their prevalence during storage, their

GRAS status and its inhibitory potential towards certain pathogen and spoilage

microorganisms. In fact, the inhibitory properties of LAB are ascribed mainly to the

production of organic acids, especially lactic and acetic, and production of hydro-

gen peroxide or bacteriocins. Bacteriocins are peptides ribosomally synthesized by

bacteria that have antibacterial activity towards closely related strains, including

food pathogens (L. monocytogenes and Clostridium) and other meat spoilage

bacteria such as B. thermosphacta, which play an important role in food preserva-

tion (Pérez et al. 2014). New insights into LAB metabolism present perspectives for

the application of a novel generation of functional cultures which contribute to the

safety or offering technological, nutritional and sensorial advantages. However, the

application of biopreservation technology in meat and meat products, by means of

LAB, constitutes only an additional hurdle that complements good manufacturing

and processing practices (Vignolo et al. 2015).
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3.4 Omics for Bacterial Quantification and Identification

Microbial contamination of food from animal origin such as milk and meat has been

a constant nuisance and an unavoidable problem throughout history. The role of the

analytical tools for food products, involving the detection of spoilage and patho-

genic organisms through quantitative and qualitative processes, is of utmost impor-

tance for food product appraisal and in the promotion of public health. In an attempt

to preserve food quality manufacturing and production levels while safeguarding

the public health, HACCP system has been implemented worldwide.

In an effort to achieve the necessities of food testing, research is being directed

towards rapid methods of detection that could be implemented in highly automated

processing facilities. Numerous different techniques have been explored and uti-

lized over the years for the detection and quantification of microbiological contam-

ination in food products, such as microscopy, polymerase chain reaction, ATP

bioluminescence, nucleic acid probing, immunoassay methods and electronic

nose techniques with positive and negative results into their application (Jay

2000; Commas-Riu and Rius 2009; Flint et al. 2006; Luo et al. 2009). Major

drawbacks of these techniques include the high demand on operator skills, time

consuming and relatively slow sample turnaround times, which limit them for daily

use in the food industry.

The emergence of MALDI-TOF MS as a simple, rapid and economical tech-

nique for characterization of bacteria, largely at the species level and occasionally

at the strain level, has greatly revolutionized microbial diagnostics (Nomura 2015;

Cheng et al. 2016). Already in 1996, two reports indicated that MALDI-TOF mass

spectral “fingerprints” could be simply and rapidly obtained from whole bacterial

cells without any pretreatment before the MS analysis (Holland et al. 1996;

Claydon et al. 1996). The use of small sample quantities and simple analysis

techniques and the applicability on heterogeneous food samples are some of the

potential advantages of the technique. Although other MS techniques, such as

LC-MS, have also been used for microbial identification (Everley et al. 2008),

MALDI-TOF MS has been adopted for routine diagnostics primarily because of the

simple sample preparation during analysis that enables greater automation and high

throughput.

MALDI-TOF MS-Based Identification: How Does It Work? A small number of

cells from a colony cultured onto the agar plate are directly smeared onto the

MALDI target plate and overlaid with the matrix solution. A solution of alpha-

cyano-4-hydroxycinnamic acid in a mixture of organic solvents and water is used as

the matrix for routine identification. The spotted mixture is air-dried and then

inserted into the mass spectrometer for automated measurement. The final mass

spectral signature is composed of peaks ranging from 1,000 to 30,000 m/z. MALDI

usually produces singly charged ions; thus, the m/z of an analyte corresponds to its

mass. The spectra obtained are compared with a library of known spectra, and a

result is generated (Fig. 5). The characteristic spectrum pattern of this proteomic

fingerprint is used to reliably and accurately identify a particular microorganism by
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Fig. 5 MALDI-TOF mass spectrometry workflow in the microbiology laboratory with the Bruker

MALDI Biotyper® system
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matching thousands of reference spectra from microorganisms. The characteriza-

tion of bacteria by MALDI-TOF MS involves the analysis of the whole bacterial

proteomes. The profile obtained is known to include mainly ribosomal proteins that

are expected to be minimally affected by changes in culture conditions (Wieser

et al. 2012; Teramoto et al. 2007). In addition to ribosomal proteins, nucleic acid-

binding proteins and cold shock proteins were assigned (Ryzhov and Fenselau

2001). It is noteworthy, however, that the identity of each peak is not necessarily

relevant for bacterial identification by MALDI-TOF MS which is based on the

following facts: (1) spectral fingerprints vary between microorganisms; (2) among

the compounds detected in the spectra, some peaks (molecular masses) are specific

to the genus, species and sometimes subspecies levels; (3) spectra are reproducible

as long as the bacteria are grown under the same conditions. Currently, two systems

for applications of MALDI-TOF MS-based bacterial identification are widely used

(including their specific databases): the Bruker Biotyper® (Bruker Daltonics;

https://www.bruker.com/products/mass-spectrometry-and-separations/maldi-biotyper-

systems.html) and the VITEK®MS (bioMerieux; http://www.biomerieux-diagnostics.

com/sites/clinic/files/9300819-002-gb-a_vitek-ms.pdf). The analytical principles of

the two systems are similar, although there are differences in database construction

and also in the algorithms used to identify microorganisms.

MALDI-TOF MS-Based Identification: Current Applications and Future
Perspectives Numerous studies already have explored the subtyping ability of

MALDI-TOF MS for several pathogens such as Streptococcus pneumoniae
(Williamson et al. 2008), L. monocytogenes (Hsueh et al. 2014), Streptococcus
agalactiae (Lartigue et al. 2009), Staphylococcus aureus (Wang et al. 2013) and

Enterococcus species (Quintela-Qunitela-Baluja et al. 2013). Most of the above-

mentioned studies have mainly focused on subtypification of pathogens during

epidemiological or clinical research. In contrast, Siegrist et al. (2007) successfully

used MALDI-TOF MS to classify environmental isolates of E. coli according to

their origin.

This technology has been used extensively in clinical diagnostics; however, its

use for food pathogen detection is comparatively less explored (Jadhav et al. 2014;

Pavlovic et al. 2013). A few reports show MALDI-TOF MS for the identification of

isolates from food and beverage sources. These reports describe different aspects of

the usefulness of MALDI-TOF to food microbiology and spanned from the classi-

fication of lactic acid bacteria in fermented meat and the inspection of probiotics to

strain identification and characterization of biogenic amine-producing bacteria

(Nguyen et al. 2012; Angelakis et al. 2011; Ruiz-Moyano et al. 2012; Fernández-

No et al. 2010). The analysis of microbes in food is a challenging task because food-

borne pathogens may be dispersed in low concentrations in food and high concen-

trations of harmless background microbiota. Then, a pre-concentration step is

necessary, which separates the target bacteria from other bacteria with the complex

background of food products. In this sense, Ochoa and Harrington (2005) success-

fully evaluated a rapid method for the isolation and identification of the

enterohaemorrhagic E. coli O157:H7 in ground beef by using microscopic
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magnetic beads coated with specific O157 antibodies covalently bonded to the

surface. The immunomagnetic separation increased the sensitivity of the method

and permitted the detection and identification of bacteria in meat by using MALDI-

TOF MS. On the other hand, Jadhav et al. (2014) reported a proof-of-concept study

using a proteomics-based MALDI-TOF MS approach that proposes a detection

scheme that is more rapid and simple compared to conventional methods of Listeria
detection. Very low levels of the pathogen could be identified from different food

samples (milk, cheese or chicken paté) post-enrichment in selective broths. Also

another standardized MALDI-TOF MS scheme can provide an inexpensive, rapid

and simple solution for detecting and source tracking L. monocytogenes isolates

obtained from different food processing environments (Jadhav et al. 2015). Bio-

marker peaks specific to isolates obtained from different sources were identified.

However, standardization of culture conditions may play an important role in

assessing or testing the robustness of the technique.

These rapid and accurate merits of MALDI-TOF MS (only 4 min per sample) in

relation to bacterial detection and enumeration (up to 2 days) make this approach a

very good candidate for potential use in the dairy and meat industries. Such

methods are urgently needed within HACCP, and such a general spoilage detection

technique will be important for improving consumer safety and product quality.

Particularly in the case of pathogen detection in foods, MALDI-TOF MS analysis

represents an attractive tool for detection and subtyping of multiple pathogens,

considering its rapid turnaround time according to the timely information required

by industry to avoid product recalls or delays in product release. The bottleneck for

successful identification is related to there being no or insufficient information on

the organism in the database. This is indicating that an up-to-date and comprehen-

sive database is a critical requirement for accurate identification of isolates using

MALDI-TOF MS. As mentioned before, also culture conditions such as culture

media, time and temperature can affect MALDI-TOF MS efficiency. Following

this, there are reports showing difficulties of MALDI-TOF MS for differentiating

closely related species (van Veen et al. 2010). This topic leads to some controver-

sial results as some studies report excellent differentiation up to the subspecies level

and some studies report that the MALDI-TOF MS was unable to identify particular

isolates at all. Finally, the discussion thus far has centred on the identification of

bacteria from cultured colonies. Direct analysis of clinical or food samples without

the need for prior culturing might shorten the time required for identifying micro-

organisms and would therefore further increase the usefulness of the MALDI-TOF

MS-based approach, this point remaining as a pending issue in the next future.

4 Conclusion and Future Prospects

Despite the terms “peptidomics” and “proteomics” referring to different concepts, it

is also true that the difference between them is somewhat blurred. Among the

reason for that, one is the fact that, nowadays, both are mainly based on mass
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spectrometry analyses of peptides of different nature. Many proteomic workflows

usually follow a bottom-up approach, which implies the prior digestion of proteins

with enzymes of known specificity into peptides, to be further analysed by mass

spectrometry as a way to get information about the protein of origin. Peptidomics,

on the contrary, would aim at analysing peptides from its intact structure in a top-
down approach with the objective to get the maximum information about the

proteolytic processes responsible for their generation in the matrix of study.

High-throughput analysis of peptides has become possible with the advent of the

so-called soft ionization techniques (MALDI and ESI) together with massive

genome sequencing linked to the expansion of protein databases and the develop-

ment of powerful bioinformatic algorithms, capable to automatically elucidate the

sequence of thousands of peptides from MS/MS spectra generated by modern MS

equipment.

Peptidomics has become a relevant subject in meat science since it is directly

related to postmortem muscle proteolysis, contributing to better understand the role

of the different endopeptidase groups in myofibrillar protein disruption and devel-

opment of meat tenderness. In the case of processed meat products, peptidomics has

notably contributed to identify those protein fragments present at the different

stages of the ripening period, reporting the intense proteolysis occurring during

the whole period by the action of both endo- and exopeptidases and also, in the case

of fermented meats, by the activity of microbial peptidases. Peptide characteriza-

tion is important since they contribute, directly or indirectly, to the typical flavour

characteristics of these products. On the other hand, MALDI-TOF MS has emerged

as a promising technique to achieve a rapid, simple and economical characteriza-

tion of the bacterial population that can be present in meat and meat-derived

products. This would allow the detection of both pathogenic and non-pathogenic

microorganisms in short times, something of outmost importance to assure safety of

food and product appraisal. Future prospects in this approach will have to face the

current limitations of the technique such as the need for standardized culture

conditions prior to species identification and the difficulty to differentiate between

closely related species. In addition to this, peptidomics needs to face the challenge

to develop new and powerful bioinformatic tools enabling high-throughput and

confident analysis of peptides that do not follow the ideal chemical structure of

peptides obtained by cleavage with enzymes of known specificity, as in the case of

trypsin in bottom-up proteomic approaches. This is even more remarkable in the

case of peptides originated from proteins whose sequence is hosted in protein

databases, for which peptide identification algorithms based on spectral matching

and comparison with theoretical spectra cannot be applied. For those cases,

improvements should address the development of tailored high-throughput peptide

identification tools based on de novo sequencing from MS/MS spectral information

independent of protein databases.
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Studying the Animal Transcriptome: State

of the Art and Challenges in the Context

of Animal and Veterinary Sciences

José Ricardo Parreira and Susana de Sousa Araújo

Abstract Knowledge in animal physiology has significantly advanced due to

transcriptomics, a complementary tool to proteomics, and this is particularly rele-

vant for farm animals. Transcriptomics aims to study the transcriptome, the com-

plete set of coding (mRNAs) and noncoding (e.g., small RNAs) transcripts encoded

by the genome in a specific spatiotemporal context. Various technologies, including

hybridization and sequencing-based approaches, have been developed to infer and

quantify the transcriptome changes.

Transcriptomics has become an option for many research studies in the main

farmed animals, herein limited to bovines, pig, chicken, sheep, goat, and salmon. So

far, the transcriptomic studies performed in these species have disclosed potential

candidate genes associated with muscle growth, meat quality, lactation, reproduc-

tion efficiency, or response to diseases. Coupled to this, transcriptional and post-

transcriptional regulatory mechanisms controlling the expression of these genes

have been uncovered.

This chapter focuses on the recent contributions that transcriptomics has brought

to improve our knowledge in farmed animal physiology. The current limitations

associated with the application of this methodology, as well as the possible impli-

cations of using transcriptome data to develop new strategies to improve animal

health, welfare, and production, are also discussed.
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1 Introduction

Transcriptomics is a broad term that refers to the study of the transcriptome, the

complete set of coding (mRNAs) and noncoding (e.g., small RNAs) transcripts

encoded by the genome, in a specific spatiotemporal context. Broadly, the main

objective of a transcriptomic study is to identify the differentially expressed

transcripts between different/contrasting experimental conditions, by means of

bioinformatics methodology. The main goals of a transcriptome analysis are to

catalogue all species of transcripts; to determine the transcriptional structure of

genes, in terms of their start sites, 50 and 30 ends, splicing patterns, and other

posttranscriptional modifications; and to quantify the expression levels (abundance)

of each transcript during development or under distinct conditions (Wang et al.

2009).

Transcriptome-wide technologies allowed significant advances on the knowl-

edge of molecular mechanisms that underlie animal responses toward production

and health constraints. Several reviews have been published about the major out-

comes obtained from transcriptomic studies for the most important farmed animals

(Shahzad and Loor 2012; Loor et al. 2013, 2015; Hekman et al. 2015; Schroyen and

Tuggle 2015; Sullivan et al. 2015).

Besides providing a snapshot of the different metabolic pathways activated in

target tissues, post-genomic studies such as transcriptomics have contributed to the

identification of the so-called biomarkers. Biomarkers are indicators of biological

processes and pathological states that can reveal a variety of health and disease

traits (Biomarkers Definitions Working Group 2001). Biomarkers are particularly

relevant in animal and veterinary research where they have an important role in the

characterization of animal health and diseases (Moore et al. 2007) or the study of

stress and welfare in animal production (Marco-Ramell et al. 2016).

As said previously, whole transcriptome characterization or differential gene

expression studies using RNA-Seq or microarrays have become an option for many

experimental approaches in animal and veterinary sciences. By browsing PubMed

in the National Center for Biotechnology Information (NCBI) (http://www.ncbi.

nlm.nih.gov/pubmed), we retrieved 644 research articles (15th December 2016), in

which transcriptomic studies were conducted in the main farmed animals, herein

limited to bovines, pig, chicken, sheep, goat, and salmon. The results of this

non-exhaustive search are depicted in Fig. 1.

More than 38% of the publications (249 out of 644) bring advances in our

knowledge of bovine physiology. This highlights the relevance of this species in

an animal production context and their impact as source of meat and dairy products

for humans. Chicken and pig research are ranked second and third, respectively,

which also reflects their overall relevance in farming and meat-producing systems.

The cumulative amount of transcriptomic studies published in sheep, goat, and

salmon transcriptomics does not exceed 132 research manuscripts.
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Another interesting aspect is the evolution in the number of transcriptome

publications seen in the last decade which is depicted in Fig. 2, which also reflects

the results described in Fig. 1.

One of the most interesting features is that the number of publications on farmed

animal transcriptomics increased almost six fold since 2010 (Fig. 2). This was
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Fig. 1 Query of research scientific papers on farmed animals found at NCBI between 2006 and

2016. The search was performed individually for each animal (bovine, chicken, pig, goat, sheep,

and salmon) using the following setting for an advanced search: [transcriptome (Title/Abstract)

AND animal (Title/Abstract)] NOT review [Publication Type]. Review manuscripts were not

included. The search was conducted on the 15th of December 2016
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Fig. 2 Total number of research scientific papers published per year on farmed animal

transcriptomics found in NCBI between 2006 and 2016. The NCBI query was conducted as

described in Fig. 1
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probably boosted by the development of next-generation sequencing technologies,

the general decrease in the costs to perform high-throughput sequencing, and the

concomitant release of several animal genomes. Interestingly, in 2015 the

transcriptomic research outputs publicly available for salmon (15 manuscripts)

approached the number of pig research outputs (18 manuscripts). Such results

highlight the growing value of farming fish systems, also known as aquaculture,

to supply the growing demand of healthier animal protein for human consumption.

