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Chapter 1
Introduction

Plamen Demirev and Todd R. Sandrin

Mass Spectrometry and Microbiology

Mass spectrometry (MS) is a physical method for analysis introduced more than
100 years ago. During that period, MS applications have successfully proliferated
in almost all areas of science and technology—from early studies of the structure of
atoms and molecules culminating with the discovery of isotopes to characterization
of planetary atmospheres and surfaces and search for extraterrestrial life. MS is an
indispensable tool in organic chemistry and biochemistry for structural elucidation
of various classes of natural products and synthetic compounds. In the last quarter
century, advances in MS methods and instrumentation have been at the forefront
of efforts to map complex biological systems, including the human metabolome,
proteome, and microbiome.

MS was first successfully applied to analysis of intact microorganisms more
than 40 years ago (Anhalt and Fenselau 1975). These efforts have expanded and
have been particularly significant after the introduction of the soft ionization MS
techniques—matrix-assisted laser desorption/ionization (MALDI) and electrospray
ionization (ESI) (Fenn et al. 1989; Tanaka 2003; Karas and Hillenkamp 1988). Both
techniques (recognized by the Nobel Prize in Chemistry in 2002) allow the ion-
ization and transfer into vacuum of large, intact, nonvolatile biomolecules, such
as proteins. Various types of mass analyzers—quadrupole, ion trap, time-of-flight
(TOF)—have been coupled to both MALDI and ESI ion sources, allowing multiple
stages (tandem) MS to be performed for structure elucidation of analytes of interest.
All these instrumental developments have allowed MS to become a well-established
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method for microorganism characterization. MS has demonstrated considerable ad-
vantage as a rapid, precise, and cost-effective method for identification, compared
to conventional phenotypic techniques. The method is ultimately based on detec-
tion of organism-specific “fingerprints” (or “signatures”, i.e., biomarker molecules,
from either intact and/or lysed cells (Fenselau and Demirev 2001; Wilkins et al.
2005; Demirev and Fenselau 2008a, 2008b; Seng et al. 2009; Freivald and Sauer
2009; Shah and Gharbia 2010; Ho and Reddy 2010; Bizzini and Greub 2010; Sauer
and Kliem 2010; Cliff et al. 2011; Welker 2011; Fenselau and Demirev 2011; Crox-
atto et al. 2012; Havlicek et al. 2013; Sandrin et al. 2013; DeMarco and Ford 2013;
Fenselau 2013; Clark et al. 2013; Fagerquist 2013; Calderaro et al. 2014)). Dif-
ferent organisms exhibit different MS signatures allowing differentiation between
organisms to be made. Examples of microorganism-specific biomarkers include
highly expressed intact proteins, their proteolytic products, nonribosomal peptides,
polar and nonpolar lipids, RNA, and DNA. Sequence/structure-specific fragments
for biomarker identification are generated by tandem MS. In top-down proteomics,
these biomarkers are intact proteins, while proteolytic peptides (obtained after enzy-
matic or chemical hydrolysis) are mapped to their precursor proteins in bottom-up/
middle-down approaches. Ultimately microorganism identification relies on map-
ping between spectra of unknowns with signatures of known microorganisms in M'S
signature libraries. Such libraries are compiled either by experimentally acquiring
mass spectra of reference organisms and/or by generating in silico signatures from
information in genomic or proteomic databases (Pineda et al. 2000; Demirev et al.
2004).

Thousands of reports on applications of MS for microorganism characterization
in research, clinical microbiology, counter-bioterrorism, food safety, environmental
monitoring, and quality have been published (Havlicek et al. 2013). Regulatory
bodies in Europe, the US (FDA), and elsewhere have approved MS-based assays
for infectious disease diagnostics. As of mid-2015, more than 3300 commercial
MALDI TOF MS systems have been deployed worldwide in hospitals and clinical
laboratories. As interest has increased in this technology, the pace of discovery and
development of new applications has accelerated. The technology has been shown
repeatedly to be effective at rapidly discriminating, identifying, and characterizing
microorganisms at the species level and above. Some of the most promising yet
challenging applications of this technology require microorganism characterization
at the subspecies and strain levels. Categorization of strains sharing similar traits,
differentiation of closely related strains, and/or identification of a single strain by
MS techniques is desired. For example, there is tremendous need in expanding this
approach to rapidly identify strains of antibiotic-resistant microorganisms.

Chapters Included in This Book

While previous work has covered broader approaches to using MS to character-
ize microorganisms at the species level or above, this book focuses on strain-level
and subtyping applications. Innovators, leaders, and practitioners in the field from
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around the world have contributed to this comprehensive overview of current and
next-generation approaches for MS-based microbial characterization at the subspe-
cies and strain levels. Research and developments into novel MS-based assays for
antibiotic resistance determination are reviewed as well.

As an introduction to the field, Basile and Mignon present in Chap. 2 a general
overview of MS ionization techniques, instrumentation, and methodology currently
used for the analysis of closely related bacteria. Specific properties and parameters
of the types of mass analyzers used in modern MS are listed. Important factors
determining the specificity in target microorganism identification and the ability to
differentiate among closely related microorganisms (i.e., selectivity) are discussed
in the context of strain differentiation and antibiotic resistance determination.

Sample preparation is arguably one of the most crucial steps in efforts to identify
microorganisms by MS. In Chap. 3, Ho and coworkers review different sample
preparation steps currently used in the context of rapid MS analysis of microorgan-
isms. Approaches that might eliminate the need for culturing of the target organ-
ism (currently, the key rate-limiting step), while maximizing biosafety to obtain
detectable signals, are emphasized. These include protocols for intact microbial cell
and/or biomarker enrichment through various affinity techniques as well as cell
lysis combined with biomarker solubilization. Separation techniques (e.g., liquid
chromatography) may facilitate more accurate and efficient identification of strain-
specific biomolecules in microbial mixtures or complex biological samples. Since
MALDI-MS is the method of choice for the rapid identification of microorganisms,
a discussion on the selection of MALDI matrices and matrix solvents is included
as well.

In Chap. 4, Fenselau, a pioneer in the application of MS to microbiology, stresses
the overriding importance of modern proteomics and bioinformatics tools in MS ap-
proaches for microorganism identification of bacteria. Utilizing genomic database
information is usually faster, more efficient, and more reliable than matching to a
library of experimentally collected spectra alone. Identifications can be made with-
out controlling sample preparation or instrumental conditions, e.g., ionization. In
addition, specific biomarkers can be identified for strain identification and forensic
science applications. The advantages of these proteomic strategies are illustrated in
the analysis of components in mixtures, genetic engineering in bacteria, and bacte-
ria with unsequenced genomes.

Dworzanski provides in Chap. 5 an extensive overview of bottom-up shotgun
proteomics for MS-based microorganism characterization. This peptide-centric
technique matches product ion mass spectra of tryptic peptides against a com-
prehensive database of protein sequences translated from protein-encoding open
reading frames found in bacterial genomes. Phylogenomic profiles of sequenced
peptides are then analyzed using numerical taxonomy tools to reveal strain identi-
ties up to the subspecies level. Bottom-up proteomics also allows sequence-based
subtyping of microbial strains based on identification of proteins associated with
virulence, antibiotic resistance, or used in other serotyping methods.

Methods to enhance the taxonomic resolution of MALDI TOF MS to character-
ize bacteria to the subspecies and strain levels are reviewed in Chap. 6 by Zhang and
Sandrin. They focus on several experimental factors that will improve strain-level
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characterization efforts. These factors include culture medium, sample preparation,
data acquisition, and data analysis. Specific examples illustrating both successes
and challenges of this approach are presented.

Sedo and Zdrahal provide in Chap. 7 specific examples of MALDI TOF MS pro-
filing for successful differentiation between strains of the Lactobacillus acidophi-
lus group and selected Mycobacterium spp. In these two examples, careful optimi-
zation of the culture protocols contributed to the method robustness. In addition,
strains within the Acinetobacter calcoaceticus—Acinetobacter baumannii complex,
Staphylococcus aureus, and Bacillus subtilis ecotypes can be successfully typed by
utilizing two alternative sample preparation protocols: alternative MALDI matrix
solution or microwave-assisted tryptic digestion of the intact cells.

Lasch and coworkers describe in Chap. 8 their group’s efforts to improve taxo-
nomic resolution without compromising the simplicity and the speed of MALDI
TOF MS. Such improvements may be achieved by signature database expansion
with novel and diverse strains, optimization, and standardization of sample prepara-
tion and data-acquisition protocols. Further enhancement in data analysis pipelines
including more advanced spectral preprocessing, feature selection, and supervised
methods of multivariate classification analysis also contribute to taxonomic resolu-
tion enhancements. Strains of Staphylococcus aureus, Enterococcus faecium, and
Bacillus cereus are selected to illustrate aspects of that strategy.

Efficient methods based on MALDI TOF MS to dereplicate (i.e., group together)
bacterial isolates with highly similar properties have been developed and are dis-
cussed by Vandamme and coworkers in Chap. 9. The high throughput capability and
low running costs for dereplication by MALDI TOF MS allow direct microorgan-
ism identification at the species level in a large number of samples and obviate the
need for more labor-intensive characterization. While isolates cultured in different
media under varying conditions can be identified at the species level, isolates from
the same species should be carefully re-grown in standardized conditions in order
to eventually select individual peaks as strain-specific markers.

In Chap. 10, McFarlane et al. utilize liquid chromatography (LC)-MS to generate
intact protein expression profiles as a snapshot of expressed proteins in a wide range
of bacterial samples. Subsequent top-down proteomic analysis by LC-tandem MS
allows identification of expressed serovar-specific proteins, resulting from nonsyn-
onymous single-nucleotide polymorphisms (SNPs). Closely related, unsequenced
or bacterial strains with newly acquired SNPs and plasmid proteins can be success-
fully differentiated by this multiplexed approach.

In Chap. 11, Drissner and coworkers provide an overview of MALDI TOF and
off-line LC MALDI TOF/TOF (tandem MS) methods for typing applications. They
describe further a rapid procedure for tryptic peptide generation from a simple
whole-cell extract. Within minutes and without the need for further sample process-
ing they are able to differentiate each of three different Salmonella enterica subspe-
cies based on the detection of strain-specific peptide biomarkers.