Based on the overall analysis of Fig. 2, it is tempting to claim that the number of

transcriptome publications is expected to increase in forthcoming years.

This book chapter focuses on the contributions that transcriptomics, which has

emerged as complementary tool to proteomics, has brought to improve our knowl-

edge in farm animal physiology. The possible implications of using transcriptome

data to develop new strategies to improve animal health, welfare, and production

are also discussed.

2 Studying the Animal Transcriptome Reprogramming:

Which Tools?

Various technologies, including hybridization and sequencing-based approaches,

have been developed to infer and quantify the transcriptome. In the 1990s,

hybridization-based microarray technologies allowed, for the first time, the simul-

taneous measurement of the abundance of thousands of transcripts in different cells

or tissues (Guo et al. 1994; Schena et al. 1995; Schena 1996; Duggan et al. 1999).

The development of next-generation sequencing technology in the middle 2000s

has revolutionized the way eukaryotic transcriptomes are analyzed (Wang et al.

2009; Metzker 2010). With the development of RNA-sequencing (RNA-Seq)

technologies, gene expression can be analyzed on a global scale, thereby providing

numerous advantages over microarray analyses, such as the ability to quantify all

genes present and not only those targets found on the array (Wickramasinghe et al.

2014).

2.1 Microarray Technology

Microarray analysis is based on the affinity of single-stranded DNA sequences

(targets) to bind to complementary sequences of oligonucleotides or cDNA mole-

cules (probes) deposited in an array. An array or DNA chip is an orderly arrange-

ment of DNA molecules that have been chemically bonded to physical surfaces,

such as a glass slide also known as chips (Schena et al. 1995). Typically, an array

contains thousands of probe sequences allowing a genome-wide assessment of gene

expression. The labeled cRNAs or cDNAs are then hybridized to the microarray,
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the array is washed, and the signal is detected by measuring fluorescence at each

spot (Bumgarner 2013). Signal intensity values from hybridization of transcripts

with the probes are then used to calculate the expression level of transcripts. A

graphical representation of the microarray hybridization workflow can be visual-

ized in Schena (1996). A considerable number of array and microarray platforms

have been developed reflecting differences in terms of the number of labeled

samples to be used (single color, one sample; two colors, two samples) in a single

chip [for a comparison of platforms, please refer to Woo et al. (2004)]. Other

differences are, for instance, the type of probe type placed onto the arrays (oligo-

nucleotides or cDNA) or the process by which probes are created and affixed to the

slide (Bumgarner 2013).

Despite the development of technologies that allow the analysis of RNA through

cDNA sequencing (RNA-Seq), transcriptome profiling by microarrays is still being

widely used to understand specific questions in animal sciences. Nowadays, com-

mercial microarrays from Affymetrix© and Agilent© are available to study

transcriptome changes in livestock (e.g., bovine, chicken, rabbit, ovine, among

others) and farmed fish (salmon). As an example, microarrays have been recently

used to provide new insights into cell-specific reprogramming and differentiation

processes that transforms somatic follicular cells into luteal cells in bovines

(Romereim et al. 2017) or to understand the molecular mechanisms underlying

heart and skeletal muscle inflammation disease in farmed Atlantic salmon

(Johansen et al. 2016). Other examples, in which microarrays were used to address

main scientific questions in farmed animals, will be provided in the following

sections.

Although microarrays have been widely useful in these applications, a consid-

erable number of limitations associated with this technique are well described. The

main limitation is undoubtedly associated with the technology: it is only possible to

detect sequences that the array was designed to detect (Bumgarner 2013). Back-

ground levels of hybridization (i.e., hybridization to a probe that occurs irrespective

of the corresponding transcript’s expression level) limit the accuracy of expression

measurements, particularly for transcripts with low abundance (Marioni et al.

2008). There is also a risk for DNA sequences with a high level of homology

(e.g., gene families or multiple splice variants) to bind the same probe on the array,

especially if probes are not targeting exons (Gardina et al. 2006).

2.2 RNA Sequencing

High-throughput next-generation sequencing (NGS) of DNA, also known as deep

sequencing, has been revolutionizing biomedical research in recent years. The

introduction of RNA-Seq technologies has provided a more complete characteri-

zation and quantification of RNA transcripts at a massive scale (Ozsolak and Milos

2011a). Such technology allows transcriptome analysis at a wider resolution and

dynamic range, independently of the transcript size and without requiring a prior
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knowledge of the genome sequence of the target organism (Marguerat and Bähler

2010). Indeed, the short-sequenced fragments produced (reads) are countable

requiring, afterward, huge computing resources for de novo assembling and quan-

tifying the number of reads. If a reference genome is available, reads are mapped

back to reference genome, being the number of mapped reads a measure of

expression level for that gene (Malone and Oliver 2011).

Most of the microarray drawbacks were largely overcome by RNA-Seq, namely,

the issues of hybridization background or probe cross-hybridization, the restriction

on transcript detection imposed by the array design, and the need for a sequenced

genome (Wang et al. 2009; Costa et al. 2010). As RNA-Seq is quantitative, it can be

used to determine RNA expression levels more accurately than microarrays,

allowing the detection of novel and/or low-abundance transcripts and splice vari-

ations (Wang et al. 2016) as well as the identification of noncoding microRNAs

(miRNAs) (Ioannidis and Donadeu 2016). Additionally, RNA-Seq is also well

suited for detecting single nucleotide polymorphisms (SNPs), small insertions and

deletions (INDELs) (Chitwood et al. 2013; Xing et al. 2016), and parental allele-

specific differences in gene expression (Chen et al. 2016).

Although direct sequencing of RNA molecules is possible (Ozsolak et al. 2009;

Ozsolak and Milos 2011b), commonly RNA-Seq experiments are carried out on

instruments that sequence complementary DNA (cDNA) molecules; thus, cDNA

library preparation from RNA is a required step. The cDNA library preparation

method depends on the platform used for sequencing but also on the RNA species

under investigation (e.g., mRNAs or small RNAs), which can differ in size,

sequence, structural features, and abundance (for details see Hrdlickova et al.

2017).

The major commercially available NGS platforms used for RNA-Seq are the

Roche 454 Genome Sequencer FLXþ System (Roche Applied, http://www.454.

com), the Illumina/HiSeq© Genome Analyzer (Solexa, http://www.illumina.com),

and the ABI SOLID system (Applied Biosystems, http://www.appliedbiosystems.

com). In 2011, new NGS platforms such as the Ion Torrent’s Personal Genome

Machine, the Pacific Biosciences’ RS, and the Illumina MiSeq have been released

(Quail et al. 2012). Comprehensive reviews describing each platform, their appli-

cations advantages, and limitation may be found in Ansorge (2009), Wang et al.

(2009), Metzker (2010), Ozsolak and Milos (2011a), Quail et al. (2012), and

Hrdlickova et al. (2017).

An enormous number of bibliographic reports is now available, describing the

use of such approaches in studies targeting a broad range of farmed species,

including cattle (Berton et al. 2016), pig (Cardoso et al. 2017), sheep (Jäger et al.

2011), and salmon (Valenzuela-Mu~noz et al. 2017). An exponential amount of

sequencing data resulting from multiple studies using NGS technologies is avail-

able and can be mined in public sequence data repositories, such as the NCBI

Sequence Read Archive (Wheeler et al. 2008).
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3 Transcriptome Studies Are Driving Advances in Meat

Production, Lactation, Nutrition, Reproduction,

and Disease Responses

Transcriptome-based studies have emerged as a complementary tool to proteomics

providing another layer of knowledge in farm animal physiology (D’Alessandro
and Zolla 2013), namely, in the identification of regulatory pathways driving gene

expression. As seen previously, a considerable number of research studies have

uncovered new knowledge on molecular processes related with meat and milk

production and their quality, as well as reproduction efficiency and responses to

diseases. Whenever possible, the implications of using transcriptome data, namely,

candidate genes, to develop new strategies to improve animal, health, welfare, and

production will be presented. Herein we will provide some of these achievements

by reviewing some very recent studies conducted in bovines, poultry, pigs, small

ruminants, and farmed fishes.

3.1 Bovine Transcriptomic Studies

World bovine production has increased largely over the last 50 years (FAOSTAT

2017). According to FAOSTAT, the world production of bovine meat commodity

reached the 67.5 million tonnes. Similarly, more than 653 million tonnes of whole

fresh milk were produced. In this context, it became clear the relevance of cattle

production to reach the demand for livestock products to sustain human population

growth (Thornton 2010). Several markers for growth-associated traits in beef have

been established, particularly in genetics- and transcriptomics-based studies

(Almeida et al. 2017). In cattle, transcriptome-based studies have made significant

contributions to understand muscle biochemical pathways affected by the produc-

tion system (Guo et al. 2015; Tizioto et al. 2016) or to identify markers of meat

quality (Zhao et al. 2012; Bongiorni et al. 2016). A considerable research effort was

also applied to understand the molecular mechanisms controlling sexual reproduc-

tion and animal development (Vigneault et al. 2009; Cánovas et al. 2014; Baufeld

et al. 2017; Capra et al. 2017; Scolari et al. 2017). Not less studied are the molecular

mechanisms associated with the inflammatory changes occurring in the mammary

gland infected with an invading microbial agent known as mastitis (Fang et al.

2016; Wang et al. 2016).

Differences between cattle production systems can influence the nutritional and

sensory characteristics of beef, particularly its fatty acid composition (Sweeney

et al. 2016). Meat products derived from pasture-based systems generally attract

consumer’s preferences, who are looking for meat with enhanced nutritional quality

but are concerned with cattle health and welfare and the sustainability of the

livestock production system. Pasture-produced meat has generally a higher com-

mercial value. Consequently, authentication or certification tools that could attest
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the type of production system in which the animals were produced are needed, since

there are implications to the beef production industry, regulatory bodies, and

ultimately the consumer (Almeida et al. 2017). In the scope of this thematic,

Sweeney et al. (2016) conducted a microarray study to identify differentially

expressed genes in the muscle of two groups of cattle raised in distinct production

systems. The first group grazed outdoors and was pasture-fed, with a diet consisting

predominantly of Lolium perenne L., Poa spp., and Trifolium repens L. The second
group was permanently housed and fed on concentrate and barley straw. The

authors also aimed to identify a panel of genes suitable to classify the meat based

on the production system. The outcome revealed 26 genes differentially expressed

between muscle samples coming from the two production systems, most of them

related to fatty acid metabolism. The study also highlights that the expression

profiles of delta-aminolevulinate dehydratase (ALAD), eukaryotic translation initi-

ation factor 4E-binding protein 1 (EIF4EBP1), and nephronectin (NPNT) almost

completely separate the samples based on production system. The authors propose

that these genes could be used as potential transcriptomic biomarkers and/or

molecular signatures to develop methods of authentication for meat products

coming from contrasting production systems (Sweeney et al. 2016). Nevertheless,

they also highlighted that the use of transcriptomic data in authenticating produc-

tion systems is still preliminary and requires more exploration across a range of

contexts and breeds.

Embryo survival is a major factor affecting production and economic efficiency

in all systems of ruminant milk and meat production (Diskin and Morris 2008). In

cattle, most of the pathways and factors from the oviduct implicated in the cross talk

between this organ and gametes/early embryo remain unknown. Mounting evi-

dences show that the oviduct environment plays a major role in sperm storage and

capacitation, fertilization, and early embryo development in cattle (Maillo et al.

2015). Therefore, studying the oviduct environment is crucial to improve our

understanding of the regulatory mechanisms controlling fertilization and embryo

development (Maillo et al. 2016a). Gonella-Diaza et al. (2015) conducted a differ-

ential gene expression study using RNA-Seq to investigate the transcriptome

changes occurring in ampulla and isthmus samples of Bos taurus indicus animals

with large or small growth of the preovulatory follicle, as result of hormonal

manipulations. Among the candidate genes identified, the results showed that

chemokine (C-X-C motif) receptor 4 (CXCR4), heparanase (HSPE), derived growth
factor D (PDGFD), and regulator of G protein signaling 20 (RGS20) were more

expressed in animals with large preovulatory follicle growth and in the ampulla.

MET proto-oncogene receptor tyrosine kinase (C-MET), platelet transforming

growth factor beta 3 (TGFB3), and vinculin (VCL) were more expressed with

large preovulatory follicle growth but in the isthmus. Endothelin 1 (EDN1) was
more expressed in the small preovulatory follicle growth group and in the isthmus.

Another study by Maillo et al. (2016b) characterized the transcriptome changes

occurring in the isthmus in pregnant and cyclic heifers from a Charolais and

Limousin cross. Additionally, focusing in pregnant heifers, the authors also inves-

tigated the tissue-specific responses occurring on the isthmus and ampulla regions
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of the oviduct at a critical time-point (3 days after estrus/insemination) in which the

embryo is exposed to these environments. Microarray analysis using the Bovine

Gene ST 1.0 microarray chip (Affymetrix, USA) allowed the identification of 2287

genes significantly differentially expressed between the ampulla and isthmus of the

oviduct ipsilateral to the corpus luteum in pregnant animals. Gene ontology analysis

revealed that the main overrepresented biological processes in the isthmus were

synthesis of nitrogen, lipids, nucleotides, steroids, and cholesterol as well as

vesicle-mediated transport, cell cycle, apoptosis, endocytosis, and exocytosis

(Maillo et al. 2016b). Contrastingly, cell motion, motility and migration, DNA

repair, calcium ion homeostasis, carbohydrate biosynthesis, and regulation of

cilium movement and beat frequency were overrepresented in the ampulla samples.

The abovementioned studies allowed the identification of candidate genes and

metabolic pathways activated in the oviduct environment that may control fertili-

zation and embryo development. Differences in the periovulatory sex steroid milieu

are reflected on the different gene expression profiles in the oviduct. A tissue-

specific molecular signature also described two distinct regions of the oviduct,

which also reflects the morphological and functional differences. Such information

is relevant to develop new strategies to improve fertilization, embryo survival, and

development in animals throughout the manipulation of the environment in the

oviduct.

In this context, it became clear that an enormous research effort has been

devoted to identifying molecular signatures and metabolic pathways. They could

be used to develop new strategies to improve animal production at multiple levels

but also to identify markers associated with meat nutritional quality and value.

3.2 Poultry Transcriptomic Studies

Poultry is increasingly preferred in many regions as an affordable source of animal

protein, which unlike pork or beef is accepted for consumption by most of the major

religions in the world (Van Horne and Achterbosch 2008). Poultry meat production,

as a commodity, presents approximately a 1.45-fold change in the world production

during the 2003–2013 (FAOSTAT 2017). According to FAOSTAT, the world

production of poultry meat commodity, which includes meat from chicken and

other domestic birds, reached in 2013 the 108.5 million tonnes. Similarly, more

than 73.8 million tonnes of eggs were also produced in 2013. Consequently, high

production efficiency in poultry is essential to meet the demands of the growing

human population.

Chicken production accomplishes two major end uses. While some birds are

grown for meat production, also known as broilers, other breeds are used to produce

eggs. Broodiness, a common habit of most domestic fowls, reduces the egg

production and is a major restricting element to industrial-scale production.

Although genetic, phenotypic, and physiological factors influencing broodiness in

poultry have been extensively reviewed (Nestor et al. 1996; Romanov 2001;
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Shimmura et al. 2015; Johnson et al. 2015), the information available about the

molecular regulatory mechanisms is still scarce. Goose laying performance is

closely related to the development of follicles and the establishment of the follicular

hierarchy (Yu et al. 2016a). Recently, Yu et al. (2016b) explored the molecular

mechanisms of broodiness occurring in geese. The authors conducted a

transcriptome profiling of large yellow follicles and small yellow and large white

follicles during egg-laying and broody stages in geese. Several hormone-related

genes and autophagy- and redox-related transcription factors were retrieved from

follicular transcriptomes, providing new insights in the metabolic pathways acti-

vated during egg-laying and broody stages in geese that could be extrapolated to

other fowls.