Drug-resistant strains of pathogenic organisms are some of the most persistent
and difficult to eradicate clinical infections, substantially increasing patient mortal-
ity as well as healthcare costs. Novel MALDI TOF MS methods for fast and reli-
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able detection of the presence of B-lactamases in drug-resistant bacterial strains are
discussed by Hrabak et al. in Chap. 12. One method involves direct detection of
B-lactam hydrolysis by monitoring the molecular mass of carbapenem antibiotics.
Software tools for spectral interpretation to discern drug hydrolysis will allow assay
automation and high throughput. Direct detection of f-lactamases (an enzyme with
a molecular weight (MW) of around 29 kDa) by MALDI TOF MS (e.g., in clinical
isolates of Enterobacteriaceae) provides a complementary tool for establishing drug
resistance.

Functional assays that involve the combination of MS and stable-isotope labeling
for establishing drug resistance are reviewed by Demirev in the final book chapter
(Chap. 13). These include global or local labeling of growth media with C, N, or H
isotopes in abundance ratios differing from the natural isotope abundances of these
elements. Drug resistance is determined by observing characteristic mass shifts of
one or more microorganism-specific biomarkers. A similar approach involves the
amplification of organism-specific bacteriophages in targeted microorganisms. In
this approach, the shift in biomarker masses for phages, initially proliferated in
isotopically manipulated growth medium, is monitored. The advantages of these
methods as well as tools for automating the data analysis are also discussed.

Emerging MS Methods and Technologies Not Covered
Here

This book has focused on MS methods and applications that rely on generation/
analysis of protein and protein-related biomarkers for subspecies typing and strain
differentiation of bacteria. These applications have matured significantly as reflect-
ed in the dominant number of MALDI TOF MS instruments installed worldwide.
Several MS methods not covered here but with potential to impact future clinical
applications in microbiology are pointed below.

Peptide-based MS strategies for rapid virus characterization have been devel-
oped in the last 15 years. In an early proof of concept (Yao et al. 2002), the Sindbis
virus AR 339 was unambiguously identified by mapping the masses of proteolytic
products to a database of tryptic peptides generated in silico from a set of viruses
with sequenced genomes. Animal (swine, avian) and human flu viruses have been
rapidly and reliably typed by high-resolution MS mapping of peptide digests of the
isolated matrix M1 protein as well as whole-virus digests (Schwahn et al. 2010;
Nguyen and Downard 2013). With the development of a phylogenetics algorithm,
the method has been expanded to chart the evolutionary history of the influenza
virus based on spectra produced from the proteolytic digestion of hemagglutinin (a
viral coat protein; Lun et al. 2013). A high degree of overlap is observed between
the mass tree (i.e., generated from MS data) when compared to trees generated from
the respective viral genome sequences.

A method combining nucleic acid amplification with high-resolution MS detec-
tion relies on very accurate measurement of masses of polymerase chain reaction
(PCR) products to infer the base composition (Hofstadler et al. 2005; Ecker et al.
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2005, 2008). In it, “intelligent” PCR primers target broadly conserved regions be-
tween 80 and 140 base pairs that flank the variable microorganism-specific genome
regions. The PCR-amplified variable regions (both forward and reverse strands) are
analyzed by ESI high-resolution and high mass accuracy MS. The accurate mass
information allows unambiguous base composition determination of the amplified
regions. A broad set of organisms, including the major families of human and ani-
mal viruses, bacteria, and fungi, can be identified by comparison with available ge-
nome sequences in databases. The sample preparation procedure, including PCR,
currently takes more than an hour. The high degree of multiplexing (more than 1500
PCR reactions per day) facilitates surveillance of a large number of clinical samples
for pathogenic microorganisms as well as virulence factors and antibiotic resistance
markers.

Nonprotein (including small molecule) biomarker approaches for microorgan-
ism characterization rely predominantly on the detection of lipids or lipid constitu-
ents (Heller et al. 1987, 1988; Claydon et al. 1996; Krasny et al. 2013), e.g., fatty
acids (Hendricker et al. 1999; Voorhees et al. 2006), comprising up to 10% of dry
cell weight. Carbohydrates (Fox et al. 2003) and heme (Demirev et al. 2002) have
also been identified as biomarkers for microorganism identification by MS. Unlike
proteins, correlated directly to the genome, all secondary biomarkers exhibit much
higher dependence on environmental conditions, e.g., growth medium.

A laser ablation TOF mass spectrometer has been developed to identify individ-
ual airborne micrometer-sized particles, comprising a single cell or a small number
of clumped cells (Tobias et al. 2005). This approach is reagent-less, and it relies on
laser ablation and detection of lower mass (less than m/z 200) positive and nega-
tive ions. MS signatures for aerosolized Mycobacterium tuberculosis particles are
distinct from M. smegmatis, Bacillus atrophaeus, and B. cereus particles. This tech-
nique is tested as a stand-alone airborne M. tuberculosis detector in bioaerosols
from an infected patient at airborne concentrations of 1 particle/liter.

Atmospheric pressure ionization (API) techniques are among the emerging tools
and approaches developed recently that allow samples, including individual colo-
nies, to be interrogated in ambient conditions (Song et al. 2007; Meetani et al. 2007,
Pierce et al. 2007; Watrous et al. 2013; Rath et al. 2013; Strittmatter et al. 2014;
Hamid et al. 2014; Fang and Dorrestein 2014; Hayes and Murray 2014; Luzzatto-
Knaan et al. 2015). Lipids and other secondary metabolites are the predominant
biomarkers detected by desorption electrospray ionization (DESI) in MS profiling
of intact untreated bacteria (Song et al. 2007; Meetani et al. 2007). Nano-DESI MS
analysis of individual bacterial colonies directly from the Petri dish without any
sample preparation has provided unique information on the chemical constituents of
each species in vivo and in real time (Watrous et al. 2013). Strains of 28 clinically
relevant bacterial species were recently analyzed by rapid evaporative ionization
MS (REIMS; Strittmatter et al. 2014). In blind tests, strains cultured on different
culture media have been correctly identified more than 97 % of the time. Bacterial
colonies, smeared onto filter paper, can be rapidly analyzed by paper spray MS
without sample preparation (Hamid et al. 2014). Phospholipids—the major bio-
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markers observed in both the negative and positive ion mode spectra—allow suc-
cessful bacterial discrimination at the species level by this API technique.

Perspective

Continuing proliferation of robust MALDI TOF MS systems in clinical laboratories
in hospitals is envisioned within the next 5 years. Hardware improvements—minia-
turization of the TOF mass analyzer and the laser, and sample preparation modules
and associated electronics—are also expected. These will be in parallel with im-
proved instrumental parameters—mass resolving power, mass accuracy, sensitivity,
as well as reduction in instrumental and analysis costs. Introduction of new types of
mass analyzers (e.g., miniature ion traps) and/or ionization sources (e.g., for API)
would further expand the applications of MS in clinical microbiological diagnostics
and environmental monitoring. Developments that can accelerate the environmen-
tal applications of MS include smaller, commercially available, and less-expensive
MS systems with efficient on-line aerosol collectors. Additional research in lab-
on-a-chip (microfluidics) devices will result in novel sample preparation protocols.
Further improvement of methods for analysis of microbial mixtures, specifically
of closely related strains/subspecies, and compiling of “standard” instrument-inde-
pendent spectral libraries would propel the entire field forward. Software improve-
ments including novel computer bioinformatics algorithms for rapid and automated
pathogen identification will be combined with further expansion of available ge-
nomic/proteomic information. MS will play an expanded role in the development
of novel, rapid, reliable, and efficient methods for detection of hard-to-confirm
pathogens in bodily fluids, e.g., Borrelia, the causative agent of Lyme disease. The
transformation of MS into a viable and widespread tool for biomedical diagnostics
at point-of-care has been a long-standing goal of researchers (Mann 2002). With the
improvement of current and the advent of new MS methods for pathogen detection,
we are coming closer to realizing that goal.

Disclaimer

Mention of commercial products and/or trademarks throughout this book does not
imply recommendation or endorsement and is included for information purposes
only. Approved regulatory and safety procedures (e.g., microorganism inactivation,
work in appropriate biosafety lab, etc.) should be followed when handling patho-
gens.
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Chapter 2

Methods and Instrumentation in

Mass Spectrometry for the Differentiation of
Closely Related Microorganisms

Franco Basile and Rudolph K. Mignon

Introduction

Mass spectrometer instruments can be considered as a complex chemical reaction
vessel, and as such, the resulting mass spectrum (i.e., the “product” of these reac-
tions) is directly related to all experimental parameters, including, but not limited
to, sample preparation, instrument settings, and environmental conditions. Because
of its highly informative data output, mass spectrometry (MS) has found many ap-
plications in the analysis and quantitation of small to large molecular weight (MW)
compounds in areas of energy, environment, forensics, space exploration, and in
clinical and biological laboratories, to name just a few. To this list of applications,
the analysis of microorganisms has proven to be an accurate and cost-effective ap-
proach in clinical settings. Because microorganisms can be considered as a complex
chemical sample, its preparation is closely related to the information being sought,
and this in turn will determine the type of MS instrumentation to be used. Unfortu-
nately, a single sample preparation protocol will not provide a compatible sample
state for all types of mass spectrometers (and vice versa). This relationship between
methodology and instrumentation is illustrated (albeit simplified) in Fig. 2.1, where
the final sample state prior to analysis is matched with the type of sample prepara-
tion required, instrumentation(s), and required data processing.

This relationship between the final state of the sample and MS instrumentation
is mainly a consequence of the type of sample inlet and ionization technique used
in a particular mass spectrometer. Referring to Fig. 2.1, the analysis of intact cells
by matrix-assisted laser desorption/ionization-MS (MALDI-MS), (Jaskolla and
Karas 2011) one of the simplest approaches for microorganism analysis by MS,
(Holland et al. 1996) requires the isolation of a pure microbial colony, which is then
deposited directly onto the MALDI plate. The subsequent mass spectral profiles,
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algorithm

consisting mostly of ribosomal proteins, (Holland et al. 1999; Ryzhov and Fenselau
2001) are then used to classify, differentiate, and identify the microorganism. This
approach requires the use of standard mass spectral databases of known microor-
ganisms that have been acquired using the same experimental conditions. If on the
other hand, one does not possess such standard mass spectral databases, a bioinfor-
matics approach can be used. In one approach requiring a pure microbial sample,
the experimentally obtained protein masses are matched to a proteome database
(Demirev et al. 2001). In a second approach, a protein signal is selected for gas-
phase fragmentation (tandem MS or MS/MS) and the observed ions in the tandem
mass spectrum are then matched to expected fragmentation patterns of proteins con-
tained in a proteome database (Fagerquist et al. 2010). This top-down proteomics
approach can also be enhanced (i.e., more proteins detected) by the use of a liquid
chromatography (LC) separation/fractionation step followed by MS/MS of the in-
tact protein ions (McFarland et al. 2014). However, this enhancement in selectiv-
ity comes with additional sample preparation steps to extract proteins and remove
other cell components incompatible with the LC step. Because of the unique ion
chemistry of the protein fragmentation process and the large mass-to-charge ratios
(m/z’s) of the resulting fragment ions, these top-down analyses require the use of
specialized MS instrumentation that allow for the fragmentation of large protein
ions and the analysis of their fragment ions with sufficient mass accuracy to provide
meaningful database search results. Lastly, this bioinformatics approach can be per-
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formed in a bottom-up mode where the sample preparation includes protein extrac-
tion followed by site-specific enzymatic digestion (e.g., with trypsin). The resulting
complex mixture of peptides is analyzed by LC-MS/MS, and the acquired tandem
mass spectrum for each peptide is matched, via a database search, to the protein
originating the peptide, and if possible, its biological origin (i.e., the microorgan-
ism). The increased level of complexity for the sample preparation and/or analysis
steps for both top-down and bottom-up proteomic approaches results in the highest
degree of selectivity of all MS-based methods as a mixture of microorganisms can,
in principle, be identified, regardless of growth conditions. Finally, the ability of
MS to detect isotopologues allows the use of stable isotopes (e.g., 3C, N, or '*0)
to differentiate and/or quantitate biomolecules between two different cell states, as
in the detection of antibiotic-resistant strains of microorganisms.

The following discussions will focus on factors affecting the ability of MS-based
methods to achieve high levels of specificity and selectivity that are required in the
detection of closely related bacteria and the detection of antibiotic-resistant strains,
followed by a description of MS instrumentation, and examples from the current
scientific literature.

Selectivity and Specificity in the Analysis
of Microorganisms with MS

In the differentiation or identification of microorganisms, several factors are influ-
ential in determining the specificity of a technique for a target microorganism or the
ability of a technique to select among several closely related microorganisms (i.e.,
selectivity). General strategies to achieve these goals include:

1. Increasing the selectivity of the measurement to differentiate among unique fea-
tures that define a certain microorganism. This strategy may include the addi-
tion of a chromatographic step and/or increasing the mass resolution and mass
accuracy of the mass spectrometer (time-of-flight (TOF), Fourier transform (FT)
orbitrap or FT-ion cyclotron resonance (ICR) mass analyzers).

2. Decreasing the overall variance of the measurement in order to detect subtle
differences in traits common to all samples. In this instance, the goal is to detect
subtle differences in the pattern between two mass spectra, each obtained from
different species and/or strain. Thus, the differentiation of two closely related
microorganisms depends on the quantitative (relative) detection of small differ-
ences in signal strength common to both samples. Factors affecting the overall
measurement variance (s2, where s is the standard deviation) are additive and
ideally independent of each other, with the total variance of an analysis being the
sum of the individual steps in the analysis

n

2 _ 2 2
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where i is the individual step (e.g., sampling, sample preparation, measurement,
data processing) in the overall analysis. In general, it has been recognized that
the individual variances in the analysis follow the trend:

s2(sampling) > s?(sample prep) >> s?(measurement)

Therefore, it is usually the case for most analytical protocols to focus on
decreasing the variance contributions of the sampling and sample preparation
steps. Manufacturers of modern chemical instrumentation, with the availabil-
ity of advanced electronic components and signal processing, have considerably
decreased the contribution of the measurement to the overall analysis variance.
The use of automation in both sample preparation and data acquisition is key in
a strategy to reduce the overall variance of the analysis. The contribution due to
sampling can be reduced by increasing the number of biological samples ana-
lyzed (replicate samples).

3. Increasing the specificity of the measurement for a target microorganism. Factors
that may increase the specificity for a target microorganism include the incor-
poration of a selective growth media step (antibiotic resistant), DNA amplifica-
tion, antibody capture/enrichment, stable-isotope labeling, and multistage mass
analyses (e.g., tandem MS or MS/MS, selective reaction monitoring or SRM,
vide infra).

Approaches involving these strategies will be addressed in subsequent sections of
this chapter with examples from the recent literature. However, a brief review of the
MS instrumentation involved in these measurements will be presented first.

MS Instrumentation

The analysis of microorganisms with MS-based techniques involves a wide range
of instrumentation, and knowledge of their capabilities and limitations is key in ex-
tracting the most information from the analysis. Two components are fundamental
in defining the capabilities of any MS instrument and include the type of (i) ioniza-
tion and (ii) mass analyzer used. For the techniques relevant to the characterization
of biomarkers in microorganisms being discussed here, only MALDI and electro-
spray ionization (ESI), with the TOF, quadrupole(s), and orbitrap mass analyzers,
will be described in detail. However, regardless of the type of MS instrument being
used, a common operational requirement is that the final state of the sample, prior
to mass analysis, be gas-phase ions of either positive or negative polarity. These
gas-phase ions are then separated or sorted based on their mass-to-charge ratio or
m/z, a dimensionless quantity (Price 1991; Gross 2011). (For convenience, mass, m,
is expressed in terms of the unified atomic mass unit, which is defined as 1/12 the
mass in kilograms of one atom of '2C, u or m,=1.66054 x 10727 kg. Thus, the quan-
tity m is the ratio of the mass in kilograms of the ionized molecule divided by m, or
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m=m(kg)/my(kg). The quantity z represents the number of elementary charges on
the ion, which is also a dimensionless number) (Boyd 2008). All mass analyzers are
operated under vacuum (~ 10" 4-10"'2 Torr), their magnitude depends on the mode
of operation, and are required in order to avoid collisions of the analyte gas-phase
ion with neutral molecules present in air (as well as avoiding arcing within compo-
nents in the mass analyzer held at high voltages). This increases signal sensitivity
and avoids unwanted ion—molecule reactions between the analyte ion and reactive
gaseous species (e.g., oxygen).

Both MALDI and ESI are unique in their ability to form gas-phase ions from
large MW molecules, biological or synthetic, without inducing fragmentations, and
are thus considered to be “soft” ionization techniques (unlike “hard” ionization
techniques like electron ionization (EI) which induce fragmentations during the
ionization step) (McLafferty and Tureek 1993). ESI is considered an atmospher-
ic pressure (AP) ionization technique since ions are generated outside the mass
analyzer vacuum manifold. Although MALDI is usually conducted under vacuum
in TOF-MS instruments used for bacteria identification, MALDI can also be per-
formed under AP conditions, (Laiko et al. 2000; Madonna et al. 2003) allowing its
use with instruments originally setup to use ESI, like the triple quadrupole MS.

MALDI and MALDI-MS Instrumentation

The development of MALDI by Hillenkamp and coworkers (Karas and Hillenkamp
1988) allowed for the analysis of high MW biological (e.g., proteins) and synthetic
(e.g., polymers) samples without inducing fragmentation. The MALDI process re-
lies on mixing an organic compound, termed the matrix, with the biological sample,
the former in a 100:1 to 1000:1 molar excess. When the mixture is dried, the or-
ganic compound forms a heterogeneous crystalline matrix (Fig. 2.2) that surrounds
and isolates individual analyte molecules in the original biological sample. Upon
irradiation by a pulsed laser (UV laser in most commercial instruments), the pho-
ton energy is absorbed predominantly by the matrix compound and this electronic
excitation is converted into thermal (vibrational) and translational energy, ablating
(i.e., desorbing) matrix molecules as well as intact and ionized analyte molecules
into the gas phase (Zenobi and Knochenmuss 1998). As such, the MALDI process
is considered a pulsed ion source as it generates discrete packets of ions.

Because of the heterogeneous nature of the MALDI matrix when dry, ion yields
at different locations within a MALDI matrix are not the same, leading to the de-
scription of these locations within the sample as “hot” or “cold” spots to refer to
locations yielding intense or weak signals, respectively. The presence of these hot
and cold signal spots within the MALDI matrix limits the usefulness of the MALDI
process as a quantitative tool, imposing the need to acquire, on average, several
hundred mass spectra from different locations within a sample in order to obtain a
representative (average) mass spectrum.
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Fig. 2.2 Structures and scanning electron microscopy (SEM) photographs of different MALDI
matrices deposited onto a stainless steel plate. Lower SEM photographs show E. coli cells co-
crystallized with different MALDI matrices (matrix applied with a spray deposition technique).
Arrows point to intact cells within the crystalline matrix. (Adapted from Toh-Boyo et al. 2012,
copyright American Chemical Society)

The MALDI ionization process is very complex and depends heavily on the type
of analyte molecule, matrix used, and laser fluence, but a recent study (Jaskolla
and Karas 2011) suggests that two ionization models are mainly at play: (1) charge
separation during the desorption step of preformed ions embedded in the crystal-
line matrix (a.k.a., the “Lucky Survivor” model), and (2) gas-phase protonation
via ion—molecule reactions during the desorption step. In the analysis of biological
molecules, the MALDI process yields primarily single-charged ions, either due to
protonation or cation adduct formation (e.g., [M+H]" or [M +Na]*, where M is the
neutral molecule) in positive ion mode or deprotonation in negative ion mode (e.g.,
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[M—H]"). This fact is particularly useful when analyzing a mixture of proteins as it
yields a simplified mass spectrum without overlapping signals. Important to note
when analyzing complex mixtures of biomolecules with MALDI is the signal sup-
pression effect, which takes place during the ionization process. For example, in
positive ion mode the signal from a highly abundant, but acidic protein may be sup-
pressed by the presence of a low abundant, but basic protein which yields an intense
signal. As a result, what is seen in the mass spectrum is neither a quantitative nor
a qualitative reflection of the composition of the sample. This effect is clearly ex-
emplified in the MALDI-MS analysis of intact bacterial cells, which mostly yields
signals due to ribosomal proteins while DNA, metabolites, lipids and other high
MW proteins remain undetected.