Poultry breeding has been focused in the identification and production of breeds

with improved meat production efficiency through rapid growth and high feed

efficiency (Fairfull and Chambers 1984). Kong et al. (2017) investigated the

molecular mechanisms regulating rapid muscle growth and high feed efficiency

in a modern broiler chicken breed. A global gene expression analysis (RNA-Seq) on

breast muscle tissue was conducted to compare the transcriptome profiles of

modern pedigree male (PeM) broilers (rapid growth and muscle development)

compared with the foundational BPR chickens (slow growth and lower efficiency).

Among differently expressed genes detected, leiomodin 2 (LMOD2), carbonic
anhydrase III (CA3), troponin T type 2 (TNNT2), and myosin-binding protein C1

(MYBPC1) were upregulated in PeM and described as mainly expressed in skeletal

or cardiac muscles particularly in slow-twitch fibers (type 1). This suggests that

breast muscle in PeM chickens can have higher slow fiber composition compared to

BPR muscle. On the other side, the expression of myoglobin (MB) and Myozenin

2 (MYOZ2) were also highly upregulated (10.85 and 5.90-fold, respectively) in PeM
compared to BPR. The expression of MB, MYOZ2, and MyBPC1 has been previ-

ously associated to subclinical myopathy observed in the commercial broiler breast

tissue that can lead to muscle hardening, named as “wooden breast” myopathy

(Mutryn et al. 2015). This myopathy affects the pectoralis major muscle of the

commercial broiler; thus, it has an increasing negative impact in poultry meat

production (Sihvo et al. 2014), leading to remarkable economic losses, as well as

a potential welfare problem of the birds. Importantly, this study also shows that a

strong breeding effort for specific traits may trigger undesirable genetic side effects

that need to be considered in future breeding programs.

Colibacillosis is an economically important syndromic disease affecting the

immune system in poultry caused by extraintestinal avian pathogenic Escherichia
coli (APEC) (Kemmett et al. 2013). Beside the associated production losses,

poultry products contaminated with APEC are a potential source of foodborne

extraintestinal pathogenic Escherichia coli (ExPEC) infection to humans, posing

a threat to human health (Johnson et al. 2007). Sandford et al. (2011) conducted a

study in chickens to identify host traits that are associated with colibacillosis

resistance. The spleen tissue was studied, since it has been frequently used in

avian studies, to infer immune system strength in birds (Smith and Hunt 2004).

To better define effective mechanism of host resistance, a global and multivariate
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gene expression profiling was conducted using the Agilent 4 � 44 Chicken micro-

array. In the experimental scheme, birds were divided into vaccinated (V) and

non-vaccinated (NV), challenged (C) and non-challenged (NC), and sampled on

1 (D1) or 5 (D5) days post challenge, and the non-vaccinated challenged birds on

both days were subdivided into mild (M) and severe (S) pathology. The results

revealed a large difference in splenic transcriptome profiles between birds with

mild and severe lesions in response to APEC infection (Sandford et al. 2011). For

example, 1101 genes were significantly differentially expressed between severely

infected and non-infected groups on D1 and 1723 on D5. Between birds exhibiting

mild and severe pathology, there were 2 significantly differentially expressed genes

on D1 and 799 on D5. Gene ontology (GO) analysis also revealed a time frame of

metabolic events occurring during the progression of the infection. For example,

the NV-C severe group on day 1 had many GO terms related to response to bacteria,

inflammation, and circulatory processes, along with a few receptor signaling terms.

Among the differentially expressed genes, avian beta-defensins and Toll-like

receptors (TLR) were identified and linked to inflammation and circulatory pro-

cesses potentially responsible for observed lesion phenotype. Later at day 5 and for

the same experimental group, the GO terms found are related to regulation of white

blood cells, localization, and transport. Importantly, the expression changes

detected in the Janus kinase and two signal transducer and activator of transcription

(Jak-STAT) pathway and cytokine-cytokine receptor signaling reinforce the impor-

tance of proper signaling cascades to fight infection (Sandford et al. 2011).

The transcriptomic studies herein described provide insights into the genetic

alterations accumulated in modern poultry breeds upon selective breeding

conducted over several decades. Transcriptome data obtained also contributed to

a more comprehensive understanding of poultry responses to diseases. In due time,

this knowledge could potentially be used in the development of breeds with

enhanced traits such as host genetic resistance and be applied to derive new

diagnosis tools or vaccines and ultimately ensure food safety for human population.

3.3 Pig Transcriptomic Studies

Despite fat being considered an unhealthy constituent of meat for consumers, fat

depots and intramuscular fat content have a role in the taste, tenderness, and

juiciness of cooked pig meat (Wood et al. 2008; Wang et al. 2015). Consequently,

traits related with fat deposition during muscle growth are economically important

in pig breeding because these can influence meat quality and carcass composition.

Undoubtedly, muscle growth and fat deposition in pigs is breed dependent, but the

response to environmental factors such as the composition of feed plays a major

role in modulating these physiological processes.

Pig breeds with distinct patterns of muscle growth were used by Wang et al.

(2015) as models for identifying the functional genes responsible for the molecular

mechanisms that control the aforementioned economical traits. In this study,
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Chinese breeds (Diannan Small-ear pig and Tibetan pig) with lower growth rate,

more fat deposition, and better meat quality were compared to the introduced

breeds (Landrace and Yorkshire) which are lean-type pig breeds, characterized by

a fast growth rate and high lean meat content. To achieve this goal, differential

transcriptome profiles of longissimus dorsi muscle tissues were established, to

study the genome-wide expression and gene-miRNA interaction in the four breeds.

The combination of the coding (mRNA) and noncoding (miRNAs) datasets allowed

the identification of a network of 46 genes and 18 miRNAs regulating muscle

growth. For lipid deposition, a network of 15 genes and 16 miRNAs was described.

For example, adenosine receptor A1 (ADORA1) showed a downregulated expres-

sion in the Chinese breeds by comparison with introduced breeds. ADORA1 is

known to play important roles in lipid catabolism (Heseltine et al. 1995), which

suggests that its increased expression in the introduced breeds is conducive to

lipolysis. The combination of the miRNA-Seq and the RNA-Seq data provided

experimental evidences that posttranscriptional gene regulation occurs, by compar-

ing the relationship between differentially expressed miRNAs and the target

mRNAs. One interesting example is described for caveolin-2 (CAV2), which is

the target of miR-29b and miR-122. In Chinese breeds, CAV2 was upregulated,

which is consistent with the approximately seven- and fivefold lower expression of

miR-29b and miR-122 seen in Chinese breeds than in introduced breeds. The

protein encoded by CAV2 is involved in essential cellular functions, including

signal transduction, lipid metabolism, cellular growth control, and apoptosis thus

having a relevant role in muscle growth. With this study, a comprehensive list of

candidate genes, miRNAs, and metabolic pathways in pigs were identified (Wang

et al. 2015) that could possibly be involved in the regulation of muscle growth and

lipid deposition in pigs.

Nutrigenomics is an emerging discipline which aims to increase our knowledge

about the mechanisms by which nutrition affects the metabolic pathways underly-

ing homeostatic control (Ouhtit 2014). Recently, much attention has been given to

the nutritional and health impacts of polyunsaturated omega-6 and omega-3 fatty

acids intake, which can be obtained from food/feed sources (Salem and

Eggersdorfer 2015; Bernardi et al. 2016). Being a monogastric species, the pig is

amenable to changes in the fatty acid composition of adipose tissue and muscle

using diets containing different oils (Wood et al. 2008). Different diet patterns elicit

a variety of changes in gene expression, protein abundance, and metabolite pro-

duction which impact animal physiology. Such diet-induced patterns and their

effects are described by nutrigenomics as “signature dietary patterns” (Ouhtit

2014). Ogłuszka et al. (2017) investigated the changes in the pig gluteus medius
muscle transcriptome and regulated biological functions as a result of an increased

omega-3 and omega-6 fatty acid concentration. In this study, pigs were subjected to

either a control diet or a diet supplemented with linseed and rapeseed oil to increase

polyunsaturated fatty acid content. Differential expression analysis identified

749 genes significantly differing at least in twofold of change between two groups

of animals fed with divergent level of omega-3 and omega-6 fatty acids. A

“signature dietary pattern” was described in fatty acid-supplemented animals by
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comparison with non-supplemented ones. In fatty acid-supplemented animals, a

downregulation of the expression of genes encoding for chemokines C-C motif

[e.g., chemokine ligand 2 (CCL2)], complement components [e.g., complement

component 4-binding protein alpha (C4BPA)], as well as apolipoproteins [e.g.,

apolipoprotein A1 (APOA1)] was noticed. Overall, the results support usefulness

of omega-3 and omega-6 fatty acids pig supplementation in the management and

modulation of inflammatory, signaling, autoimmune responses, as well as lipid

metabolism.

3.4 Small Ruminant Transcriptomic Studies: Goats
and Sheep

Small ruminants, like sheep and goats, are particularly important in the tropics and

the Mediterranean regions and are a major source of income and food in small-scale

subsistence farming systems (Palma et al. 2016a). Goats have long been used for

their milk, meat, hair (including cashmere), and skins throughout much of the world

(MacHugh and Bradley 2001). It has been suggested that sheep were initially reared

for meat and milk and only later for wool (Chessa et al. 2009). In these animals,

dairy production depends upon the knowledge of the morphology and regulation of

the mammary gland and lactation. High-throughput technologies, as omics-based

ones, are allowing a much broader and detailed knowledge on the biology of the

mammary gland (Ferreira et al. 2013).

Goats are one of the best models to study lactation, as well as mammary gland

biology and physiology (Lérias et al. 2014; Cugno et al. 2016; Palma et al. 2016b;

Hernández-Castellano et al. 2016). Several studies have proposed that miRNAs are

important regulators of the gene expression in ruminant mammary glands (Lin et al.

2013; Mobuchon et al. 2015). MiRNAs are endogenous RNA molecules, approx-

imately 22 nucleotides in length that regulate gene expression, mostly at the

posttranscriptional level by translational repression or degradation of their targets

(Samir et al. 2016). To the present date, the number of annotated and validated

miRNA is still limited for goats, and the profiles of miRNAs across stages of

lactation in dairy goats are relatively unknown. In this context, Wang et al.

(2017) conducted a comprehensive study of the miRNA transcriptome using tissue

samples from mammary gland of Saanen dairy goats harvested at early, mid, and

peak lactation. This study identified a total of 796 conserved miRNAs, 263 new

miRNAs, and 821 pre-miRNAs. After comparative analysis, a total of 37 miRNAs

had significant differences in expression over the lactation cycle. Among those, the

miR-145 was previously described to have a role in lipid metabolism in adipose

tissues (Lin et al. 2014). To investigate the biological relevance of miR-145 during

lactation, the same authors determined the overexpression and silencing of

miR-145 to evaluate if such an approach resulted in a change in fatty acid metab-

olism in goat mammary epithelial cells. The results showed miR-145 modulation
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resulted in changes in the fatty acid contents. Later, the authors proved that

miR-145 acts as a negative regulator of insulin-induced gene 1 (INSIG1) expression
by binding to their 30-UTR in goat mammary epithelial cells. Downregulation of

INSIG1 has been associated with triacylglycerol accumulation in parallel with an

increase in the biosynthesis of unsaturated lipids (Dong et al. 2012). Importantly,

this study revealed the potential of modulating miRNA expression as an approach

for improving beneficial milk components in ruminant milk or modulating lactation

performance.

In 2014, approximately more than half a billion animals were slaughtered to

meet the demand for sheep meat in the world (FAOSTAT 2017). Asia is one of the

biggest producers of sheep meat, with a production bigger than 4 millions of tonnes

in the same year (FAOSTAT 2017). In this context, much effort has been put in

sheep breeding programs to improve not only carcass lean meat yield but also traits

related to meat quality. One of these examples is the Qianhua Mutton Merino

(QHMM), which is a new sheep bred for both meat and wool, presenting better

meat performance when compared with the traditional local variety Small Tail Han

(STH) sheep (Sun et al. 2016). Sun et al. (2016) compared the transcriptome

profiles (RNA-Seq) of muscle tissues of QHMM and STH sheep to understand

the molecular mechanisms behind improved performance of the new breed. Among

the 960 differentially expressed genes, 405 were upregulated, while 555 were

downregulated. As an example, a differential expression of muscle regulatory

factors (MFRs) was observed between lines. Myogenin (MYOG) and myogenic

differentiation (MYOD) were upregulated, while myogenic factor 6 (MYF6) was
downregulated in QHMM. MFRs have been previously described as candidate

genes for meat production traits in pigs (Ropka-Molik et al. 2011). An upregulation

of MRFs expression in the postnatal skeletal muscles has been previously associ-

ated with an increase in muscle fiber diameter and eventually affected the meat

quality of the skeletal muscles in adult chickens (Yin et al. 2015). Interestingly, the

authors conclude that their candidate genes need to be functionally validated.

This highlights an important aspect of the candidate gene approach: the func-

tional validation to link a candidate gene to a specific trait needs to be performed.

Functional information from gene knockout in model transgenic animals and

cellular models could provide distinct clues about the validity of candidate genes

responsible for the phenotypes of interest. However, there is little practical infor-

mation available because of the difficulty of producing gene knockout and trans-

genic animals in livestock (Zhu and Zhao 2007). This aspect still constitutes a

challenge and open research avenue for animal and veterinary sciences.

3.5 Farmed Fish Transcriptomic Studies

Farmed Atlantic salmon (Salmo salar) is now a “super-commodity,” a uniform

product available on demand around the globe, which has revolutionized

the economic and political landscape of the fishing industry (Eagle et al. 2004).
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An ongoing discussion argues that Atlantic salmon is likely the most efficient

domesticated farm animal, as 100 kg dry feed yields 65 kg Atlantic salmon fillets

compared to only 20 kg of poultry fillets or 12 kg of pork fillets (Torrissen et al.

2011). Nevertheless, more studies are needed to generate a consensus about aqua-

culture production efficiency, sustainability, product quality, and profitability in

support of the commercial sector and for the benefit of consumers (Abdelrahman

et al. 2017).

Since the early 1970s, salmon sea lice, Caligus rogercresseyi, has been one of

the most significant pathogenic marine parasites affecting farmed salmon and, thus,

represents one of the most important threats to salmon farming throughout the

world (Hamilton-West et al. 2012). Salmons cultured in Chile, namely, Atlantic and

coho (Oncorhynchus kisutch) salmons, demonstrate different levels of susceptibil-

ity to the sea louse constituting interesting models to study the mechanisms that

trigger salmonid immune responses to C. rogercresseyi infestation. Valenzuela-
Mu~noz et al. (2017) investigated the transcriptomic profiles of Atlantic and coho

salmon subjected to a 14-day infestation trial with C. rogercresseyi, focusing on

changes on iron metabolism as a proxy for nutritional immune responses. The

results showed differences among the species which reflects their resistance toward

the parasite. In the susceptible Atlantic salmon, genes related to heme degradation

and iron transport such as hepcidin, transferrin, and haptoglobin were primary

upregulated. Contrastingly, in coho salmon, an upregulation of aminolevulinic

acid synthase and coproporphyrinogenase genes, with an important role in heme

biosynthesis, was seen. In summary, the Atlantic salmon (more susceptible to

infestation) presents molecular mechanisms to deplete cellular iron availability,

suggesting putative mechanisms of nutritional immunity. In contrast, resistant coho

salmons were less affected by sea lice, mainly activating pro-inflammatory mech-

anisms to cope with infestation.

With the rapid expansion of the salmon farming industry and the limited

availability of wild-caught fish, the future of salmon farming will depend to a

large extent on sustainable dietary protein alternatives to fish meal (Bostock et al.

2010). Significant progress has been made over the past decade in reducing levels of

animal protein (fishmeal) throughout the increase of plant protein in commercial

feeds for farmed fish (Hardy 2010). Grain legumes, also called pulses, yield

nutritive grains, constituting therefore an important source of plant protein for

human and animal consumption. Beans, peas, soybeans, and lupins have been

used as protein sources for aquaculture feeds, but the challenge associated with

replacing fish meal with plant protein concentrates is associated with the presence

of anti-nutritional compounds (Hardy 2010; Molina-Poveda et al. 2013). The anti-

nutritional factors present in plant-based feed have been described to promote gut

inflammation (enteritis) and compromise fish health (Baeverfjord and Krogdahl

1996). The transcriptome responses of distal gut to varying dietary levels (0–45%)

of soy protein concentrate (SPC) and faba bean (Vicia faba) protein concentrate

(BPC) were investigated in Atlantic salmon parr (Król et al. 2016). After an 8-week

feeding trial, fish were sampled for body composition analysis. Distal gut samples

were collected for transcriptome analysis using a microarray platform developed
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and validated for Atlantic salmon. The results demonstrated that different plant

protein materials generated substantially different gene expression profiles in the

distal gut of Atlantic salmon relative to guts from fish fed a FM-based diet used as

controls. When SPC and BPC were simultaneously included in the diet, a less

extensive alteration of gut transcriptome was seen than diets with either SPC or

BPC separately, probably due to reduced levels of individual anti-nutritional

factors. The mixed plant protein diets were also associated with improved body

composition of fish relative to the single plant protein diets, which may provide

evidence for a link between the magnitude of changes in gut transcriptome, gut

health, and whole-animal performance. Importantly, this study indicates that gut

transcriptomic profiling provides a useful tool for testing the suitability of new

sources of protein for aquaculture feeds. It can also contribute for designing diets

that have a reduced impact on fish health while improving aquaculture systems

productivity.