Part of the success of MALDI-MS for the analysis of microorganisms derives
from the simplicity and robustness of the methodology, and in its simplest form,
intact or whole cells can be deposited directly onto the MALDI plate or mixed
with the matrix solution and analyzed directly. Many methods have been published
describing this process, but it is believed that bacterial cells are lysed and proteins
extracted into the matrix solution in the minutes before crystallization (i.e., during
solvent evaporation on the plate, ~1-2 min), even though preserved cell integrity
has been observed in microphotographs of the co-crystallized bacteria-matrix sam-
ple (Fig. 2.2) (Toh-Boyo et al. 2012; Madonna et al. 2000). This is backed by the
fact that protocols using either solvent extraction or intact cells are both effective
in producing similar protein signals, albeit with different profiles (i.e., relative peak
intensities) (Basile 2011).

As mentioned earlier, it is generally agreed that the majority of the proteins ob-
served in the analysis of bacterial cells with MALDI-MS are ribosomal proteins in
the molecular mass range of 2-20 kDa (Holland et al. 1996, 1999; McFarland et al.
2014; Suarez et al. 2013). This is the case since they are abundant (almost half of the
mass of growing cells), basic (p/>9, easily ionized under mild acid conditions), and
slightly hydrophilic in nature (easily solubilized when mixed with the matrix solu-
tion) (Ryzhov and Fenselau 2001). These facts highlight the importance of solvent
composition and control of every step (i.e., exact sequence of events) (Cohen and
Chait 1996) in the sample preparation protocol for MALDI-MS of bacteria, as they
dictate the range of proteins detected, their observed signal strength, and overall
signal pattern.

TOF Mass Analyzer

The TOF mass analyzer is suitable to measure the m/z distribution of discrete pulsed
ion sources, unlike a continuous stream of ions, and for this reason it is usually
coupled with MALDI, a pulsed ion source. In a TOF-MS, a discrete packet of ions
with different m/z’s (generated via MALDI) are accelerated to the same kinetic en-
ergy by applying a voltage (U~10-25 kV; direct current, DC) to the stainless steel
sample plate. These ions enter a field-free region (no voltage or magnetic fields
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on the Sciex 4800/5800™ systems)

applied) where ions with small m/z’s travel faster than those with large m/z’s, and
the different times to travel a predefined distance (d) forms the basis for their mass
separation. The simplified relationship between TOF (,.) and m/z is given by:

. _L\/Z
TOF \/E Z‘

In principle, the TOF-MS does not have an upper mass limit; however, in prac-
tice they are limited by the efficiency of the multichannel plate (MCP) detector
(vide infra, Fig. 2.3) in converting low kinetic energy ions (i.e., large m/z’s) into
a detectable electrical current, and the ability of the ionization source to produce
ions of large m/z. Operationally, the relationship between m/z and ¢, is estab-
lished by calibration with a set of standard compounds of known m/z values for their
[M+H]" ions. This calibration is dependent on matrix type and laser intensity (each
affects the initial ion velocity during desorption) and the sample position within
the MALDI plate (affecting the distance traveled, d, and the effective accelerating
voltage, U, experienced by the desorbed ion). A simplified general diagram of a
MALDI-TOF-MS instrument is illustrated in Fig. 2.3a.
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Instruments based on this design (linear, but not necessarily reflectron) form part
of most, if not all, of the commercially available MALDI-TOF-MS microorganism
identification systems that are based on matching a mass spectrum to a mass spec-
tral library of microorganisms (i.e., profile-based MALDI-MS). When operated in
the reflectron mode to increase the mass resolution of the measurement (practical
up to ~ m/z 5000), current state-of-the-art TOF mass analyzers (with a properly de-
signed MALDI ion source) specify mass accuracies in the 1 ppm or £0.001 (at m/z
1000). However, no peptide/protein sequence information can be derived from this
mass measurement alone and an additional level of selectivity, tandem MS or MS/
MS, is required to obtain this information.

Another type of MS available with the MALDI ion source and based on the
TOF mass analyzer is the tandem TOF or TOF/TOF-MS. This configuration has
two TOF mass analyzers configured in series, separated by a collision cell. This
configuration has the capability of obtaining mass spectral protein profiles as well
as sequence information of peptides (up to ~4000 Da), and for one manufacturer
mid-sized proteins (5—15 kDa). A simplified schematic of a MALDI-TOF/TOF-MS
instrument is illustrated in Fig. 2.3b (the following discussion is based on the Sciex
4800™ system (Yergey 2002). An excellent discussion of the inner workings of the
Bruker MALDI-TOF/TOF-MS system can be found in Suckau et al. (2003)). Ions
formed in the MALDI ion source are accelerated toward the first TOF mass analyz-
er (TOF1), where ions are separated according to their m/z’s. In the MS mode, ions
are allowed to travel uninterrupted to either the linear or reflectron detector. In the
tandem MS (MS/MS) mode, ions of a single m/z value are selected and allowed to
enter the collision cell. This m/z selection is performed via a timed ion selector, with
a series of voltages applied at a unique time on the path of the ion beam so as to de-
flect all ions except those of the desired m/z (or TOF). The selected ion is introduced
into the collision cell filled with a neutral gas like argon or nitrogen, and upon colli-
sion, fragment ions are formed via collision-induced dissociation (CID). Precursor
ions can also undergo fragmentation during the MALDI process, via laser-induced
dissociation (LID), (Suckau et al. 2003) or after the MALDI process, via post-
source decay (PSD), (Neubert et al. 2004; Fagerquist 2013) where metastable ions
leave the MALDI ion source and fragment during their voyage through TOF1. In
all these fragmentation events, CID, LID, or PSD, the generated fragment ions will
have roughly the same velocity as the precursor ion, and thus they cannot be dis-
criminated by their m/z’s within the TOF1 mass analyzer. The TOF/TOF instrument
achieves mass separation of these fragment ions (and obtains useful sequence in-
formation) by re-acceleration of this ion packet into the second TOF mass analyzer
(TOF2). This second acceleration event becomes the starting point for recording the
fragment ion mass spectrum (Yergey et al. 2002). For small proteins ( 15 kDa), this
type of instrument can be used for top-down proteomic measurements, where the
fragmentation of a single protein signal from a mixture can yield sequence informa-
tion about the precursor ion and has been used to discriminate proteins varying by a
single amino acid in their sequence (Fagerquist et al. 2010). Finally, when coupled
with offline LC and fraction collection directly onto the MALDI plate, this type of
instrumentation allows for bottom-up proteomic measurements (Marcus et al. 2007,
Benkali et al. 2008; Bodnar et al. 2003).



22 F. Basile and R. K. Mignon

ESI and ESI-MS Instrumentation

The development of ESI as an ionization source for MS by Yamashita and Fenn
(1984) allowed the formation of gas-phase ions of biomolecules in liquid samples,
thus enabling the analysis of intact proteins in solutions and of samples separated
by LC. A detailed discussion of ESI is beyond the scope of this chapter as many
excellent reviews and books have been written on the subject(Bruins et al. 1998;
Cech and Enke 2001; Cole 2008). In general, the ESI process in positive ion mode
for most biomolecules (proteins and peptides) starts in an acidified solution, that
is, by the formation of ions via protonation of basic groups. This is typically ac-
complished by the addition of a volatile organic acid like acetic acid or formic acid
(1% or 0.1 %, respectively) in a 50 % organic-aqueous solvent (methanol or aceto-
nitrile). The solution is then driven into a metal capillary (~50—100 um inner diam-
eter) connected to a power supply at 3—4 kV (DC voltage). As the liquid emerges
at the open end of the capillary, the large electric field causes charge separation
of the preformed ions in solution. In the case of biomolecules, an ionized peptide
(positive charge) is separated from either a formate ion (HCOO™) or the acetate ion
(CH,COOQ"). The use of trifluoroacetic acid (TFA) to acidify solutions for ESI anal-
ysis is discouraged as the CF,COO™ ion forms a strong ion pair with the positively
charged biomolecule, making charge separation difficult and thus lowering the ion-
ization efficiency of the ESI process. This accumulation of positively charged ions
at the open end of the capillary causes the deformation of the liquid meniscus into
what is termed a Taylor cone. Eventually, the electrostatic repulsive forces between
the positive charges accumulated in the meniscus exceed the surface tension of the
liquid leading to the formation of a fine jet of liquid, which breaks into fine drop-
lets, each containing an excess of positively charged molecules. According to the
ion evaporation model (IEM), (Nguyen and Fenn 2007) these droplets undergo a
cascade of evaporative and Coulomb fission (charge repulsion) cycles until droplets
of about 10 nm in diameter are formed. At this droplet size the effective electric
field at the surface is large enough to push one or more solvated ions into the gas
phase. A second ionization model, the charge residue model (CRM), describes the
generation of an ion when all the solvent is evaporated from the droplet. Although
there are many studies showing the prevalence of one model over the other in ESI,
the consensus is that large ionized molecules (1000 u) are generated by a process
closely described by the CRM. On the other hand, smaller and solvated ions can be
emitted from nano-droplets by a process better described by the IEM (Wilm 2011).

In general, for positive ion mode ESI, ionization efficiency is dictated not only
by the basicity of the molecule, but also by its hydrophobicity, which determines its
concentration at the surface of the droplet (i.e., surface activity). As a result, not all
biomolecules present in the sample are ionized with the same efficiency. That is, ba-
sic and hydrophobic molecules (with a high surface activity) tend to ionize more ef-
ficiently than basic and highly polar molecules. For example, a peptide with a high
content of hydrophobic amino acids (phenylalanine, tryptophan) will experience a
higher ESI ionization efficiency than a peptide of the same charge but with amino
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acids with polar side chains (serine, aspartic acid). Therefore, in the ESI-MS analy-
sis of a complex mixture (e.g., a protein mixture derived from bacteria cell lysate),
the observed mass spectrum is neither a quantitative nor qualitative reflection of the
composition of the sample. Molecules in the sample with high hydrophobicity and
basicity will ionize more efficiently than molecules with lower hydrophobicity and/
or basicity, even though the latter may be present at higher concentration. Another
characteristic of ESI is the fact that proteins are ionized at multiple sites yielding
charge state distributions of ions with multiple protons: [M+H]*, [M+2H]*", ...,
[M-+nH]". In general, ionization suppression effects in ESI are more pronounced
than in MALDI, and coupled with the possibility of observing overlapping charge
state distribution from different proteins, ESI-MS is not as straightforward as MAL-
DI-MS for the analysis of complex protein mixtures and is the main reason that
ESI-MS is usually coupled with online LC separation.