One of the biggest obstacles in intensive aquaculture practice is the highly

variable and unpredictable gamete quality, with eggs being the highest concern.

Little is known about the determinants of egg quality, and this is also reflected on

the scarce existence of reliable methods for assessing egg quality (Migaud et al.

2013). The establishment of transcriptomic profiles or identification of candidate

genes associated with high-quality eggs could be a promising tool allowing the

improvement of husbandry practices in aquaculture. One relevant study is the one

conducted by Żarski et al. (2017), in which they correlated transcriptomic profile of

sea bass (Dicentrarchus labrax) eggs with an assessment of its quality. Using a

microarray approach, the authors identified several genes differentially expressed

between high- and low-quality eggs. Some of these genes have already been

reported to be of potential application to assess fish egg quality, among them an

E3 ubiquitin-protein ligase (RNF213) and interferon regulatory factor 7 (IRF7).
New candidate genes were also found as ubiquitin carboxyl-terminal hydrolase

5 (USP5), plectin-like isoform (PLEC), and centromere protein F (CENPF), but
they lack validation on other fish species. One global overview of the metabolic

pathways activated was also provided. In sea bass, protein ubiquitination, transla-

tion, DNA repair, cell structure, and cell architecture seem likely to be mechanisms

contributing to egg developmental competence (Żarski et al. 2017).

4 Integrating Transcriptomic and Proteomic Data: The

Quest for Systems Biology Approaches

Protein production for human consumption is the ultimate goal in animal farming.

Consequently, research tools used to investigate proteins play a major role in farm

animal and meat science (D’Alessandro and Zolla 2013). Similarly to

transcriptomics, proteomics has been applied to the various fields of farmed animal
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science, from lactation (Ferreira et al. 2013) and meat quality (Hollung et al. 2014)

to animal production and welfare (Marco-Ramell et al. 2016).

One of the major challenges of systems biology is the integration of the different

large omics datasets, such as transcriptomics and proteomics, originated from the

same biological sample to attain a holistic overview of all regulatory processes and

reactions (Parreira et al. 2016). The characterization of the observed changes from a

gene-to-protein perspective provides a platform to cross-validate candidate genes

and proteins associated with a given experimental condition. However, the most

innovative knowledge will be the identification of regulatory mechanisms associ-

ated with gene expression, as the translational or posttranscriptional ones (Nie et al.

2007). While studies on animal cells are taking full advantage of omics data

integration [e.g., see Wilmes et al. (2013) and Villar et al. (2015)], the number of

reports available for farmed animals is limited, indicating that this is still a vast

challenge for animal and veterinary researchers. Nevertheless, we will herein refer

to some successful case studies, in which transcriptomic and proteomic data

integration approaches have contributed with significant advances on animal

physiology.

Hornshøj et al. (2009) conducted a comparative study of three high-throughput

technologies for multi-sample expression profiling in heart and skeletal muscle

(Longissimus dorsi) of Hampshire gilts. In this study, the same tissue samples were

used in expression profiling with 454-sequencing, cDNA microarray, and iTRAQ-

based proteomics to ensure an integrative approach. Although the authors compared

the transcript profiles coming from different transcriptomic platforms and tissues,

the comparison between transcript and protein abundance levels yielded the most

interesting results. Transcript and protein ratios across heart and skeletal muscle

were computed, and the results showed that 148 genes were detected by all three

technologies and positively correlated. The positive correlation between transcript

and protein ratios suggests that a relative different transcript level leads to a similar

difference in the protein level, irrespective of the tissue studied. For genes without

transcript-protein concordance, the authors hypothesized that this may arise from

annotation errors or differential regulation of translation, turnover, or alternative

splicing (Hornshøj et al. 2009). These results herein presented are among the first

showing the importance of studying the regulation of transcript and protein abun-

dances in mammalian tissues.

In another study, Timperio et al. (2009) investigated the transcriptomic and

proteomic changes in liver metabolism in Chianina and Holstein Friesian cow

breeds. These cattle breeds are representative of extreme selection for milk and

meat traits, respectively, with significant changes in metabolism resulting from

human selection over the past centuries. Despite a high number of proteins and

genes differentially expressed between Chianina and Holstein Friesian breeds, the

most interesting outcome came from the integrative analysis performed either for

independent or merged datasets from both transcriptomic and proteomic

approaches. Pathway analysis (Ingenuity® Systems, www.ingenuity.com) in the

merged datasets indicated that in Chianina the top pathways activated were “amino

acid metabolism,” “small molecule biochemistry,” and “posttranslational
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modifications.” In Holstein Friesian, the same approach revealed that the top

pathways were “cellular compromise,” “posttranslational modifications,” and “pro-

tein folding.” Network analysis in Chianina liver samples indicated a central core

network of “lipid metabolism, amino acid metabolism, and molecular transport”

pathway. On the other hand, in Holstein Friesian samples, constant central core of

heat shock proteins and proteins involved in stress responses was retrieved. This

study identified important metabolic differences that have arisen upon modification

of relatively few genes/proteins (or gene/protein networks) elucidating about bio-

logical processes which have been molded in Holstein Friesian and Chianina over a

thousand years of human breeding selection.

Recently, Yang et al. (2016) investigated the molecular basis underlying the

higher meat quality in muscle samples of Shaziling pigs versus the Yorkshire ones

using an integrative analysis of transcriptome and proteome. The Shaziling pig is a

well-known breed, with origins in the Hunan Province, China. Its meat presents a

high content of intramuscular fat, a proxy of high meat quality, when compared

with other commercial breeds such as the Yorkshire pig (Yang et al. 2003). Yang

et al. (2016) identified the differentially expressed genes and proteins from the

longissimus dorsi muscles of Shaziling and Yorkshire pig breeds. RNA-Seq anal-

ysis identified 488 differentially expressed genes, of which 297 were upregulated in

the Shaziling pig and 192 in the Yorkshire pig. Proteomics (2DE coupled to

MALDI-TOF-MS/MS) identified 38 differentially abundant proteins, of which

27 protein spots were upregulated in the Shaziling pigs and 11 in the Yorkshire

pigs. Additionally, the same authors correlated the mRNA expression and protein

accumulation levels and found that proteomic results were consistent with

transcriptomic results for only three genes, namely, Enolase 1 (ENO1) and alpha-

actin (ACTC1) (overexpressed in Shaziling pigs) and ATP synthase subunit beta,

mitochondrial (ATP5) (overexpressed in Yorkshire pigs). In the majority of the

cases, transcriptome and proteome data were divergent. Differently expressed

transcripts and proteins belong to the lipid mobilization, energy metabolism, the

cytoskeleton, and signal transduction functional categories.

As seen in the described examples, the integrative analysis of transcriptome

changes coupled to proteomic changes allowed an assessment of whether transcript

abundance is a proxy of protein abundance. Although correlation between mRNA

expression levels and protein abundance is expected to be strong based on the

central dogma of molecular genetics (Nie et al. 2007), the evidences collected from

the different studies described here are not always in agreement. Effective integra-

tion of high-throughput transcriptomic and proteomic data depends not only on

experimental design but also on data quality and the availability of statistical

methods and algorithms that can address the complexity of the data, extracting

usable information. Nie et al. (2007) provide additional considerations for

researchers aiming to develop approaches envisaging data integration. Indeed,

working with species with limited genomic resources, such as farmed animals, is

an added challenge and another level of complexity.
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5 Conclusions

Recent advances in animal physiology owe a lot to transcriptomic studies, and this

is particularly relevant for farm animals. The major scientific accomplishments

obtained in the above described studies have provided valuable resources for

animal breeders to develop new strategies to improve animal, health, welfare, and

production. Genomics advances, the development of high-throughput

transcriptomic platforms, and the development of user-friendly software for

large-scale data analysis have been essential to accomplish such goal. Nevertheless,

important drawbacks still need to be overcome such as the cost and access to

cutting-edge analytic platforms and advanced data analysis expertise to integrate

the complex datasets and extract valuable biological information.

So far, the transcriptomic approaches performed have disclosed potential can-

didate genes associated with muscle growth, meat quality, lactation, reproduction

efficiency, or response to diseases. The candidate genes encode for functional or

regulatory proteins, but also regulatory mechanisms mediated by hormones, tran-

scriptional, posttranscriptional, and translational mechanisms were identified. We

have also collected studies describing posttranscriptional regulation mechanisms

mediated by miRNAs, which have been implicated in the modulation of muscle

growth, lactation, and lipid metabolism in several animals. However, functional

validation is still required to extend this knowledge.

Accumulating evidences show that epigenetic marks influence gene expression

and phenotypic outcome in livestock species (Ibeagha-Awemu and Zhao 2015).

Epigenetic mechanisms alter gene expression with impact on the phenotype without

changing the DNA sequence. In this context, research on epigenetic regulation still

constitutes an open research topic for animal and veterinary sciences due to its

evidenced roles in genome integrity, developmental processes, stress responses,

natural variation, and even transgenerational memory.

Animal researchers, farmers, and breeders are continuously facing the challenge

of producing superior animals and processed livestock products, as a result from the

combination of elite breeds with livestock management methodologies. Several

genes associated with enhanced muscle development, accumulation of intramuscu-

lar fat, or disease resistance have been identified and can be used as biomarkers to

screen for improved traits in response to environmental constraints, such as feed

limitation or quality. Nevertheless, a validation of these strategies still needs to be

performed at the interface of the academic/farm environment. Most of these studies

were conducted in a restricted number of breeds or species of cattle, porcine,

poultry, small ruminants, and, recently, farmed fishes. Therefore, the aforemen-

tioned validation needs to be extended to a much higher number of relevant species

and breeds in order to result in effective guidelines for animal breeders. In due time,

such knowledge and guidelines can contribute to face the growing demand for

animal protein in a sustainable environment and animal welfare concerned society.
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NMR Metabolomics pari passu
with Proteomics: Two Relevant Tools

for Animal Sciences Combined

Mariana Palma, André M. de Almeida, and Manolis Matzapetakis

Abstract Metabolomics is a field of growing importance in farm animal science

and agricultural research. It may be based on either mass spectrometry or NMR

(nucleic magnetic resonance) spectroscopy and is particularly advantageous for the

quantification and identification of metabolites of various sizes that can provide

clues on how biological systems cope or react to any studied factor. Metabolomics

is particularly interesting when seen from the perspective of other so-called post-

genomic tools, particularly transcriptomics and proteomics in a systems biology

approach. In this chapter, we focus on the importance of NMR metabolomics,

providing brief concepts and the necessary workflow to work with this very

powerful analytical tool. Furthermore, we provide two study cases where NMR

metabolomics has been used to address research topics in animal science, namely,

the response of small ruminants to seasonal weight loss. We finally conclude the

chapter with brief considerations on the future of NMR metabolomics, its integra-

tion with proteomics research and its context in animal science.
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List of Abbreviations

1D One dimension

DHA Docosahexaenoic acid

DPA Docosapentaenoic acid

EPA Eicosapentaenoic acid

HR-MAS High-resolution magic angle spinning

K Kelvin

kDa Kilodalton

MALDI-TOF/

TOF MS

Matrix-assisted laser desorption ionization—time of flight—

mass spectrometry

MHz Megahertz

MS Mass spectrometry

MW Molecular weight

NMR Nuclear magnetic resonance

NOESY Nuclear Overhauser enhancement spectroscopy

PCA Principal component analysis

SWL Seasonal weight loss

1 Introduction

Together with crops, animal production is among the most important areas of

human endeavour and was ultimately responsible for the expansion of mankind

throughout the world and the development of civilization. Traditionally and simi-

larly to other fields of knowledge, animal sciences were essentially empiric and

most progress was made through trial and error. As a result, progress was limited

and widespread adoption of new technologies was slow. The situation changed

considerably with the onset of industrial revolution that introduced modern farming

and animal production methods, as well as the basis for most varieties and breeds

that are presently used in world agriculture and animal production.

Despite their deep roots in the transformations occurring in the eighteenth

century, most massive developments in modern agriculture and animal production

occurred after World War II, moving from a small farm, family-based model to

large-scale corporation-based operations with tremendous improvement on partic-

ular fields such as mechanization, infrastructures and housing, feeding and genetics

that combined with cool-chain storage, and modern distribution changed forever

the farming business. These improvements are particularly noticeable in specific

sectors like poultry, pig or dairy cattle production. During the last 50 years,

agriculture and animal sciences have moved to an era of molecular-based studies

where the characterization of genes of plants and animals are related to production

traits of interest to humans. This revolution was made possible by the era of

genomics, and understanding gene function was the most important challenge.

Nevertheless, during the last 25 years, other disciplines have emerged, the

so-called post-genomic disciplines. These, based on information created through
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a deep characterization of the genome, allowed to understand gene function as a

whole. This approach aims not only to characterize the genes and genomes of plants

and animals of agricultural interest but mainly to understand how they work from

an end-product perspective and also how the system worked in a dynamic, whole

context. It allowed a deep and full characterization of living systems, contributing

significantly to the improvement of agricultural and animal science productivity

and ultimately product quality.

Post-genomic tools span several different fields, and since they were inspired by

the genome (or the discipline that studies genes and gene functions—genomics),

they are generally called the omics and include, namely, proteomics (the science

that studies the proteome or the proteins in a given cell, tissue, organ, organism,

population or fluid) and metabolomics (the science that studies the metabolome or

the metabolites in a given cell, tissue, organ, organism, population or fluid).

Metabolomics has been used in many studies, of very diverse nature. Some of

them are in the field of animal science and include, for instance, approaches on sea

bass aquaculture (Mannina et al. 2008; Viegas et al. 2011), beef quality (Kodani

et al. 2017), swine adiposity (Jegou et al. 2016) or markers of production perfor-

mance and metabolic health in dairy cows (Huber et al. 2016; Dervishi et al. 2017).

These different fields or tools are frequently combined in the so-called systems

biology approach. This topic has been extensively reviewed elsewhere in other

chapters of this book and previously in other studies (Almeida et al. 2015).

We have seen elsewhere in this book the important interactions existing between

proteomics and transcriptomics. In this chapter, we aim to show the complementary

nature of metabolomics and proteomics, highlighting the need for a combination of

both fields in animal science research. This chapter is divided in five different

sections. After an introduction, we will mention some metabolomics concepts,

highlighting the differences between the two major metabolomics techniques:

mass spectrometry based and nucleic magnetic resonance (NMR) based, focusing

on the advantages and disadvantages of each technique. In a third part, we will

overview experimental aspects and the workflow used in NMR-based

metabolomics. Two case studies on the importance of NMR-based metabolomics

in small ruminants will follow, highlighting the main achievements and how they

interact with proteomics. Finally, we will provide the main conclusions and high-

lights of this chapter.

2 Metabolomics: NMR and MS

Metabolomics studies are generally tasked with the identification and quantification

of small metabolites (compounds of low-molecular weight, MW<1.5 kDa) that are

the result of numerous metabolic processes. Since the metabolome is highly

affected by gene expression, protein activity and/or the metabolic activities (Ber-

nini et al. 2011; Griffin and Shockcor 2004; Nicholson and Wilson 2003), it is

highly complementary to other omics-based studies such as proteomics and
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transcriptomics, contributing to a more comprehensive overview of the animal

physiology and production potential (Kadarmideen 2014).

Numerous metabolomics studies have been developed since the debut of the

concept, and since then, the number of metabolomics-related publications has been

increasing steadily. Most of these studies are developed using mass spectrometry

(MS) or nuclear magnetic resonance techniques (Gowda and Raftery 2015). Each

methodology has specific features that could constitute advantages or disadvan-

tages. The selection of the technique that better fits each work is dependent on the

objectives to be achieved (Gowda and Raftery 2015). Usually, due to their com-

plementary character, both techniques are used.

NMR spectroscopy offers important advantages that highlight its usefulness in

metabolic studies. For instance, it is both quantitative and qualitative,

non-destructive, non-equilibrium disturbing (Beckonert et al. 2007), highly repro-

ducible and has the ability to detect compounds within a wide range of

physiochemical properties in the micromolar to millimolar range (Beckonert

et al. 2007; Bernini et al. 2011). On the other hand, the main advantages of MS

for metabolomics studies are its higher sensitivity that allows the identification of

secondary metabolites in the picomole to the femtomole range, the possibility to use

different ionization techniques that increase the number of potentially detectable

compounds. It is also generally better suited for targeted analysis, and it is less

expensive to purchase and maintain the equipment (Emwas 2015).

NMR-based metabolomics studies have been used in farm animal sciences for

different purposes: analysis of food quality and safety parameters (Beauclercq et al.

2016; Bertram et al. 2002; Bonnefont et al. 2014; Coco et al. 2009; Hu et al. 2007),

milk metabolomics (Klein et al. 2010; Sundekilde et al. 2013), sample provenance

discrimination (Mannina et al. 2008; Rezzi et al. 2007; Sacco et al. 2009; Standal

et al. 2008), diagnosis (Pears et al. 2007; Maher et al. 2012; Sundekilde et al. 2013;

Sun et al. 2014; Ceccarelli et al. 2015; Scano et al. 2015), biomarker identification

(Mannina et al. 2008; Nyberg et al. 2010; Lu et al. 2013; Palma et al. 2016a, b;

Wang et al. 2016; Yang et al. 2016; Xu et al. 2016) and animal welfare (Li et al.

2011).

3 NMR Metabolomics: Concepts and Workflow

Nuclear magnetic resonance or NMR is a technique that probes the interaction of

radiofrequency range electromagnetic radiation with atomic nuclei, specifically the

spin and nuclear magnetism, under the influence of external magnetic fields.

Detailed explanation of the theoretical background of the method is beyond the

scope of this chapter and has been extensively documented (Roth 1984; Levitt

2008). We will, however, briefly introduce the main elements of an NMR spectrum

that are needed for the identification of metabolite signatures. These are chemical

shift, J-couplings, peak area and signal relaxation.
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Chemical shift refers to the position of each signal in the spectrum and results from

the slight differences in resonance frequency due to the magnetic microenvironment

generated by the chemical surroundings of each nucleus as well as that of its

neighbours. It carries information about the chemical surroundings of each nucleus

(chemical structure). A second level of information can be derived from the splitting

of each signal which results from direct magnetic interactions of chemically bonded

nuclei manifesting themselves in the form of J-couplings. It contains information on

the number and different types of neighbouring nuclei. In the simpler cases, the

number of peaks each signal splits into is equal to the number of neighbouring nuclei

plus one. Perhaps the element that is more relevant to metabolomics studies is that of

the signal magnitude which is proportional to the number of atoms giving rise to it

and the signal can therefore be used for quantification. Finally, signal decay affects

peak widths, and since it can vary even within the same molecules, quantification is

done using peak areas instead of peak heights (Roth 1984; Levitt 2008) (Fig. 1).

Among the types of nuclei that can be studied by NMR, those that are more

relevant for metabolomics are 1H and 13C, although 15N and 31P also have uses but

are not often explored. 1H is the type that is most used because of its high

sensitivity, high natural abundance and chemically rich information that can be

extracted from it. It is also present in the vast majority of organic compounds.

In terms of sample considerations, the main concern of NMR is sensitivity as it

is not a very sensitive technique. However, many biological fluids such as blood,

urine, spinal fluid, etc. have been found to be suitable for the identification and

quantification of 40–60 of the most concentrated compounds when modern high-

field instruments are used (500–800 MHz). The use of high-sensitivity cryoprobes

can boost sensitivity and decrease collection time to only a few minutes per

sample. Their use is therefore highly advised although not strictly necessary.

Other considerations include the composition of buffers that are used together

with the deuterated solvents that are needed for measurement stability purposes.

Buffers are needed because variations in the pH of a solution can cause shifts in the

Peak Height:
nr atoms 

Peak Spliting: information
about neighbouring atoms

Peak Position: information about
chemical structure

Fig. 1 Example of an NMR spectrum (1D 1H) with the main chemical information available
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position of the NMR signals which can make comparison of multiple samples very

difficult.

Most of the NMR metabolomics studies are based on single 1D spectra of liquid

samples that allow the identification and quantification of metabolites, require low

optimization concerning parameter acquisition and are usually fast to acquire. Even

though some samples require previous preparation, this is usually an easy and swift

process (Bernini et al. 2011).

The most commonly used experiments are those of 1D with solvent (usually

water) suppression. The pulse sequence that is mostly used for this purpose is that

of the 1D NOESY with pre-saturation. In the case of very high protein content

which can hinder the identification and quantification of metabolites, different

pulse sequences can be used to suppress the signals of proteins. Alternatively,

removal of proteins with a protocol involving extractions can be tried. This step

is usually necessary in the case of solid samples such as muscle, various glands

and other organs. Alternatively, the high-resolution magic angle spinning

(HR-MAS) technique can also be applied and requires only a small intact piece

of tissue, without any previous preparation (Gowda and Raftery 2015; Moestue

et al. 2011).

After acquisition, data interpretation can be achieved via a complete spectral

assignment and quantification—targeted approach (profiling) or via an untargeted

approach (chemometric method). Profiling requires the identification and quantifi-

cation of all detectable metabolites in a mixture (Mercier et al. 2011). Signal

assignment is achieved using databases of compound spectral data to allow peak

identification while quantification is achieved by comparison of peak volumes with

those of standards (Ellinger et al. 2012). Targeted analysis yields information of

the composition of each sample; however, it is limited by the number of com-

pounds that can be reliably identified. NMR acquisition followed by profiling has

been used in small ruminants, especially for diagnosis and biomarker identification

(Li et al. 2011; Mickiewicz et al. 2015; Wang et al. 2016). This approach has the

added advantage of providing information about the physiological metabolome

profile of the studied animals, which can be useful for future works. On the other

hand, chemometric analysis is based on the quantification of signals in discrete

regions of the spectra without any signal interpretation prior to the analysis. This is

only possible when results are analysed with statistical tools. While chemometrics

is fast and convenient, it has the possible drawbacks of masking low concentrated

spectral signals that are located nearby high-concentrated ones (Worley and Pow-

ers 2012) and being affected by small variations in chemical shifts (Salek et al.

2011). The chemometric approach does not allow sample profiling; however, it

could be a useful and faster option when the profile has already been established or

when it is only needed to identify one compound. Its use was already described in

production animals for diagnosis and quality control (Castejón et al. 2015; Nyberg

et al. 2010).
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4 NMR Metabolomics and Proteomics: Small Ruminants

and Tolerance to Seasonal Weight Loss

In the tropics and the Mediterranean, animal production varies considerably

throughout the year. In those regions, the existence of two different seasons

(rainy and dry) regulates pasture availability, affecting animal production. In fact,

during the dry season, due to the scarcity of pastures, animals may lose up to 40% of

their body weight, a condition usually known as seasonal weight loss (SWL) (Lamy

et al. 2012; Cardoso and Almeida 2013). SWL is one of the major drawbacks in

animal production, as had been demonstrated in South Africa (Almeida et al. 2006,

2007), Western Africa (Almeida and Cardoso 2008a, b), Western Australia

(Almeida et al. 2013; Scanlon et al. 2013; Palma et al. 2016b) and the Canary

Islands (Lérias et al. 2013, 2015; Palma et al. 2016a). Meat and milk production is

strongly affected by SWL. In general, quantity and quality decrease and reduce

income. To counter the effects of SWL, farmers use supplementation to balance the

nutritional need of the animals. However, supplementation is expensive and diffi-

cult to implement in extensive production systems in developing countries or

remote locations. An alternative method for addressing the effects of SWL is the

use of breeds naturally adapted to this constraint or selected by domestication that

are able to thrive and more effectively produce in such difficult environments.

Our research group has been studying tolerance to seasonal weight loss in small

ruminants over the last 15 years. During recent years, emphasis has been placed on

breed comparison, contrasting breeds that are tolerant to SWL with breeds that are

not. This research has been done using two major species, meat-producing sheep

(focusing on skeletal muscle and liver tissues) and dairy goats (focusing on the

secretory tissue of the mammary gland and on milk). We have extensively used

omics, particularly proteomics and NMR-based metabolomics to conduct this

research. The two major topics are illustrated on Fig. 2, specifically referring to

the metabolomics studies, whereas in Fig. 3, we present examples of the spectra for

the different tissues and fluids studied.

4.1 NMR Metabolomics and Tolerance to Seasonal Weight
Loss in Meat-Producing Sheep

In this study, we compared three sheep breeds with different levels of tolerance to

SWL: Damara (highly tolerant), Australian Merino (susceptible) and Dorper (inter-

mediate). These breeds exist in Western Australia, where an animal trial was

conducted. Briefly, it is important to mention that the Damara is a fat-tailed breed

that originates in the fringes of the Kalahari Desert in Namibia, is particularly well

adapted to semiarid environments and has therefore a very high tolerance to SWL

(Almeida 2011). The Merino is a breed of European origin, and the Dorper is a

breed that includes in its genesis both fat-tailed African and European breeds.
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Seasonal Weight Loss (SWL)
major constraint in small ruminants production 

breeds with different levels 
of tolerance to SWL

goat breeds:
Majorera and Palmera 

sheep breeds:
Merino, Dorper and 

Damara

NMR - Metabolomics

Citrate
Fumarate

Succinate

Metabolome characterization

Study of physiological adaptation to SWL

Fig. 2 Major research topics involving seasonal weight loss (SWL) tolerance in small ruminants

and specifically the NMRmetabolomics approach. On the left, we have contrasted two goat breeds
with different levels of tolerance to SWL, specifically at the level of the mammary gland secretory

tissue, whereas on the right, we have contrasted three meat-producing sheep breeds with different

levels of tolerance to SWL. In both approaches, we aimed on one hand to characterize the

metabolome and on the other hand to study the physiological adaptation to SWL, characteristic

of the tolerant breed
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Animals from the three breeds were subjected to nutritional stress over a period of

42 days, leading to relative live weight decreases of about 10–15% (Scanlon et al.

2013), and meat and carcass traits were characterized in depth (Almeida et al.

2013). We have first focused our studies on a lipidomics approach that included the

fatty acid profiling of the fat tail tissue in Damara sheep. Its results let us conclude

that Damara breed has a distinct lipid metabolism leading to a high concentration of

branched chain fatty acids in tissues (Alves et al. 2013). Later, we have also

conducted an in-depth characterization of muscle fatty acid profiles (van Harten

et al. 2016). Our findings indicated that Damara sheep revealed several differences

compared to the other two breeds, namely, a higher concentration of polyunsatu-

rated fatty acids, which can be related to the presence of the fat tail. Furthermore

and even in restricted feeding conditions, Damara sheep revealed the highest levels

compared to Merino and Dorper sheep of linoleic acid, linolenic acid,

eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic

acid (DHA), respectively. Among these, EPA, DPA and DHA, three omega-3 fatty

acids, have described beneficial characteristics. This work finally highlighted the

potential of the Damara breed as an interesting alternative for animal production in

semiarid climates, also for the fatty acid profiles in muscle tissue (van Harten et al.

2016). From these initial studies, research moved to proteomics-based studies. In a

first approach, we have conducted a study on the wool proteome on the two

experimental merino groups (Almeida et al. 2014). In fact, iTRAQ was used to

Fig. 3. Representative spectra (obtained at 800 MHz) of the different types of tissues and fluids

studied. (a) Aqueous fraction of sheep liver, (b) aqueous fraction of sheep muscle, (c) aqueous

fraction of goat mammary, (d) goat milk whey
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study changes in the wool proteome in the Australian Merino animals used in this

study. SWL showed a decrease of fibre diameter, increasing the abundance of high

sulphur protein KAP13.1 and proteins from the high glycine-tyrosine protein KAP6

family, with implications on wool quality. From there, we used 2DE coupled to

MS/MS mass spectrometry to identify proteins differentially expressed in the

skeletal muscle (Almeida et al. 2016). This work indicated first of all relevant

differences between breeds. Several proteins were suggested as putative biomarkers

of tolerance to weight loss: desmin, troponin T, phosphoglucomutase and the

histidine triad nucleotide-binding protein 1 (Almeida et al. 2016). Despite its

originality and interesting results, the study was however hindered by several

limitations characteristic of 2DE, particularly the fact of protein identification and

expression which were limited to those spots visible in the gel. As such, we have

recently conducted an approach based on shotgun proteomics label-free technique

(Ferreira et al. 2017). This approach led to a very complete and reliable character-

ization of the proteome with over 650 proteins being identified, 95 with differential

regulation. Interpreting such data became a daunting task; however, results could be

briefly summarized. We observed that the more vulnerable to SWL a breed is, the

more differential abundance proteins we find. Protein binding was the most fre-

quently altered molecular function identified. We suggested six putative markers

for restricted nutritional conditions independently of breed: ferritin heavy chain,

immunoglobulin V lambda chain, transgelin, fatty acid synthase, glutathione

S-transferase A2 and dihydrodiol dehydrogenase 3 like. Finally, authors proposed

several proteins related to SWL tolerance: S100-A10, serpin A3-5-like and cata-

lase. Overall, results from the proteomics studies will lead to increased stock

productivity interesting for animal production, particularly if identified at the

muscle level, the tissue of economic importance in meat production (Ferreira

et al. 2017).

This study was furthermore completed with a thorough NMR-based

metabolomics approach, conducted at the level of the muscle and the liver in

these animals (Palma et al. 2016b). Overall, the analysis allowed the identification

of 51 metabolites in the muscle and 46 metabolites in the liver, with significant

differences between breeds and nutritional groups. Results from this study allowed

a unique complementary overview as it involved the two tissues and allowed the

contrast and integration with previously obtained proteomics studies. Generally

speaking, it is noteworthy to mention that both Dorper and Damara breed seemed to

be more adapted to SWL, showing few changes in both tissues when subjected to

feed restriction. This tolerance could be a result of the breed selection history. The

Merino, probably due to its selection for wool production, showed more marked

changes in both tissues and seems to be the less well adapted to SWL. Main

variations were observed in the glycogenolysis pathway and antioxidant activity.

The Damara presented a specific set of adaptations, such as decrease in muscle

development and at the glucose-alanine cycle, reflecting the physiology of its major

body characteristic, the fat tail. In the context of the breed selection towards SWL

tolerance, our results confirm that the Dorper and Damara breeds have performed

better under SWL conditions. Their adaptation seems to be linked to a more
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efficient metabolic adaptation to feed restriction, so that a change in the nutritional

energy source did not compromise overall muscle structure. A possible adaptation

at the rumen level should also be considered in these breeds, since they presented

some variations related with rumen microflora composition and activity (Palma

et al. 2016b).

4.2 NMR Metabolomics and Tolerance to Seasonal Weight
Loss in Dairy Goats

The Canary Islands, off the coast of Africa, is a very interesting archipelago with

different types of climate according to the location of the islands. Indeed, if islands

located to the East, like Fuerteventura or Lanzarote, have a semiarid climate,

islands to the West, like La Palma, have a predominantly rainy weather. Such

different climates affect the agricultural practices on the islands as well as the

livestock production systems (essentially based on dairy goats). As such, two major

dairy goat breeds occur on the islands: the Majorera (from the island of

Fuerteventura) and the Palmera (from the island of La Palma). The former display

all characteristics of goat breeds of semiarid regions, whereas the latter do not.

Majorera animals are therefore well adapted to SWL, contrary to Palmera goats.

We have recently conducted a 21-day trial to contrast these two breeds when

subjected to weight loss (Lérias et al. 2013). There were no significant differences

between both restricted groups of the two goat breeds regarding live weights or

milk yield reductions (live weight reduction of 13% and milk yield reduction of

87% in both breeds). At the same time, there were major differences in the control

(adequately fed) groups for both breeds, highlighting the size and milk yield

differences between breeds. Interestingly, however, a first analysis of several

biochemical and endocrine parameters in the plasma of these animals clearly

indicated that both breeds reacted differently to experimentally induced weight

loss (Lérias et al. 2015), which was also visible in a PCA (principal component

analysis). These results encouraged us to proceed with omics-based studies, partic-

ularly through the use of proteomics and metabolomics.