However, LC-(ESI)-MS offers several key advantageous features for the analy-
sis of closely related bacteria. First, the analysis of large proteins, above 20 kDa,
is possible by LC-ESI-MS, increasing the dynamic range of biomarkers available
for detection (Everley et al. 2008). In addition, the CID process is more efficient
when performed on ions with large charge states (Schaaff et al. 2000) (i.e., large z
values), resulting in information-rich fragmentation mass spectra that can identify
the precursor peptide (bottom-up proteomic) or protein (top-down proteomic) by
its unique amino acid sequence (McFarland et al. 2014). This process, however,
requires time-consuming sample preparation and far more complex instrumentation
and data analysis than the whole-cell bacteria-MALDI-MS approach (see Fig. 2.1).

Quadrupole-Based Mass Analyzers

One of the earliest MS instruments to be interfaced with ESI is quadrupole-based
mass analyzer (Fenn et al. 1989). Early work on the use of quadrupole-based MS
instruments for the analysis of microorganisms focused on the detection of mostly
lipid biomarkers like phospholipids, triglycerides, and free fatty acids (Anhalt and
Fenselau 1975; Meuzelaar and Kistemaker 1973; Huff et al. 1986; Goodacre et al.
1998; Boon et al. 1981; Guckert et al. 1986; DeLuca et al. 1992). In addition to
using targeted extraction/derivatization protocols, these early investigations also in-
corporated rapid thermal desorption and/or pyrolysis methods (with EI) to directly
analyze intact bacteria in a manner of minutes (DeLuca et al. 1990). More recently,
the triple quadrupole MS (QQQ; or QqQ, where ¢ signifies the collision cell, Q2;
vide infra) (Fig. 2.4a) in conjunction with ESI has been used for highly specific de-
tection of microorganisms via targeted bottom-up proteomic approaches (Karlsson
et al. 2012; Picotti and Aebersold 2012).

The quadrupole mass analyzer is truly a scanning instrument, in that only ions of
a particular m/z can be transmitted through the device (i.e., have a stable trajectory)
at a particular time, and thus it is often referred to as a mass filter. The quadrupole
mass analyzer consists of a set of four metal rods, ideally each having a parabolic
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indicates the collision cell consisting of either an RF-only quadrupole, hexapole, or octapole. In
some hybrid instruments Q3 is replaced by either a TOF or a linear quadrupole ion trap. (See text
for more details and references for further reading)
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surface shape, connected to a DC and radio-frequency (RF) power supplies. By
varying the DC and RF voltages applied to opposite rods in the quadrupole mass
analyzer (while maintaining the ratio of their magnitudes constant), the stability of
ions with different m/z through the device is sequentially varied, effectively scan-
ning a user-selected and predefined m/z range. Because modern electronics are
able to control voltages and frequencies with high accuracy and precision, these
instruments are well suited for quantitative measurements. In addition, the ability
of these instruments to perform tandem-MS (MS/MS) measurements makes them
ideal for the design of highly specific methodology for the detection of a wide range
of chemical and biological species.

The QQQ-MS can be operated in four main scan modes: (i) full scan, (ii) prod-
uct ion scan, (iii) precursor ion scan, and (iv) SRM (Fig. 2.4a—d). In the full-scan
mode, usually Q1 is scanned, while both Q2 and Q3 are operated in RF mode only,
essentially acting as ion guides (Fig. 2.4a). In the product ion mode (Fig. 2.4b), Q1
is set to pass only ions of a single m/z, filtering out all other ions formed in the ion
source, and the collision cell, Q2, is operated in RF mode and filled with argon gas
(0.5-2x 1073 Torr or ~0.2 Pa). Preselected ions emerging from Q1 are accelerated
into Q2 where they undergo inelastic collisions with the argon gas, inducing molec-
ular ion dissociation that yields both neutral fragments (not detected) and fragment
ions. These fragment ions are then sorted according to their m/z’s by the scanning
Q3. The precursor ion scan mode (Fig. 2.4c¢) is useful in situations where there is a
need to determine the source (precursor) of a particular fragment ion or to survey
members of a particular class of compounds that have a common fragment ion (e.g.,
glycerophospholipids produce a common fragment ion at m/z 184 regardless of the
mass of the precursor ion) (Murphy et al. 2001). To accomplish this measurement,
QI is scanned and a narrow m/z window of ions is sequentially introduced into Q2
and fragmented, while Q3 is set fixed at the particular m/z value of the (common)
fragment ion. The mass spectrum is then plotted with the intensity of the fragment
ion versus the mass scale of Q1 (not Q3 since it is fixed at a single m/z). The SRM
mode is a highly specific mode of operation of the QQQ instrument where the spe-
cific precursor—fragment ion relationship is measured (Fig. 2.4d). For example, a
particular peptide known to be a specific biomarker for a disease or microorganism
can be detected by setting Q1 to its precursor m/z value and Q3 to a unique fragment
ion of this precursor. The precursor ion, upon fragmentation in Q2 will produce
the specific fragment ion that will be transmitted through Q3 and detected. The
specificity of the assay is directly related to the specificity of the precursor-product
transition (i.e., of the fragmentation reaction), and thus many validation measure-
ments must be performed prior to SRM measurements (Picotti and Aebersold 2012;
Lange et al. 2008). In practice, several of these precursor-product reactions can be
measured sequentially, and thus the term multiple reaction monitoring (MRM) is
also used.

In some hybrid triple quadrupole-based MS systems, the last quadrupole (Q3)
is replaced with a TOF analyzer, with an ion path set at a 90° angle from the ions
exiting the second quadrupole (or collision cell), and thus it is often termed an
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orthogonal TOF. This quadrupole-TOF setup, or Q-TOF (or Qq-TOF, where q sig-
nifies the collision cell) increases the resolution and mass accuracy of the product
mass spectrum and is also used for bottom-up proteomic measurements (Martinez
et al. 2010; Mott et al. 2010; Alvarez et al. 2013). In another hybrid configuration,
Q3 is replaced by a linear quadrupole ion trap mass analyzer, which allows ion ac-
cumulation for increased sensitivity and MS" capability (Londry and Hager 2003).

Orbitrap Mass Analyzer

The orbitrap mass analyzer is an ion trap device that provides high accuracy and
resolution mass measurement without the need of a magnetic field, (Hu et al. 2005;
Zubarev and Makarov 2013) and thus it is more accessible in terms of lab require-
ments, and initial and operating costs. Some consider it to be the “gold standard”
mass spectrometer for proteomic-based measurements (Mitchell 2010). The orbi-
trap mass analyzer is usually found in a hybrid configuration interfaced with a linear
ion trap mass analyzer and transfer octopoles and C-trap (Fig. 2.5) (Senko et al.
2013).

In its core operation mode, ions injected into the orbitrap are trapped in an elec-
trostatic field and oscillate along the central electrode (z-axis) with a periodic back
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Fig. 2.5 Diagram of a hybrid linear ion trap and orbitrap mass spectrometer



2 Methods and Instrumentation in Mass Spectrometry for the Differentiation ... 27

and forth motion. The frequency of this axial oscillation (w ) is inversely propor-
tional to the square root of the m/z of the trapped ions.

o, = fki,
m

where the electric charge g is equal to multiples (z) of the electron charge (¢) and & is
a parameter describing the field (Makarov 2000). The ion oscillations are recorded
in the time domain by detecting the transient image current on the electrodes. The
respective ion frequencies are derived from the transient by a fast FT and the cor-
responding m/z values are determined using the above equation.

Orbitrap-based MS systems are predominantly used for bottom-up and mid-
dle-down proteomic measurements, (Cannon et al. 2010) where the peptides are
fragmented in the linear ion trap and fragments mass analyzed in the orbitrap. In
addition, orbitrap-MS systems are used for accurate mass determination of intact
proteins (McFarland et al. 2014). These measurements are particularly useful for
the detection and differentiation of closely related microorganisms since this meth-
odology allows the detection of a wide range of proteins in the sample, beyond the
detection of ribosomal proteins.

MS-Based Methods and Instrumentation for the Differentiation
of Closely Related Bacteria: Strain Level and Antibiotic Resistant

The analysis of microorganisms by MALDI-MS has been successful since the
range of biomarkers detected afford the required level of selectivity to differentiate
samples among a wide range of microorganisms, bacteria and fungi included, thus
allowing nontargeted analyses. Extensive work published in the literature demon-
strates the ability to obtain phylogenetic classification via MALDI-MS, equivalent
to that obtained by 16S rRNA (Seng et al. 2009; Hsieh et al. 2008; Boehme et al.
2013; Liet al. 2014; Deng et al. 2014). It is natural that the use of MALDI-MS has
been extended to the identification of bacteria at the strain level and for the dif-
ferentiation of antibiotic-resistant strains. In this section, the MS-based techniques
used in achieving these goals will be highlighted with selected examples from the
literature, with an emphasis on MS-hardware and technique (i.e., sample prepara-
tion). The reader is also referred to more comprehensive literature reviews on the
detection of microorganisms at the strain level and/or antibiotic-resistant strains
(Croxatto et al. 2012; Sandrin et al. 2013; Hrabak et al. 2013).

Differentiation of bacteria beyond the species level with MS is challenging since
the detected number of unique or characteristic biomarkers decreases as the simi-
larity between microorganisms increases. As a result, the measurement requires a
higher level of selectivity, mass spectral profile reproducibility (relative peak inten-
sities), and mass accuracy. For MS-based measurements this may imply strategies
involving additional sample preparation steps (e.g., protein extraction, digestion),
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the inclusion of a separation step (fractionation, LC), extending the mass range
of the analysis (detection of higher MW biomarkers), increasing the selectivity of
the MS measurement (MS/MS), or including enzyme substrates or stable isotope
reagents (Fig. 2.1).

Profile-Based Techniques for Strain-Level Differentiation

These measurements are attractive since they require the simplest form of instru-
mentation available, a MALDI-TOF-MS operated in the linear mode (m/z ~2000—
20,000; Fig. 2.3a). Ideally, for profile-based differentiation, a high degree of re-
producibility is desired, along with high signal-to-noise ratio (S/N), to consistently
produce protein profiles with distinct and unique features (specific) to each strain.
The approach used to prepare the sample in MS has enormous consequences on
the quality (S/N) and reproducibility of the resulting mass spectral profiles (signal
relative intensities), and so this is an obvious experimental step to optimize. This is
both true for ESI and MALDI; however, MALDI is more appropriate for samples
containing complex mixtures and more robust to small differences in solvent com-
position and procedural steps than ESI. For the differentiation of microorganisms at
the strain level, sample preparation techniques can increase both the reproducibility
of the signal(s) and the range of biomarkers detected. In fact, it is generally agreed
that the incorporation of a protein extraction step increases the rate of identifica-
tion of bacteria at the species level, and in some cases at the strain level, (Croxatto
et al. 2012; Clark et al. 2013; Lartigue 2013) especially for Gram-positive cocci
(Alatoom et al. 2011). This is most likely due to the removal of other cellular com-
ponents and salts that can cause signal suppression, thus improving the overall S/N
of the mass spectrum.