For analysing the proteome, we have first conducted a label-free proteomics

approach, in which we identified over 1000 proteins. Of these, 96 showed differ-

ential abundance between two of the groups within studied comparisons

(Hernandez-Castellano et al. 2016). The results clearly demonstrated that the two

breeds used different biochemical pathways to deal with undernutrition. Indeed,

Majorera breed showed higher concentrations of immune system-related proteins,

whereas (and in contrast) the Palmera breed showed higher abundance of proteins

related to apoptosis. Overall, these results indicate that the two goat breeds have a

distinct metabolic reaction to SWL and that proteins related to the immune system

and apoptosis such as cadherin-13, collagen alpha-1, nidogen-2, clusterin and

protein S100-A8 could be considered putative candidates as markers of tolerance

NMR Metabolomics pari passu with Proteomics: Two Relevant Tools. . . 457



to SWL in dairy goats. The analysis was further complemented with a mitochon-

drial membrane proteome analysis that included blue native PAGE gels and protein

identification using MALDI-TOF/TOF MS (matrix-assisted laser desorption ioni-

zation—time of flight—mass spectrometry) (Cugno et al. 2016). The proteomics

analysis of mitochondria enabled the resolution of a total of 277 proteins with

148 (53%) identified by MALDI-TOF/TOF mass spectrometry. Some of the pro-

teins were identified as subunits of the glutamate dehydrogenase complex and the

respiratory complexes I, II, IV, V from mitochondria, as well as numerous other

proteins with functions in metabolism, development, localization, cellular organi-

zation and biogenesis, biological regulation and response to stimulus, among

others, that were for the first time mapped in both blue native and 2DE gels. Finally,

the comparative proteomics analysis enabled the identification of several proteins:

NADH-ubiquinone oxidoreductase 75 kDa subunit and lamin B1 mitochondrial

(upregulated in the Palmera breed), guanine nucleotide-binding protein G(I)/G(S)/

G(T) subunit beta-2 (upregulated in the Majorera breed) and cytochrome b-c1

complex subunit 1, mitochondrial and chain D, bovine F1-C8 sub-complex of

ATP synthase (downregulated in the Majorera breed).

Finally, the proteomics analysis was combined with an NMR-based

metabolomics analysis (Palma et al. 2016a). This study included not only the

mammary gland secretory tissue but also an analysis of the milk. The conducted

profiling analysis led to the identification of 46 metabolites in the aqueous extract of

the mammary gland. Lactose, glutamate, glycine and lactate were found to be the

most abundant. Analysis of milk whey allowed the identification of 50 metabolites,

the most abundant being lactose, citrate and creatine. Significant differences were

observed in mammary gland biopsies and milk whey between control- and

restricted-fed groups in both breeds, albeit with no differences between the breeds.

Authors determined that the variations may be related to metabolism adaptation to

the low-energy diet and are indicative of breed-specific microflora, providing a new

insight that had not been possible when using proteomics only. Milk whey showed

more metabolites varying between control and restricted groups than the mammary

gland. Interestingly, the Majorera breed also displayed more variations between

control- and restricted-fed groups than the Palmera breed regarding the milk

metabolome profiles. This could finally be an indication of a prompt adaptation to

SWL by the Majorera breed, corroborating the results previously mentioned in the

proteomics and blood biochemical profiling.

Future Prospects

These illustrative case studies enhance the interest of the technique on a broader

scale that involves also an integration with other omics tools, particularly proteo-

mics and transcriptomics. For the moment, applications of NMR-based

metabolomics to animal science and, on a broader perspective, to agriculture in

general are still rather limited. Several factors contribute to this situation, particu-

larly the lack of knowledge on the technique and its advantages by the majority of

animal scientists and the high prices of the instruments used in this research. This is

particularly troublesome in present day’s context, where research funds seem to be
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stagnating during the last decade. Nevertheless, the analytical power of the tech-

nique is immense, and as metabolite databases become more and more complete,

NMR metabolomics will become an analytical tool in the context of livestock

production research. It has numerous advantages, particularly the fact that it is

easy, non-destructive, fast and relatively affordable (albeit not including NMR

instrument prices) to conduct. It is likely that the outlook will change in the near

future and that NMR metabolomics will become a common technique in animal

science to be used in conjunction with other post-genomic tools such as

transcriptomics or proteomics.
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Omics and Systems Biology: Integration

of Production and Omics Data in Systems

Biology

Kasper Hettinga and Lina Zhang

Abstract Omics technologies have become of mainstream use in the study of farm

animals, to better understand the physiology of the animal and the quality of the

products produced by those animals. Such studies can be done at the level of genes,

transcripts, proteins and/or metabolites. An important aspect of doing such omics

studies is understanding of variation. For example, in relation to parity, lactation,

feeding status and animal health, variation can happen in transcripts, proteins or

metabolites found in farm animals and the products produced. This variation can

help in better understanding the physiology of the animal. Also variation between

individual animals exists, which may assist in better understanding of the animal’s
physiology. One limitation of the majority of the studies in this area is that they are

performed using one specific omics technology. Integrating omics data captured

using multiple omics technologies, using a systems biology approach, can shed

more light on the biochemistry of the farm animal’s physiology. At the end of this

chapter, the outlook on such studies and the (software) developments that would be

needed for optimal integration of omics data is discussed.
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Abbreviations

CN Casein

DGAT1 Diglyceride acyltransferase 1

DNA Deoxyribonucleic acid

GWAS Genome-wide association study

IgA Immunoglobulin A

miRNA MicroRNA

mRNA Messenger RNA

RNA Ribonucleic acid

RNA-seq RNA sequencing

SNP Single nucleotide polymorphisms

1 Introduction to Omics Technologies

In the past decades, many omics technologies have been developed for studying

biology on different levels, from genes to metabolites. Figure 1 gives an overview

of the different levels of biology with the associated omics technologies available.

On the metabolite level, different omics technologies are applied, depending on the

target metabolites of interest, with the term metabolomics mainly used for small

molecules that are part of the core metabolism of organisms.

Due to continuous technological improvements, more comprehensive technol-

ogy has been, and is, developed on all these levels. These improvements are leading

to a higher resolution of analysis, a higher throughput and all that at a lower cost of

analysis. These techniques have become more widely used by scientists around the

world in many disciplines, including scientists in animal and food science. In this

chapter, the application of the different omics technologies will be explained, to

indicate how these can be used to better understand the physiology of farm animals.

Most of the omics research focus on better understanding the production charac-

teristics of farm animals (e.g. how much product is produced, what is the quality of

the product produced) or animal physiology (e.g. understanding the mammary

Genes (DNA)

Transcripts 

(RNA)

Proteins

Metabolites

(Epi)genomics

Transcriptomics

Proteomics

Metabolomics, 
glycomics, 
lipidomics, etc.

Fig. 1 Overview of

biology from gene to

metabolite, with the

associated omics

technologies that can be

used for studying the

different levels
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gland physiology, health of the animal). In this first section, the use of different

omics technologies is briefly explained.

However, as already indicated in Fig. 1, biology does not happen on a single

level but is an interaction between different levels, from genes, through transcripts

and proteins, to metabolites. To perform integrative research on all these levels,

combining multiple omics technologies aids in obtaining a better insight in the

biology compared to studying the biology on a single level. Such combined

approaches can range from studies combining two levels of biology, all the way

up to full integration over all these levels. This integrative approach is the basis of

systems biology research. In this chapter, the application of omics technologies will

be described starting from single omics technologies up till full integration from a

system’s biology perspective. The chapter will finish with challenges and future

developments that are envisaged for further research in this area.

1.1 Genomics

The effect of genes of farm animals on production characteristics and animal

physiology has mostly been studied by linking these outcome parameters to vari-

ation in gene sequences. Most research on farm animals is done by looking either at

a large number of single nucleotide polymorphisms (SNPs, single mutations at

specific positions in the genome) or by sequencing target genes that are expected to

be involved in the outcome of interest. More recently, whole genome sequencing

has become more popular, partly due to a reduction in the cost of performing such

analyses. This allows using information about the whole genome sequence, making

the translation of findings to the underlying mechanism easier.

When determining many SNPs in the animal’s genome, association studies can

be done to link these SNPs to specific traits (e.g. milk yield). This is usually

conducted in the form of a genome-wide association study (GWAS). Many of

such studies have been performed on a large scale in farm animals (Schennink

et al. 2009).

One disadvantage of studies based on GWAS is that it is relatively difficult to

determine what the causative gene/causative mutation is underlying the found

relation. A GWAS will only indicate genomic regions associated with the trait, in

which many genes may still be present. Based on screening the genes in the

genomic region, and trying to find genes that may be causally associated with the

trait, a hypothesis on the role of a specific gene could be made. Once these

potentially causative genes are found based on a GWAS, the genes can be

sequenced to search for specific mutations (Duchemin et al. 2014; Schennink

et al. 2009). This is where whole genome sequencing, as mentioned above, has an

advantage, as the full genomic information is collected, so mutations in any gene

can be searched for.

A more recent development in the field of genomics is looking at chemical

modifications of DNA instead of variations in the sequence, which is called

epigenomics. Chemical modifications, such as methylation, of the DNA strand
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may alter the propensity of the gene to transcription (Singh et al. 2012).

Epigenomics thereby provide a link between the genomics studies, as mentioned

above, to transcriptomics as will be discussed in the next section.

1.2 Transcriptomics

Whereas genomics studies the genetic information as such, transcriptomics studies

the transcription of genes into mRNA. Before proteins/enzymes are formed, tran-

scription of the genes is the first step towards expressing the activity originating

from the genes. In transcriptomics studies, the mRNAmolecules present in cells are

isolated and characterized. In the past, this was usually done using hybridization-

based microarrays. The main disadvantage of such a microarray approach is that it

is required that the target sequences are known before the experiment is done. To

solve this, RNA-seq has been developed, in which nontargeted RNA sequencing is

performed (Kukurba and Montgomery 2015). For studying farm animals, both

approaches (microarrays and RNA sequencing) are currently being used.

Transcriptomics is extensively used in farm animal studies. Studies have, for

example, focused on differences in the transcriptome during illness (Moran et al.

2016; Younis et al. 2016) or when performing experimental, for example, pharma-

ceutical, interventions (McCoard et al. 2016). Another area where transcriptomics

is frequently used is to compare animals that differ in production characteristics

(Bai et al. 2016; Shen et al. 2016; Wall et al. 2013). In all these studies, the objective

is usually to determine how animals that differ in specific output parameters differ

in the transcription of their genes. This can then be translated back to the known

function of genes, to be able to study the underlying mechanism. The data from

such experiments can be used to determine whether specific pathways are up- or

downregulated in response to the studied contrast in output parameter.

Besides mRNA-based transcriptomics, other types of RNA transcripts may also

be studied. One example is microRNA, which are short pieces of non-coding RNA

that can influence transcriptional activity, often being involved in reduced tran-

scription. The transcriptional regulation of a specific miRNA can be targeted at

many genes simultaneously, thus giving a broad range of possible functions to

individual miRNA molecules. Levels of miRNA have been related to animal

physiology (Salilew-Wondim et al. 2016; Ioannidis and Donadeu 2016). These

miRNAs may not only have local effect in the cell of synthesis but have also been

shown to be transported through serum, with exosomes being plausible vectors in

which miRNAs are transported (Zhao et al. 2016). Because of the potential broad

range of effects on transcription of many genes, as well as their ability to be

transported across cells in the organism, changes in miRNA levels can have

many consequences, both in local and systemic physiology. These miRNAs can

have influences within an individual but can also be transported across individuals,

for example, through milk. For milk, transport of miRNA through exosomes has

been shown to occur. Such milk-borne miRNAs may function as transcriptional

regulators in the newborn (Perge et al. 2016). In addition miRNAs may also play a
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role across species; the presence of these components in farm animal (e.g. dairy)

products may also be relevant for product quality, as these food-derived miRNAs

may have specific transcriptional consequences in the consumer (Benmoussa et al.

2016; Kirchner et al. 2016).

1.3 Proteomics

The next step after transcription of genes into mRNA is the translation of the

resulting mRNA into proteins. As mentioned above, this process can be influenced

by factors such as miRNA. In this step, highly abundant (food) proteins may be

produced, as well as low-abundant proteins which have a wide range of functions

across the whole physiology of the farm animal.

Of the highly abundant food productions, much research has been done on the

major milk proteins, such as caseins and the major whey proteins (α-lactalbumin

and β-lactoglobulin). The genes associated with these proteins have been studied in
detail in several dairy animals, showing large genetic variation. The variations have

been linked to differences in milk and protein composition (Heck et al. 2009;

Buitenhuis et al. 2016). This variation not only exists on the level of protein

abundance but also exists on the level of post-translational modifications (phos-

phorylation and glycosylation). This information is actively used, both directly

through genomic selection as well as indirectly through traditional breeding

programmes (Hayes et al. 2009) to improve the quality of the farm animal products

produced. Besides using it for improving quality through animal breeding, proteo-

mics can also be used to study product quality in more detail. An example of this is

meat, in which proteomics has been used for monitoring meat quality throughout

the whole production chain (Paredi et al. 2013). It has also been used for cheese, in

which proteomics was used to monitor the progress of ripening by looking at the

degradation of the major milk proteins (Hinz et al. 2012).

For the low-abundant proteins in farm animals, and their products, these have

been studied in relation to many physiological disturbances in such animals

(Bendixen et al. 2011; Almeida et al. 2015). Many diseases may occur in farm

animals, although most interest has traditionally gone to production-related dis-

eases (Nir Markusfeld 2003), because these occur most frequently and usually have

large economic consequences for the farm animal sector. Proteomics has many

applications in this area. First, it is often used in relation to studying the physio-

logical effects of problems with animal health. In dairy animals, it has often been

used to study the physiological response to mastitis, which also may include the

response to specific pathogens, as reviewed by (Boehmer 2011). These researches

have shown the up- and downregulation of many proteins, indicating a decrease in

milk protein synthesis with a concomitant increase in proteins that are known to

support the host defence system.

But proteomics is not limited to the traditional farm animals, it has also been

applied in, for example, aquaculture (Rodrigues et al. 2012). As with the traditional

farm animals, in aquaculture the focus is on both product quality and animal health.
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In aquaculture, diseases can have a large impact on the amount of product that is

produced (in other words, the growth rate of the fish). In addition, studying the

response of fish to pathogens (as just before described for the case of mastitis in

dairy animals) can help unravel the physiology of diseases and thereby lead to a

better understanding of the host defence (Zhou et al. 2011). Another topic that has

been studied in fish, as with farm animals living on land, is the response to stress,

being one of the main determinants of animal welfare but also having an impact on

the quality of the product produced (Morzel et al. 2006).

1.4 Metabolomics

As described above, the components of the proteome (protein/enzymes) are

involved in the animal’s metabolism. Besides studying such enzymes directly

using proteomics technology, research can also focus on the metabolites that are

produced by the enzymes of interest. Although the metabolites are several steps

away from the genes of the cow, research has shown that there are many correla-

tions that can be detected across all levels, from genes to metabolites (Wittenburg

et al. 2013).

Many different categories of metabolites exist that can be studied, including

lipids, water-soluble metabolites and volatile metabolites. These different catego-

ries of metabolites all require their own analytical approach for detection (Wang

et al. 2010).

The research areas, in which metabolomics is applied, are for a large part similar

to those of transcriptomics and proteomics. The underlying research themes are

thus often the same but aiming at components on a different level of the animal’s
physiology. An example of a specific area of research in metabolomics that is less

studied than the other levels is the rumen. Many farm animals are ruminants, and in

their rumen a wide range of microorganisms are present to breakdown plant

material eaten by the animals. These microorganisms produce a whole range of

metabolites that can be detected with metabolomics technologies (Zhao et al. 2014).

Although these metabolites are thus not produced by the ruminant itself, they can

end up in the body of the animal and thereby in animal food products such as meat

and milk. Some of these metabolites in the animal (or its products) can thus be used

as a reflection of the metabolic state of the rumen (Antunes-Fernandes et al. 2016).

Another area of research in which metabolomics (but also transcriptomics and

proteomics) has frequently been used is bovine mastitis. The aim is again to

understand the physiology but now on the level of metabolites present (Sundekilde

et al. 2013). In poultry research, metabolomics is also used for improving physio-

logical understanding. An example of such research is the production disease

ascites syndrome, for which the metabolomic response by chicken has been

described (Shen et al. 2014). Although the above examples focus on physiological

understanding, the differences in metabolites cannot only be used to explain such

metabolic perturbations but also be frequently used for biomarker research. Detec-

tion of individual metabolites as biomarker of diseases is often used, and
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metabolomics research can contribute to finding such biomarkers in complex

samples from farm animal (products).