In general, the use of profile-based MS techniques to differentiate microorgan-
isms at the strain level has met with limited success as the presence of unique strain-
specific biomarker(s) can be inconsistent and/or microorganism-dependent. It is
usually the case for MALDI-MS profiling that the number, nature, and quality of the
reference mass spectra improves the reliability of the identification at the species
level (Calderaro et al. 2013). For example, Shao and coworkers (Zhu et al. 2013)
improved the identification of several strains of Haemophilus influenza and H. hae-
molyticus after curating their mass spectral database. The original reference mass
spectral database failed to identify any of the H. haemolyticus strains at the species
level, but was able to do so after the database was updated with reference mass
spectra. In addition, cluster analysis of the obtained mass spectra profiles (and using
the standard protein extraction protocol) yielded a dendogram clustering showing
clear differentiation of H. haemolyticus from H. influenza. In addition, H. influenza
was further differentiated by geographical origin, that is, the Chinese strains were
differentiated from those of foreign origin.

However, in most cases, different strains of the same species are correctly
identified only at the species level by MALDI-MS profiling (Kolecka et al. 2013;
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Kierzkowska et al. 2013). For example, in the comparison of two commercially
available microorganism identification systems based on the MALDI-MS instru-
ment and using the standardize sample preparation protocol (direct transfer method,
vide infra), 54 streptococcal strains were correctly identified only at the species
level (Karpanoja et al. 2014). Similarly, in the MALDI-MS analysis of 24 clinical
isolates of the fungus Trichophyton rubrum, (Pereira et al. 2014) all strains were
identified at the species level only, even after efforts to optimize the sample prepara-
tion step using different matrices, formic acid extraction, and/or sonication. Finally,
in an attempt to identify bacterial strains related to normal and sensitive skin dis-
orders with MALDI-MS profiling, (Hillion et al. 2013) no correlation was found
between phylum, genus or bacterial species and the sensitive skin phenotype, even
though all bacteria were correctly identified at the species level. It is worth pointing
out that these examples illustrate the importance of reproducibility in the genera-
tion of replicate mass spectral profiles of bacteria, as small differences in profiles
can yield information about strain differentiation. However, this approach can be
limited by the overall reproducibility or variance of the resulting mass spectra (both
from samples and in the database), and thus this strategy can benefit from a reduc-
tion in the total variance of the analysis (vide infra).

Although limited, several strategies have successfully differentiated microorgan-
isms at the strain level using profile-based MALDI-MS and they include: (1) opti-
mization of the sample preparation step and (2) optimization of growth conditions.
Other approaches incorporating bioinformatics (Demirev et al. 2001; Tamura et al.
2013) data analyses will not be discussed in this section.

Optimization of the Sample Preparation Step Prior to MALDI-MS This area of
research has received a lot of attention from investigators using MALDI-MS due
to the pronounced effects that sample preparation has on the resulting mass spec-
tral profiles, the low cost of implementing these changes (mostly reagents and sol-
vents), and the relatively ease of customization depending on the sample type and/
or application. However, it is generally agreed that acidic conditions followed by
addition of an organic solvent is sufficient to access most of the ribosomal proteins
detected in profile-based MALDI-MS measurements. Other approaches have been
proposed to either increase the S/N of the profile and/or extend the MW range of
detected proteins and include on-probe sample treatment with ethanol, (Madonna
et al. 2000) use of additives (crown ethers or thymol), (Liu et al. 2007; Holland
et al. 2014) and the implementation of a heating step (Horneffer et al. 2004; Prieto
2006). Two standard sample preparation protocols are currently used in conjunction
with most commercially available MALDI-MS bacteria identification systems, and
can be broadly classified either as direct transfer or protein extraction. In the direct
transfer protocol, a bacterial colony is smeared directly onto the MALDI plate and
overlaid with matrix solution, with bacteria inactivation and protein extraction
being performed on the MALDI plate as the matrix solution evaporates (<1 min).
Improved identification rates in the direct transfer method were achieved for Gram-
positive rods by incorporating a 70 % formic acid pretreatment (on-probe) prior to
the addition of the matrix (Werner et al. 2012; Schulthess et al. 2014). In the protein
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extraction protocol or ethanol-formic acid procedure, (Freiwald and Sauer 2009) an
isolated bacterial colony is first washed with deionized/distilled water, followed by
a 75 % ethanol/water wash. This step is intended to remove any media contamina-
tion and inactivate the bacteria (without spore formation). The resulting pellet is
re-suspended in equal volumes of 70% formic acid and acetonitrile (sequentially
added, up to 20 pL final volume) mixed and centrifuged. An aliquot (~1 pL) of the
supernatant is deposited onto the MALDI plate, dried and overlaid with a-cyano-
4-hydroxycinnamic acid (CHCA) matrix dissolved in a 50 % acetonitrile/water and
2.5% TFA. For pathogenic bacteria with spore formation, (Lasch et al. 2008) the
TFA protein extraction procedure is recommended and involves an aggressive inac-
tivation step with 80 % TFA followed by 50 % acetonitrile/water.

The use of protein extraction, along a well-curated mass spectral database, can
provide accurate identification of many strains at the species level, and in some
cases, differentiation at the strain level. However, in most of these situations the
differentiation is based on the pattern of several mass spectral peaks and not on a
unique biomarker ion. For example, work conducted by Calderaro and coworkers
(2014) on the differentiation of Leptospira species at the serovar level studied a
panel of 20 Leptospira reference strains representative of six species. The analysis
was performed to supplement their microorganism MALDI-mass spectral database
and samples were prepared by the ethanol-formic acid method described above.
Using standard chemometrics tools included in commercially available MALDI-
MS microorganism identification systems, the authors identified 20 distinct mass
spectral signals, their combined pattern being responsible for the differentiation of
12 serovars of Leptospira interrogans. For the L. borgpetersenii species, discrimi-
nation at the strain level of three serovars was based on the unique pattern of five
signals in their mass spectra.

Another example highlighting the limited success of the sample prepara-
tion step for strain differentiation is found in the work conducted by Huber et al.
(Zeller-Peronnet et al. 2013) where 24 strains belonging to the species Leuconostoc
mesenteroides and L. pseudomesenteroides were analyzed by MALDI-MS profil-
ing. Discrimination of the protein profiles by principal component analysis (PCA)
generated three distinct clusters, but only half of the microorganisms studied were
reliably discriminated at the strain level. The protein profiles in this study were
generated from samples prepared by initially subjecting the bacteria suspension to
lysozyme digestion (37 °C, 30 min), followed by a standard protein extraction pro-
tocol. It was determined that subjecting Gram-positive bacteria to enzyme digestion
with lysozyme provides additional lysing of the thick peptidoglycan layer of the
cell wall, (Giebel et al. 2008) thus making intracellular proteins more accessible
to the MALDI matrix. The authors found that the lysozyme treatment improved
only the reproducibility of the profiles (about a 10% improvement in the correla-
tion coefficient), but they did not observe signals at higher m/z’s reported in other
studies (Giebel et al. 2008; Vargha et al. 2006). This discrepancy could be attributed
to various experimental factors, including the analysis of different bacteria by each
group. However, these results highlight potential issues of irreproducibility in inter-
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laboratory studies and limitations of approaches that introduce biological reagents
(enzymes) which are prone to biological activity losses and are affected by storage
and experimental conditions (e.g., pH, ionic strength, time).

Finally, two examples from the literature illustrate the dependency of strain-
level differentiation by MALDI-MS profiles on the type of microorganism being
analyzed. In a study using MALDI-MS profiling to differentiate seafood-borne
pathogens, (Boehme et al. 2013) authors found mixed levels of success for species-
level and strain-level identification. Even though the goal of this investigation was
to compare MALDI-MS with 16S rRNA sequencing for their ability to identify
food-borne pathogens, the authors achieved species-level identification for all 120
bacterial strains tested with MALDI-MS, and in the case of Bacillus subtilis subsp.
Spizizenii, subspecies-level classification was possible. Equally, in the analysis of
beer-spoiling Lactobacillus brevis strains, Behr et al. (Kern et al. 2014) compiled
17 strains of L. brevis varying in their environmental source (e.g., brewery vs. sour-
dough) and their ability to grow (and spoil) different beers (Lager, Pilsner, etc.).
Samples were grown in standardized media and prepared by the ethanol-formic acid
protein extraction protocol prior to MALDI-MS analysis. A set of highly reproduc-
ible signals allowed the successful assignment of 90 % of the mass spectra collected
to the correct strain. Misclassifications were attributed to either highly similar mass
spectral patterns or mass spectral patterns with low number of peaks; however, this
set of microorganisms strains was always classified correctly for their ability to
either strongly or weakly spoil beer.

Optimization of Growth Conditions In this strategy, differentiation of microorgan-
isms at the strain level by MALDI-MS profiles is achieved with the aid of judi-
ciously chosen set of growth conditions. In one such study, the effect of growth
conditions on the ability of MALDI-MS profiling to differentiate acetic acid bac-
teria (AAB) at the strain level was investigated (Wieme et al. 2014).- Investigators
found that growth medium effects on the mass spectral profile do not affect dif-
ferentiation at the species level, but rather enhance the level of differentiation at
the strain level. For example, eight strains of Gluconobacter oxydans were grown
in acetic acid medium (AAM), yeast—peptone—mannitol (YPM) agar, and glucose—
yeast (GY) agar and their MALDI-mass spectra compared for shared and strain-
specific peaks. The results showed that only 7% of the peaks were consistently
present in all mass spectra, regardless of the growth medium used. In addition, it
was observed that the number of strain-specific peaks varied from 3—4 with differ-
ent growth medium, although none were observed when bacteria were grown in GY
agar. This approach presents an effective, yet relatively simple and economic way
to differentiate a specific set of bacteria at the strain level, for example, antibiotic-
resistant strains or enterohemorrhagic serotypes of Escherichia coli (vide infra).
However, its universal applicability is limited since the effects of growth media on
the mass spectral pattern cannot be predicted and thus this approach would require
considerable testing and development prior to its implementation for each target
microorganism.
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Increasing the Reproducibility of the MALDI-MS Measurement

The existence of so-called hot (or sweet) signal spots within a MALDI sample has
long been recognized and is mostly due to the inhomogeneous distribution of the
analyte within this matrix/sample preparation, (Horneffer et al. 2001) especially
when the sample is prepared by a manual/pipette dried-droplet method (i.e., sample
deposited and dried first followed by matrix) (Dai et al. 1996). Accordingly, this
variance can be mitigated through an increase in the number of measurements, ei-
ther by averaging a large number of laser shots and/or increasing the number of
MALDI sample preparations being analyzed (Szajli et al. 2008). These strategies
are already being incorporated in studies aimed at the analysis of microorganisms
with MALDI-MS, as most protocols collect about 20—40 replicates for each bacte-
rial sample being analyzed, and average 200—400 laser shots/spectrum. As a result,
these measurements most likely have reached the limit of reproducibility that can
be achieved with standard manual sample preparation methods.