One specific category of metabolites that is often studied in all different farm

animals is the class of lipids. This class includes different categories of lipids and

lipid-soluble components [fatty acids, triglycerides, phospholipids, sterols (Sokol

et al. 2015)]. Lipids in farm animal products such as milk is an obvious area in

which lipid metabolites are studied (Lu et al. 2013, 2015; Sokol et al. 2015; Li et al.

2017), but also blood lipids have been studied in relation to health (Li et al. 2017;

Gerspach et al. 2017). In both cases, the lipids are relevant as part of product quality

as well as the physiology of the farm animal.

2 How Omics Technologies Can Help in Better

Understanding Production Characteristics and Animal

Physiology

In the first section of this chapter, many omics technologies are mentioned that have

been applied in the study of farm animals. This second section focuses more in

detail on how the omics technologies can be applied to better understand the farm

animal. This will be done based on three different research directions. First, the

combination of variation in the omics data between individual farm animals studied

can be used to better understand the animal as such. Capturing the variation requires

quantitative omics technologies. Especially in products of farm animals, like milk,

there are many examples of capturing variation to better understand the animals

producing the product. A second option to better understand the animal and its

physiology is the comparison between species. Different farm animal species

producing similar products also have similar underlying physiology. Omics tech-

nologies applied to study differences among species can help understand these

animals better. Finally, omics technologies are often applied to better understand

the functioning of specific organs. In this section, especially the morphology of the

mammary is used as an example of such research approaches.

2.1 Importance of Capturing Variation

As mentioned above in the introduction of this section, capturing variation is a tool

to better understand farm animals and their products. A clear example of such an

approach is the study of milk. Milk is a complete and complex food suited to the

requirements for the growth and development of the neonate. Milk and dairy

products are also central elements in the human diet. The principal function of

milk is providing energy and nutrients. For understanding of how farm animal are

able to produce these necessary milk components, all levels of physiology can be

studied using omics technologies, focusing on capturing variation at all these levels.
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Milk yield and milk composition, including milk lactose, protein and fat con-

centration, for example, have been shown to have large variation with changes in

environmental temperature (Alstrup et al. 2016). All casein fractions, except for

γ-casein, were present at lower concentration in summer than in winter, whereas

immunoglobulins, serum albumin were present at higher concentrations in summer

than winter. A consequent worsening of milk coagulation properties was observed

in summer season, which may influence cheese production from such milk. In

addition, a mild effect of season was observed for milk somatic cell count, with

higher values in summer than in the winter and spring (Bernabucci et al. 2015). This

data suggests that the risk of mastitis is higher in summer than in other seasons.

Linking the variation in milk composition to the genes of the dairy cow, it was

shown that the centromeric region of bovine chromosome 14 was strongly associ-

ated with test day fat percentage. Several SNPs were associated with

eicosapentaenoic acid, docosapentaenoic acid, arachidonic acid, rumenic acid and

linolenic acid (Ibeagha-Awemu et al. 2016b). This study also reported some novel

potential candidate genes, such as ERCC6, TONSL, NPAS2, ACER3, ITGB4,

GGT6, ACOX3, MECR, ADAM12, ACHE, LRRC14, FUK, NPRL3, EVL,

SLCO3A1, PSMA4, FTO, ADCK5, PP1R16A and TEP1, which may be involved

in complex dairy traits, including milk traits and mammary gland functions

(Ibeagha-Awemu et al. 2016b). Another example is that DGAT1 gene mutation is

related to milk with changes in saturated, unsaturated and omega-3 fatty acid

concentrations. Moreover, milk fat composition also differs between seasons.

Summer bovine milk contains higher amounts of unsaturated fatty acids and

lower amounts of saturated fatty acids compared with winter bovine milk

(Duchemin et al. 2013). In addition, milk fat composition changed with the increase

of lactation, for example, C18:1 fatty acid in bovine milk (Samková et al. 2012).

This variation in milk fatty acid composition is mainly linked to feed composition.

However, part of this variation is also linked to gene x environment interaction

(Duchemin et al. 2013). These studies together show that genomics studies are

important to better understand the variation in milk metabolites. By this improved

understanding, a larger part of the captured variation can be explained.

Proteins in farm animal products not only provide nutrition through the presence

of essential amino acids, but many proteins in the farm animal and its products are

also involved in the development of the immune system. The investigation of the

changes of the proteome provides information on the frequency, onset and progres-

sion of different markers (e.g. proteins) due to exogenous (e.g. season, disease) and

endogenous (age, lactation) factors, as mentioned in the first section of this chapter.

To achieve these objectives, the variation in these proteins needs to be determined

using quantitative proteomics technologies. Information from such studies may

help farmers to better manage their animals, improving milk yield and providing

high-quality milk and milk products for human consumption.

The composition of farm animal (products) shows large variations depending on

animal age and for dairy animals especially also over lactation stages. Looking

specifically at milk over lactation, the milk host defence-related proteins, such as

immunoglobulins, decreased remarkably from colostrum to mature milk in

both human and bovine milk (Zhang et al. 2015a, b, 2016b). In addition to these
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well-known proteins, many other low-abundant immune-related proteins also

decreased from early lactation stage to middle lactation stage, such as complement

proteins, lactoferrin, osteopontin, glycosylation-dependent cell adhesion molecule

1, alpha-1-acid glycoprotein 1 and protease inhibitors (Zhang et al. 2013, 2015b,

2016b; Korhonen 2009). On the other hand, lipid transport proteins, including

apolipoprotein A-I, A-IV and C-III, were shown to increase from early to middle

lactation (Korhonen 2009). In late lactation, proteins related to milk fat synthesis

(e.g. adipophilin, fatty acid-binding protein, butyrophilin) and proteins related to

lactose synthesis (e.g. α-lactalbumin and β-1,4-galactosyltransferase) were shown

to decline (Zhang et al. 2015b, 2016b; Lu et al. 2014), whereas the immune-related

proteins increased at this late lactation stage, suggesting the decrease in milk

synthesis and a concomitant increase in the protection by immune-related proteins

of the mammary gland during involution (Boggs et al. 2015, 2016).

The milk proteins not only show variation over lactation but also show variation

depending on breed and genotype (Lu et al. 2015), with also unexplained variation

between individual animals (Zhang et al. 2015a, b). Milk from Danish Holstein

cows was mainly characterized by higher relative contents of β-casein,
α-lactalbumin and β-lactoglobulin and a higher fraction of glycosylated κ-casein,
whereas milk from Danish Jersey cows was characterized by higher relative

contents of κ-casein, αS2-casein and the less phosphorylated forms of αS1-casein
and αS2-casein (Poulsen et al. 2016).

Some of the genetic variability that is known to impact milk composition has

been studied from a proteomics perspective. Genotypic variation in the DGAT1

gene (K232A polymorphism) was shown to induce changes in expression of the

lipid synthesis-related protein stomatin (Lu et al. 2015). Moreover, genotype

variation resulted in the differences in post-translational modifications of milk

proteins, which could be related to milk coagulation properties. Poulsen et al.

(2016) found that milk from cows with κ-CN BB genotype had relative higher

contents of both unglycosylated κ-CN and glycosylated κ-CN compared with that

of κ-CN AA (Poulsen et al. 2016).

With respect to the variation between individual animals, this has been studied,

for example, in the milk protein of dairy cows. To study this individual variation,

we collected proteomics data according to Zhang et al. (2015a) of 17 individual

healthy cows in mid-lactation. This unpublished data shows that there was a relative

high overlap (80%) in the qualitative milk proteome; however, at the quantitative

level, there was a large variation in relative protein concentrations among individ-

ual cows (Fig. 2). The variation of relative protein concentration between individual

cows in mid-lactation was discussed by Zhang (2015). This quantitative variation in

the milk proteins between individual animals is probably due to a multiple factors.

Parity/age of cows may result in changes of milk serum proteins. For example, in

bovine milk, β-lactoglobulin and immunoglobulins were positively correlated with

cow’s age, and bovine serum albumin increased from the first to fourth parity

followed by a decline as cows became older (Ng-Kwai-Hang et al. 1987).

The variation in the concentration of milk metabolites has also been reported. A

metabolomic study in the milk between heat-stress-free and heat-stressed dairy
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cows showed a total of 53 discriminating metabolites that were significantly up- or

downregulated in the heat-stressed group compared with the heat-stress-free group,

respectively. These metabolic biomarkers were involved in pathways of carbohy-

drate, amino acid, lipid and gut microbiome-derived metabolism (Tian et al. 2016).

All in all, these previous researches show that by studying the variation in farm

animals from the different omics approaches can help better understand the farm

animal physiology, as well as how this relates to the products produced from or by

the animal.

2.2 Comparison Between Species

Apart from variation within species, as discussed above, also differences between

species can be used to better understand the farm animal physiology.

When it comes to genetic differences between species, these are relatively broad.

Genetic similarity between species depends on the evolutionary origin of these

species and how far back in time a common ancestor existed. At the moment, as far

as we are aware, these genetic differences between species have not related to

physiological differences between species in scientific research. The same is for

transcriptomic differences between species.

Similar to capturing variation, comparison between species has also been com-

prehensively investigated in milk. It was previously shown that milk composition

differs between mammalian species (Yangilar 2013). Of the mammals studied,

human milk contained the highest amount of lactose and the lowest amount of

proteins, especially casein. Sheep milk, on the other hand, is very high in both fat

and casein content (Yangilar 2013). Differences between species not only exist on

the level of macronutrients but also exist when comparing different omics dataset

between species.

Fig. 2 Quantitative variation of milk proteins among 17 healthy (SCC<250,000) individual cows

in mid-lactation (lactation stage from day 112 to day 247). Proteomics analysis was performed

according to Zhang et al. (2015a)
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The differences in the milk proteome between species have frequently been

reported. For example, in milk serum, β-lactoglobulin is the most abundant protein

in bovine and caprine milk serum (Tsiplakou and Zervas 2013), whereas it is absent

in human and camel milk serum (Zhang et al. 2016a, b). Of the low-abundant host

defence proteins, IgG is the predominant antibody in bovine, caprine and camel

milk, while it is IgA in human milk (Zhang et al. 2016b; Stelwagen et al. 2009;

Sanchez-Macias et al. 2014). IgG can be transferred to the foetus prior to birth in

humans but not in several animals, for example, ruminants such as cattle and sheep

(Stelwagen et al. 2009). Furthermore, even the lower abundant proteins, such as

complement proteins, antibacterial proteins, acute phase proteins, blood coagula-

tion proteins and protease inhibitors, also are present in very different concentra-

tions between species (D’Auria et al. 2005; Hettinga et al. 2011).
In addition to the qualitative and quantitative proteome differences between

species, the changes of milk proteins over lactation stages also differ between

species. Transport proteins, enzymes and immunologically active proteins are

three dominant protein groups which were shown to change differently over

lactation between bovine milk and human milk (Zhang 2015). In particular the

immunologically active proteins decreased more rapidly in bovine milk than in

human milk in early lactation (Fig. 3). The differences in the changes of these three

groups of proteins over lactation can be related to the differences in the needs

Fig. 3 The changes of enzymes (a), immune proteins (b) and transport proteins (c) in both human

and bovine milk over lactation (Zhang et al. 2017)
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between infants and calves (Hettinga et al. 2011). This knowledge on variation

between species can be used to better understand the role of milk in the develop-

ment of the newborn mammal. The rapid decrease in immunologically active

proteins, for example, is related to the quick production of these proteins by the

calf, requiring less support from milk. When designing feed for young animals or

infant formula for newborn babies, this knowledge is useful in deciding on the

required quality of these milk-based products.

Of the metabolites in milk, the lipids were also shown to differ between species.

A comparison of milk fat composition between cow, buffalo, donkey, sheep and

camel showed that the total fatty acid composition were quite similar between

species. However, the sn-2 fatty acid, triacylglycerol (TAG), phospholipid and

phospholipid fatty acid compositions and melting and crystallization profiles were

very different between species (Zou et al. 2013).

In addition, other milk metabolites were also shown to differ between species

(Qian et al. 2016). These differences in the milk metabolites were mainly clustered

into four groups: (1) nonesterified fatty acids, (2) free amino acids, (3) tricarboxylic

acid intermediates and (4) free carbohydrates. Metabolic differences between

species have been used to distinguish milk from different dairy animals. For

example, choline and succinic acid were only identified in milk from Holstein

cows but not in milk of Jersey cows, yak, buffalo, goat, camel and horse.

Glycerophospholipid metabolism as well as valine, leucine and isoleucine biosyn-

thesis were similar among ruminant animals (Holstein, Jersey, buffalo, yak and

goat), and biosynthesis of unsaturated fatty acids was similar among the

non-ruminant animals (camel and horse), as shown by Yang et al. (Yang et al.

2016). This indicates that the metabolism of different dairy animals differs, which

may be due to differences in the level of milk synthesis and differences in the milk

that is produced.

The above studies show how identifying differences between species helps in

better understanding different farm animals. Also, the need of the newborn when it

comes to nutrition and host defence can be established through such omics studies.

These studies also indicate that different dairy animals differ in their metabolic

activity. A special case is the study of human milk. Although human milk is not a

commercial product, knowledge on its composition can help in designing optimal

replacer for human milk (infant formula), which are commonly produced based on

farm animal milks (mainly of bovine and caprine origin).

2.3 Omics Studies in the Morphology, Development
and Regulation of the Mammary Gland in Health,
Disease and Production

Innovative and high-throughput technologies such as genomics, transcriptomics,

proteomics and metabolomics can be used to better understand the functioning of
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organs in general. One area where this has been applied is in getting much broader

and more detailed knowledge on the morphology, development and regulation of

the mammary gland. Previous research has studied the mammary gland in a healthy

situation, and when it is in a diseased state, giving more information that aids in

optimal production for adequate management of dairy farming.

One of the omics technologies applied to study the mammary gland is

epigenomics. It was previously shown that epigenetic regulation, by, for instance,

DNA methylation or histone modifications (methylation and acetylation), has been

addressed as a non-genetic mechanism of regulating mammary function, as

explained in the first section of this chapter. A substantial proportion of unexplained

phenotypical variation in the dairy cattle has been claimed to be involved in

epigenetic regulation, which should also be considered when studying milk pro-

duction management practices to optimize production (Singh et al. 2010).

Stress and disease of the mammary gland are important factors that can influence

milk production and milk quality. Connor et al. (2008) investigated the physiolog-

ical changes occurring within the mammary gland during stress induced by more

frequent milking. Changes in gene expression related to cell proliferation and

differentiation, extracellular matrix (ECM) remodelling, metabolism, nutrient

transport and immune function were found (Connor et al. 2008). Besides stress,

disease is also often studied. Mastitis is the most devastating disease causing

staggering economic losses worldwide to the dairy industry (Kaneene and Scott

Hurd 1990). It can be caused by a wide range of organisms, including bacteria,

fungi and algae. Transcriptomics studies have provided growing evidence that

E. coli-induced mastitis causes a far higher expression/regulation of TLR genes,

especially TLR2 and TLR4 genes, when compared to S. aureus (Yang et al. 2008).

Proteomics enabled the detection of the increase of immune-related proteins,

immunoglobulins, cathelicidins, lactoferrin, lactadherin, alpha-1-acid glycoprotein

and serpin A3-8 in the milk from cows with mastitis (Zhang et al. 2015c; Yang et al.

2009). Monitoring the differences in the milk proteome between healthy animals

and animals with disease may help to identify disease-related biomarkers. PTGDS

was hypothesized to be a biomarker in bulk milk for mastitis, due to its high

correlation with the principally accepted indicator for mastitis (somatic cell

count) (Zhang et al. 2015c). Recently, metabolomics was also applied in the

investigation of the mammary gland’s response to infection. Components of bile

acid metabolism, linked to the FXR pathway-regulating inflammation, were found

to be increased during mammary gland infections. Furthermore, metabolites

mapped to carbohydrate and nucleotide metabolism showed a decreasing trend in

concentration up to 81 h post-challenge, whereas an increasing trend was found in

lipid metabolites and di-, tri- and tetrapeptides up to the same time point, suggesting

the degradation of milk proteins during mastitis (Thomas et al. 2016).
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3 The Benefit of Combining Data from Different Omics

Technologies into a Systems Biology Approach

In research, omics techniques are widely used as single approaches to study changes

in animals on the level of genes, transcripts, proteins or metabolites, as described in

the first two sections of this chapter. This has led to a better understanding of the

physiology of the animal. Combining insights acquired from these different studies

have given a better insight in the physiology of farm animals. However, to further

our understanding of the physiology of farm animals, integration of these different

fields is required based on a more integrated approach. This section will describe

the integration of omics technologies, starting from the combination of multiple

omics technologies to the full integration from a systems biology approach, all

aimed at better understanding of farm animals.

3.1 Interactions Between the Different Omics Techniques

As explained in the first section, biology in general and farm animal physiology in

particular can be studied through omics techniques on different levels (Fig. 1). Most

studies using omics technologies apply single techniques, because differences are

expected on a specific level. However, in real life, biology is often not that easy, and

effects on one level will also have influences on other levels. Therefore, studying

farm animals on multiple levels using multiple omics technologies simultaneously

can be very helpful to better understand the underlying physiology.

Starting at the genetic level, one gene studied extensively in dairy cows is

DGAT1. As mentioned in the second section of this chapter, a polymorphism in

DGAT1 has been shown to have a wide range of effects on milk synthesis and milk

composition (Schennink et al. 2007). To mechanistically study why a single gene

polymorphism can have such broad effects, the effect of this polymorphism has

been studied on different levels, linking this genetic variation to transcriptomics,

proteomics and metabolomics. Transcriptomic studies of cows differing in the

DGAT1 K232A polymorphism have been performed to obtain an overview of the

gene transcription changes related to this polymorphism. Thereby, that study aimed

at better understanding the mechanism underlying the effects this polymorphism

has on milk compositional parameters. This microarray-based transcriptomics

analysis showed that cows differing in DGAT1 polymorphism had many genes

that were differentially regulated, with the largest effects on transcripts related to

energy metabolism, although no difference in transcription of the DGAT1 gene

itself was found (Mach et al. 2012). This study showed that genes do not necessarily

affect the transcript of the gene they encode, but there may be many correlated

effects on completely different genes, which may lead to a much broader range of

effects. In relation to the same genetic polymorphism, research has also been

performed on the proteome and metabolome level (Lu et al. 2015). The results
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showed a single protein, stomatin, was differentially regulated. Stomatin is

involved in membrane structures in general and of milk fat globule membrane in

particular. Simultaneously, lipid metabolites that are also involved in membrane

structure were also differentially regulated in the milk fat globule and its mem-

brane. This combination of omics dataset on different levels led to a hypothesis for

an underlying mechanism related to differences in membrane structure between

cows with different DGAT1 polymorphisms. This shows the benefit of simulta-

neously collecting omics data on different levels.

The same authors also studied the effect on proteome and metabolome level of

another important factor in cow physiology, the negative energy balance in the

periparturient period (Lu et al. 2013). In this study, changes in the same protein

(stomatin) that is involved in membrane structuring were found. Also enzymes

involved in cholesterol synthesis as well as cholesterol itself which is a lipid that is

also important in membrane structure itself were changed. In addition, leakage of

intracellular water-soluble metabolites was found. This study, by integrating pro-

teomics and water- and lipid-soluble metabolomics, gave rise to the hypothesis that

cell integrity and membrane structure were altered in cows in severe negative

energy balance in early lactation. The studies mentioned above all linked different

omics levels together and thereby reached new hypotheses on mammary gland

physiology that could not have been reached if studies would have been limited to

only a single level omics research.

To further study hypotheses that have been reached by analysing multiple omics

datasets within the same sample, research could also look at multiple samples from

the same animal. For example, samples can be taken of both the animal and its

products or from different parts of the animal. Studying multiple samples from the

same animal may lead to a better understanding of the underlying physiology. One

example of such research aimed at better understanding milk synthesis by taking

samples from both milk and the mammary gland itself into account. This was done

in a study following a feeding intervention consisting of an increased intake of

unsaturated fat by dairy cows (Ibeagha-Awemu et al. 2016a). This study showed

how lipids in milk that changed after a feeding intervention were correlated with

transcriptome alterations in the mammary gland. Such a study gives a more direct

indication how interventions in cow management can influence milk synthesis in

the mammary gland and thereby the composition of the milk produced. This

approach has not only been used to better understand the mammary gland and

milk synthesis but also for a better understanding of meat quality, as reviewed

elsewhere (Mullen et al. 2006). An important benefit of studying the quality of farm

animal products, like milk and meat, on different levels, from genes to metabolites

and from animals to products, is that it leads to a better understanding of the

underlying mechanisms. And once the mechanism is known, this can lead to better

interventions to improve aspects such as animal health and product quality.

Omics and Systems Biology: Integration of Production and Omics Data in. . . 477



3.2 Full Integration of Omics Datasets into Systems Biology

The examples discussed above provide insight in the benefits of combining omics

dataset collected on different levels. This can be further extended to looking from a

network perspective: genes do not work in isolation but sets of genes encode,

through sets of transcripts, sets of proteins that are involved in specific metabolic

pathways. Interpretation of omics data can use information on such metabolic

pathways, also called network analysis, for its interpretation. Once the genome of

an animal is sequenced and annotated, this information can be used to construct

metabolic pathways, which describe the integrated picture how different processes

in a specie work together. The construction of overviews of metabolic pathways is a

first necessary step towards research aiming at a better understanding of the

metabolism of an animal. This construction of metabolic pathways can be done

using knowledge of known enzymatic reactions and pathways to which the anno-

tated genes can be linked. Different software-assisted approaches exist to perform

this task automatically. These pathways by themselves do not directly explain the

underlying biology; however, they provide the basic required information for

understanding the metabolism, and its regulation, of animals (Seo et al. 2013). Of

the farm animals, this has been done almost exclusively for the cow. This approach

has been used to study the gene networks involved in lipid (Bionaz and Loor 2008)

and protein (Bionaz and Loor 2011) synthesis of dairy cows. More recently, it was

also shown that these gene networks are not uniquely associated with either lipid or

fat synthesis but also interact (Li et al. 2016). These findings show that milk

synthesis pathways for different milk components interact with each other and

should not be studied in isolation. This also may explain the earlier mentioned

pleiotropic effects of the DGAT1 polymorphism influencing many milk-related

parameters, although an analysis of this effect from this perspective has not yet been

performed. Furthermore illnesses of the mammary gland have been studied from

such a pathways perspective. It was, for example, shown that mastitis was associ-

ated with an upregulation of the immune system pathway and a downregulation of

the lipid metabolism pathway (Buitenhuis et al. 2011). On the level of proteins, it

was also shown than an upregulation of host defence proteins occurred (Boehmer

2011; Boehmer et al. 2010).

This is not only true for the mammary gland, but also for the bovine liver (Khan

et al. 2015), where multiple gene networks were shown to be differentially regu-

lated during the periparturient period of negative energy balance. From the per-

spective of the homeostasis of an organism, balancing many metabolic pathways

through many interactions makes sense, but it does complicate research in which

often single cause-effects relations are searched for.

Such integrated insights are not only helpful for understanding the physiology of

the cow, as discussed above, but also can help us to get a better understanding of the

quality of the product. For example, meat has been extensively discussed previ-

ously (D’Alessandro and Zolla 2013; Paredi et al. 2012, 2013). By using multiple

omics technologies, the development of muscle tissue in the growing animal, also
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its degradation post-mortem, as well as its quality (for example, tenderness) can be

better understood. Studying this from a systems biology approach by taking into

account all relevant metabolic pathways (e.g., pathways related to apoptosis and

autophagy) is required for a full understanding of the conversion from muscle into

meat (Hollung et al. 2014).

In the end, all these integrated approaches aim at better understanding of the

underlying physiology (Davidsen et al. 2016) but, as can also be seen from the

relatively small number of published studies in this field, such analyses are not easy

to perform. The challenges and outlooks for the systems biology approach to farm

animals will be discussed next in the final section of this chapter.

4 Outlook on Future Developments

In the previous sections of this chapter, the current state of development in the area

of omics technologies for systems biology application in farm animals is described.

In this final section, a discussion is given of the different future developments that

could aid the further development in this research area.

4.1 What Are the Challenges of Applying Systems Biology
for Farm Animals

One of the main challenges remaining in the computational approaches to systems

biology is the software that can be used for combining different omics datasets.

Integration of multiple omics dataset, with integrated computer analyses, could be a

very powerful tool for understanding the systems biology of healthy animals but is

currently limited by software options as discussed previously (Suravajhala et al.

2016). Such studies will as a minimum require an in-depth understanding of all the

interactions, both within each level, as well as between each level, as shown in

Fig. 1. For bovine this knowledge is to a larger extent available than for other farm

animals. This will require more effort in the future to get a better integrated picture

of the metabolism of different farm animals. As discussed in Sect. 2, there are many

differences between farm animals. However, the basic underlying genes, enzymes

and metabolites involved in muscle development and milk synthesis are rather

similar between species. The development of these metabolic pathways in other

farm animals can thus be based on information already available for the cow.

Another challenge is the availability and format of collected data. Most omics

dataset are collected on wide variety of platforms, all with their own structure and

encoding of the data. A lot of available software for integrative analysis of omics

data is therefore developed for specific types of data. In collaborations, where

multiple types of instruments are used, this poses specific challenges in being
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able to compare and analyse all data using an integrative perspective. On top of that,

discrepancies between datasets (transcripts/proteins/metabolites obtained on one

system and not on the other) pose an additional challenge. And finally, mismatches

between gene-transcript-protein-metabolites can further complicate systems biol-

ogy approaches. Due to different underlying detection principles between different

analytical approaches, it will not be easy to solve these problems.

Multivariate approaches to analyse integrated omics datasets using, for example,

pattern recognition are also not been broadly developed yet. One successful exam-

ple of such an approach in which support vector machines were applied for

biomarker discovery in large omics datasets has been published (Kim et al.

2017). However, the application of such tools in the analysis of very different

types of datasets was not shown in practice yet.

4.2 What Can We Learn from Other Fields of Biology

The field of systems biology is of course not exclusive to farm animals. It is

frequently, and extensively, used in humans to better understand the physiology

of health and disease. For example, in cancer research, multiple omics techniques

have previously been combined for diagnosis, prognosis and monitoring treatment

(Seeree et al. 2015; Dimitrieva et al. 2016). Also for other human diseases, the

combination of multiple omics field data for biomarker discovery has frequently

been applied (Kussmann and Blum 2007; Castro-Santos et al. 2015; Mehta et al.

2015).

More generally, knowledge on interaction between different levels of omics,

also called interactomics, can be used for better understanding illnesses (Bellay

et al. 2012). Specifically on the level of proteins, such an interactomic overview of

milk has been previously done (D’Alessandro et al. 2011; Zhang et al. 2017). These
studies show how milk proteins are involved in different specific protein-protein

interaction networks, leading to a better understanding of the role of milk proteins

in the growth and development of the neonate. Further extending such studies to all

levels of biology from gene to metabolite could further our understanding of milk

and more in general of the farm animal.
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Proteomics in Domestic Animals on a Farm
to Systems Biology Perspective: Final Remarks
and Future Prospects

André M. de Almeida, Ingrid Miller, and P. David Eckersall

In this book, we have explored the fascinating world of proteomics and the

developments in the field that may enhance research, specifically in the area of

animal science and production, as well as veterinary medicine. Furthermore, we

have shown how proteomic studies may successfully be integrated with other

omics, namely, transcriptomics and metabolomics. At this stage, we hope that the

reader who has never used proteomics and associated methods may now consider

using it in future research projects in order to answer the many challenges that

animal production has to address in the years to come. As for the reader that already

has a history of farm animal proteomic research, we hope that this book may serve

as an inspiration for additional or alternative uses of the technologies available and

perhaps stimulate future collaborations.

In the last decades, proteomics has experienced numerous developments, as have

analytical sciences in general. The trend in proteomics has moved from a gel-based

technology that could be available in almost every laboratory at relatively afford-

able costs to a mass spectrometry-based technology that implies the use of

multimillion euro/dollar instruments that in turn require very specialised staff and

have to run 24/7, 365 days a year in order to compensate for the initial investment.

Such instruments cannot be available to the majority of institutions that conduct
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farm animal research. They may however be available through centres with hi-tech

proteomic platforms that analyse samples from different countries, regions or even

the whole world but in very close collaboration with the institutes that have

conducted the animal trials and which would have the task of sample collection

and handling and at a later stage data treatment and biological interpretation. This is

perhaps one of the most important challenges to researchers in animal sciences.

Indeed, a successful connection to a proteomic platform may be difficult to achieve

for a researcher that is not familiar with proteomic principles. We hope that this

book may be helpful in filling that gap. Another difficulty relates to the high

requirements for funds that are necessary to access such platforms. In fact, farm

animal research project budgets seldom include the amounts required to analyse all

samples in a trial. As such, a compromise between statistical significance and

budgetary limitations may have to be found.

Proteomics in farm animals has also to struggle with some technical limitations.

Probably the most significant is related to the multispecies nature of the research.

Indeed, if proteomic research in sequenced species like cattle (Bos taurus), pig (Sus
scrofa) or chicken (Gallus gallus) tends to lead to very complete results, research

with less known species like goats (Capra hircus), horses (Equus caballus) or

turkeys (Meleagris gallopavo) and geese (Anser anser), not to mention game

species, tends to lead to very incomplete results due to the lower representation

of the latter in protein (and gene) databases. It is likely that in the future sequencing

of such species will become a reality. The lowering of sequencing costs experi-

enced in the last decade does point that way. To contribute to solving this problem

and from an individual research initiative perspective, it is important to supply

sequencing data obtained and insert it in public databases, so it may be accessible to

all researchers in the field. Other technical limitations have to do with the nature of

the proteinaceous material studied. Indeed, it is relatively straightforward to find

protein extraction protocols for certain tissues such as the muscle or liver; for others

like wool or honey, adequate protocols are needed. It is therefore important that

researchers publish their findings in international peer-reviewed journals, highlight-

ing protocol aspects in detail so that other researchers may adopt (and likely cite)

such works contributing to strengthen the farm animal proteomic research commu-

nity. It is equally important that journal editors and reviewers recognise the

importance of comparative proteomic data from multiple species so that the knowl-

edge base on the animal species used for livestock and aquaculture production

keeps pace in dissemination with the advances in technology. While there are

disadvantages to undertaking proteomic analysis in domestic animal species,

there are also several advantages that come from an ability to plan experimental

procedures that allow scientific hypothesis-based research to be undertaken. Exper-

imental proteomic study that could not ethically be performed in humans is possible

with appropriate approval in farm animals, and these large species can provide

multiple samples in volumes that are not achievable in laboratory rodents. In just

one example, bacterial infection of a dairy cow’s udder quarter leading to mastitis is

an almost perfect in vivo incubator for the study of host-pathogen interaction

leading to changes to the proteome during infection, recovery and therapy with
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millilitre volumes of milk being readily available throughout for detailed time-

series studies.

The farm animal proteomic community has reached an important stage, as may

be seen from this book. Indeed, the number of teams dedicated to this issue seems to

be growing worldwide, as has the number of publications and the overall quality of

manuscript published in both animal/veterinary sciences and proteomics journals.

Regardless of the challenge, the best way to face it seems to be through collabora-

tion and cooperation between all players in the area: farmers, veterinarians,

researchers, technicians, retailers, consumers and regulatory bodies. International

cooperation, especially among scientists, is also an equally important aspect.

Indeed, international cooperation may render accessible new technologies and

instruments that otherwise may not be available. Nevertheless, much more impor-

tant are the new avenues that may be opened by international cooperation. These

include, for instance, access to international consortia and funds ultimately improv-

ing research quality and significance. As a final note on this last aspect, we would

like to highlight the importance of projects such as the now finished COST action

FA1002—Proteomics in Farm Animals (http://www.cost.eu/COST_Actions/fa/

FA1002) or Prime-XS (www.Primexs.eu) that allowed, for the first time, an effec-

tive interaction of classical animal science researchers and proteomic platforms,

allowing the former to access top-quality instrumentation. The development of

similar enterprises with research funding capacity dedicated solely to agriculture

and animal sciences would be a very important initiative to leverage the develop-

ment of proteomics in farm animals.

We finally hope that this book may be an important step in the growing

internationalisation of farm animal proteomic research and the research quality

deriving from this vital resource for maintaining the global supply of edible protein

for the growing human population.

Lisbon, Vienna and Zagreb 1st of August 2017

André M. de Almeida

Ingrid Miller

David Eckersall
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