The heterogeneous nature of the MALDI matrix as well as the uneven analyte
distribution within it have been identified as one of the major sources of variance in
signal strength between spots of a single MALDI sample preparation. The effect of
this uneven distribution on the variance of MALDI mass spectral profiles of bacte-
ria was quantified by using a spray-based method to homogeneously deposit E. coli
samples (suspended in a CHCA matrix solution) onto the MALDI plate (Fig. 2.6)
(Toh-Boyo et al. 2012).

This approach resulted in bacteria being evenly distributed across the depos-
ited sample (Caution: the spray method is not suitable for clinical samples!). Sub-
sequent MALDI-MS analyses of these homogenous sample/matrix preparations
yielded highly reproducible mass spectra, regardless of the spatial coordinates of
the laser shot on the sample. When compared to the manual/pipette dried-droplet

CHCA matrix
" dried droplet _

premix

Fig. 2.6 PCA comparing the effect of matrix morphology on the reproducibility of bacteria
MALDI-mass spectral profiles. All analyses were performed with E. coli (K-12) deposited by a
spray-based method (uniform matrix deposition) and two manual pipette methods: dried droplet
(simulating the direct transfer method) and premix (where a suspension of bacteria in matrix solu-
tion is deposited onto the MALDI plate). Ellipses represent the 95 % prediction space of the PCA
clusters of replicate mass spectra for each deposition method (30 mass spectra/cluster). (See text
for further details; Adapted from Toh-Boyo et al. 2012, copyright American Chemical Society)
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method (equivalent to the direct transfer method), the spray method resulted in a
90 % reduction of the total variance of the measurement. Most surprising was the
resulting 60 % reduction in the variance by the premix deposition method, where
bacteria are suspended in the matrix solution prior to deposition, when compared to
the manual dried-droplet method.

In principle, this increase in reproducibility would allow for the detection of
small features and/or differences between the mass spectra of closely related mi-
croorganisms. Assuming the direct transfer method has a variance similar to that
of the dried-droplet method used in this study (Fig. 2.6), it can be inferred that a
significant reduction in the variance can be realized by simply premixing the in-
tact bacteria with the matrix solution prior to its deposition onto the MALDI plate,
rather than performing sequential depositions of bacteria followed by matrix. This
improvement in the reproducibility would also be expected to be observed in the
protein extraction protocols, adding only a single dilution step in the overall pro-
cedure (1:1 sample/matrix). However, to date, all standard protocols (Freiwald and
Sauer 2009) used in profile-based MALDI-MS analyses implement a dried-droplet
approach to deposit the sample onto the MALDI plate.

Increasing the Selectivity in Protein Biomarkers Detection

The profile-based MALDI-MS approach to identify and differentiate microorgan-
isms, although powerful in the analysis at the species level, has met with mixed
success at strain-level differentiation. This limitation stems in part from the fact that
under the current experimental conditions ribosomal proteins are serendipitously
detected, with the bulk observed in the mass range of 2000 to ~18,000 Da. For
example, in E. coli there are 55 ribosomal proteins of known sequence that vary in
MW from 4,400 to 61,200 Da (Wittmann 1982; Stelzl et al. 2001). Of these, about
80 % (~44 proteins) have a MW within the detected mass range in the MALDI-MS
measurement. However, this represents a small fraction of the available proteome
in bacteria and thus severely limits the selectivity of the method. Case in point: it
is known that E. coli has 4288 protein-coding genes or open-reading frames (ORF)
(Blattner et al. 1997; Han and Lee 2006). Experimentally, however, two-dimen-
sional (2D) gels and nongel methods have roughly identified about 1600 proteins in
E. coli, (Corbin et al. 2003) with a MW range of 10°~10° Da and p/ values ranging
from 4 to 12 (Han and Lee 2006). Therefore, it can be estimated that profile-based
MALDI-MS measurements roughly detect only a small fraction of the possible pro-
tein pool in bacteria, or about 2.8 % (44/1600) of the total detectable proteins in
E. coli.

It is thus reasonable to argue that an increase in the selectivity of the method in
order to detect a wider range of the microbial proteome will lead to the differentia-
tion of closely related microorganism, as proteins responsible for unique genotypic
traits would be detected. This point can be best illustrated with work by Murugaiyan
and coworkers (2013), where they identified the protein expression levels between
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pathogenic and nonpathogenic strains of the alga Prototheca zopfii (using 2D-gels
and peptide mass fingerprinting, PMF, by MALDI-MS). Their results indicated
that proteins responsible for differentiation of genotype 1 vs. 2 (nonpathogenic vs.
pathogenic) were proteins related to energy, carbohydrate metabolism, and signal
transduction (interestingly, ribosomal proteins remained unchanged between these
two genotypes). One of the proteins upregulated in the pathogenic strain was a cy-
clic nucleotide-binding domain protein with an average MW of 51 kDa, a protein
known to be associated in bacterial adaptation to a changing environment and well
above the mass range usually analyzed in MALDI-MS profiling of microorganisms.
Because the limited dynamic range in the proteins detected by MALDI-MS is due
primarily to the ionization step (i.e., MALDI), merely extending the mass range of
the TOF-MS will not overcome this limitation. Furthermore, approaches incorpo-
rating modified sample preparation protocols using additives and combinations of
organic solvents have had limited and irreproducible success (vide supra).

In order to extend the MW dynamic range of detected proteins by MS (either ESI
or MALDI), a separation step is often incorporated prior to detection. In the case
of top-down (LeDuc et al. 2004; Zhou and Ning 2012) or bottom-up Zhang et al.
(2013a) proteomics approaches, the incorporation of separation step is implemented
in order to handle the highly complex protein and/or peptide mixture. In bottom-up
proteomics-based measurement, the protein sample is digested into smaller pep-
tides and the protein identity (and its biological source) inferred from the analysis
of these peptides. In top-down proteomics-based measurements, the intact protein
identity is derived directly from its analysis. In both cases, instrumentation capable
of MS/MS measurements is required, although not all MS/MS instruments can per-
form both top-down and bottom-up analyses, and depending on the ionization mode
and ion dissociation mode, the upper mass range limit is different (vide supra).
Common to these proteomics measurements is the implementation of a separation
step, mainly LC, prior to MS and MS/MS measurements.

Other top-down (Demirev et al. 2005; Fagerquist et al. 2010; Fagerquist et al.
2009; Fagerquist 2013) and bottom-up (Yao et al. 2002a, b) proteomic approach-
es without a separation step utilize MALDI in conjunction with a tandem MS or
MS/MS—e.g., TOF/TOF-MS system in Fig. 2.3b—to increase the specificity of
the analysis. These approaches do not extend the number of protein biomarkers
detected, but rather they can analyze individual protein biomarker signals, and in
principle a mixture of bacteria, provided representative signals from all species are
generated during the MALDI process. This approach implements the same rapid
protein extraction protocol as in the profile-based techniques.

Top-Down Proteomic Approaches

Strategies implementing LC-MS and LC-MS/MS can extend the number of pro-
teins accessible in the microbial proteome for the purpose of strain-level differ-
entiation. In top-down proteomics, the microbial sample is usually processed in
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order to extract and isolate a highly enriched protein fraction. Top-down proteomic
approaches can implement both MALDI and ESI, as both of these ionization modes
can be interfaced with MS/MS instrumentation. Furthermore, both MALDI and ESI
can be coupled with LC separation for additional selectivity in the analysis, albeit
for MALDI the LC separation step is performed in an offline mode (Marcus et al.
2007; Bodnar et al. 2003; Basile et al. 2005; Maltman et al. 2011). The following
discussion will focus on coupling LC with ESI-MS for the analysis of closely re-
lated microorganisms.

As stated earlier, ESI (and MALDI) is limited in its ability to ionize every com-
ponent present in a complex mixture, as in crude bacterial protein extracts, and thus
approaches aiming at increasing the dynamic range of proteins detected must incor-
porate a separation step (e.g., 2D gel, LC). However, strategies incorporating gel-
based separation steps, although possessing large peak capacities, are time-consum-
ing and are not amenable for high-throughput analyses of microbial samples. On
the other hand, LC-based methods are suitable for high sample throughput, while
providing the required selectivity to detect a wide range of proteins present in the
sample. Because the analysis is usually carried out in a broad spectrum mode, that
is, targeting all possible proteins, an aggressive lysis step is usually implemented.
In addition, since both MALDI and ESI are sensitive to high concentrations of ionic
species in solution (ESI in particular), physical methods are usually preferred (e.g.,
pressure, sonication, beads) that preclude the addition of high concentrations of
lysis agents. In some instances the released DNA in solution is eliminated by the
addition of DNase I. The final protein fraction must be devoid of any solid or sus-
pended matter as it may obstruct/clog valves, syringes and frits present in the LC
system. All these steps add to the overall sample preparation time, often requiring
several hours of manual labor. Several compilations dealing with sample prepara-
tion methods for the analysis of proteins with LC-MS techniques can be found
elsewhere, (Aguilar 2004; Shah and Gharbia 2010) and they will not be discussed
in detail in this section.

Unlike MALDI-MS, the analysis of intact proteins by LC-(ESI)-MS requires
additional processing steps of the mass spectral data in order to extract protein MW
information. This is due to the multiple-charged nature of the mass spectral signals
of proteins under ESI conditions. This process is best illustrated in the analysis
of Salmonella spp. protein extraction by LC-ESI-MS. Figure 2.7 shows the initial
LC-MS chromatogram, which is deconvoluted, in 30 s time windows, throughout
the entire chromatographic period (e.g., 80 min in this example).

That is, the related m/z values from an eluting protonated protein (i.e., [M +nH]"")
are converted to a single mass value for the neutral intact protein (i.e., M) (McFar-
land et al. 2014; Williams et al. 2002). The resulting mass profiles for each 30 s
window are combined into a single profile showing peak intensity and mass of the
protein (retention time information is also preserved during this data analysis, but
not plotted). This intact protein expression profile is easy to interpret, since it repre-
sents all of the proteins detected in the sample.

Several advantages result from this approach. First, because LC is incorpo-
rated into the ESI-MS analysis, suppression effects are minimized leading to the



36 F. Basile and R. K. Mignon

Ralative intenaity (%)

expression

Ralative Interaity (%)
Ralative Inbensity (%)

v L " " |
- L
10000 20000 0CCY 4000 0000 BOV00 6000 10000 14000 18000 [— 22000 26000 30600

L

Fig. 2.7 Generation of protein mass profiles for Salmonella spp. using LC-ESI-MS. Multiple-
charged signals from proteins within a 30 s time window are deconvoluted into single mass values
(mass of neutral protein). The process is repeated for the entire chromatographic period (~80 min)
and combined into a single mass profile. (Adapted from McFarland et al. 2014, copyright Ameri-
can Chemical Society)

detection of a larger number of proteins that otherwise would not be detected with
MALDI-MS alone. Figure 2.8 illustrates this advantage where a comparison is
made between the MALDI-mass profile and the LC-(ESI)-MS protein expression
profile of Shigella sonnei, the latter showing enhanced detection of several proteins
above 15 kDa (Everley et al. 2008). This approach was later used to successfully
differentiate several strains and isolates of pathogenic and nonpathogenic E. coli
(Mott et al. 2010).

A second advantage of the LC-ESI-MS approach is the increased mass accu-
racy of the measurement, making possible the detection of small mass differences
between proteins. These mass differences can be equivalent to single-nucleotide
polymorphisms (SNP) mutations or post-translational modifications. Recent work
by McFarland and coworkers (2014) best illustrates the implementation of LC-
(ESI)-MS (intact protein mass) and MS/MS top-down analyses to bacteria differen-
tiation at the strain level. Proteins extracted from bacterial samples of Salmonella
typhimurium (strain LT2) and S. heidelberg (strain A39) were first separated by
reversed-phase (RP) LC and the eluent analyzed directly by ESI-MS using Q-TOF
MS system (operated in the full-scan mode or MS). Following the data processing
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Fig. 2.8 Comparison of MALDI-MS profile (protein extraction; sinapinic acid matrix) with the
LC-MS mass profile for Shigella sonnei. The x-axis represents the mass of the neutral proteins, M,
and not the m/z of the [M+nH]"" ions in the ESI- or MALDI-mass spectra. (Adapted from Everley
et al. 2008, with permission from Springer)

shown in Fig. 2.7, the resulting deconvoluted mass spectra were then displayed as
intact protein expression profiles, in a mirrored configuration for easy comparison
(Fig. 2.9). Although the similarity of these two serovars in terms of their protein ex-
pression profiles (mass maps) make them almost indistinguishable, close inspection
reveals that several proteins showed detectable mass shifts (highlighted in Fig. 2.9)
between the samples. These mass shifts most likely represent protein products of
SNP containing genes that differentiate these two strains. The identification of pro-
teins in Fig. 2.9 was accomplished in a second analysis by LC-MS/MS of the intact
proteins with an orbitrap mass analyzer (Fig. 2.5).

A third advantage of this approach, when combined with top-down and bottom-
up proteomic measurements, is the ability of “reverse engineering” unique seg-
ments within a protein sequence into polymerase chain reaction (PCR) primers that
have specificity toward a desired phenotypic trait (Williams et al. 2005). This is
especially useful for organisms with unsequenced genomes. Overall, the extended
dynamic range of detected and identified intact proteins with LC-MS and MS/MS
allows for an increase in the analysis selectivity among different microbial strains.
However, development of these techniques for clinical analyses would have to in-
clude automated sample preparation and analysis in order to achieve a high sample
throughput. In general, its implementation is expected to provide a flexible platform
for enhanced discrimination of closely related microorganisms, including antibiot-
ic-resistant strains, which will be presented next.
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Fig. 2.9 Mass profiles obtained by LC-MS analysis of protein extracts of S. typhimurium strain
LT2 and S. heidelbergh strain A39. The x-axis represents the mass of the neutral proteins, M, and
not the m/z of the [M +nH]"" ions in the ESI-mass spectra. (Adapted from McFarland et al. 2014,
copyright American Chemical Society)

Differentiation and Detection of Antibiotic-Resistant Bacteria

Clinically relevant is the detection of antibiotic-resistant strains, as accurate infor-
mation about the infectious microorganism can result in improved patient outcomes
and a concomitant reduction in health care costs. Knowledge of the resistance
mechanism is key in order to develop accurate and specific MS-based methods for
the detection of antibiotic (or antimicrobial)-resistant microorganisms. Bacteria can
acquire antibiotic resistance via these five mechanisms: (i) mutation of the target
site, (ii) enzymatic modification of the antibiotic, (iii) active efflux of antibiotics
from the cell, (iv) restricted permeability of antibiotics to the active site, and (v)
acquisition of an alternative metabolic pathway(s) insensitive to the antibiotic (Mc
Dermott et al. 2003; Vranakis et al. 2014). Accordingly, several MS-based tech-
niques have been developed to detect antibiotic resistance in bacteria derived by
some or all of these mechanisms. These detection strategies include: (1) profile-
based MALDI-MS of intact cells or protein extracts, (2) detection of the enzymatic
modification of the antibiotic (a.k.a., enzyme activity methods), (3) direct detection
of the enzyme degrading the antibiotic, and (4) profile-based MALDI-MS of intact
cells grown in stable isotope/selective media. A brief discussion of each technique
will follow with representative examples from the published literature.

Profile-Based MALDI-MS of Intact Cells or Protein Extracts In this approach com-
mercial MALDI-MS systems are used to differentiate antibiotic-resistant strains
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from their susceptible counterparts. The profiles generated from these two samples
are usually indistinguishable in terms of unique biomarkers present (in the mass
range of 2000 to 20,000 Da). That is, no unique biomarker(s) is responsible for
antibiotic resistance differentiation within this mass range analyzed. This is under-
standable since most of the enzymes responsible for antibiotic resistance (carbapen-
emase, (Queenan and Bush 2007) vide infra) have MWs in the 28-31 kDa range.
However, several studies have been successful at this differentiation by a careful
control of the experimental conditions (Jackson et al. 2005; Goldstein et al. 2013)
either using the direct transfer method (Goldstein et al. 2013; Majcherczyk et al.
(2006) or the standard ethanol-wash and formic acid/acetonitrile protein extrac-
tion protocol, (Wybo et al. 2011; Griffin et al. (2012) while performing the MS
analysis in the 2000-20,000 Da mass range. The method relies on the detection
of subtle differences between mass spectral profiles of susceptible and resistant
strains of the microorganisms, which must be present in the mass spectral database.
For example, in the MALDI-MS differentiation of Bacteroides fragilis susceptible
and resistant strains to the antibiotic meropenem, no unique signal was associated
with resistance, but rather the two groups were discriminated based on the pro-
files of approximately 10 signals (Wybo et al. 2011). As a result, the profile-based
MALDI-MS approach has shown very limited success as a universal method for
antibiotic resistance detection and must be validated on a case-by-case basis. How-
ever, because this methodology is already in place in most clinical laboratories, it
is expected that implementation of protein extraction protocols in conjunction with
other procedures that reduce the variance of the measurement (vide supra) could
lead to more confident differentiations between these closely related strains.

Enzyme Activity Via Antibiotic Degradation Product Detection This approach is
based on monitoring the products of an enzyme-catalyzed reaction by MS (Gerber
et al. 1999; Bothner et al. 2000; Gerber et al. 2001; Basile et al. 2002; Chenna-
maneni et al. 2014). The advantage of using MS over commonly used optical meth-
ods (e.g., UV-vis absorption or fluorescence) is that specific substrates labeled with
chromophore molecules are not required, that is, substrates can be used in their
native state, and products are differentiated from the substrate molecule simply by
a characteristic mass change. In addition, given the resolution of most MS systems
and a judicious choice of substrate molecules (MW’s), multiple substrate—enzyme
reactions can be monitored simultaneously with a single MS-based enzyme activity
approach (Basile et al. 2002).

The application of MS-based enzyme activity to detect antibiotic-resistant bac-
teria was first reported by Hrabak et al. where carbapenemase activity was detected
using MALDI-MS in viable intact cells of Enterobacteriaceae and Pseudomonas
spp. (Hrabak et al. 2011) and later expanded to Acinetobacter baumannii (Hrabak
et al. 2012). Carbapenemase activity detection in bacteria with MALDI-MS re-
quires the incubation of viable bacteria (in a suitable buffer system, e.g., 20 mM
Tris—HCI, 0.01 % sodium dodecyl sulfate (SDS), pH 7.0) with the substrate mol-
ecule, in this case, the antibiotic molecule (e.g., meropenem). This suspension is
incubated for ~2 h at 35°C, in which period meropenem molecules are enzymati-
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cally hydrolyzed at the f-lactam moiety followed by decarboxylation. The bacteria
suspension is then centrifuged and the supernatant is analyzed by MALDI-MS. The
MALDI-MS analysis is performed in the mass range of 160—-600 Da in order to de-
tect the low MW products. The matrix 2,5-dihydroxybenzoic acid (DHB) was used
as it has a very low chemical background in this low mass range. For example, for
meropenem, the intact molecule (unmodified) is detected at m/z 384.16 (calculated
monoisotopic mass of the [M+H]" ion), while the product (hydrolyzed and decar-
boxylated) is detected at m/z 358.18 (calculated monoisotopic mass of the [M+H]"
ion; the sodium adduct ion, [M +Na]?, is also detected at m/z 380.16). Mass spectra
of susceptible strains of bacteria will show signals corresponding to the unreacted,
intact antibiotic molecule, while resistant strains will show both the intact antibiotic
and hydrolysis/decarboxylation product. Because the antibiotic molecules undergo
spontaneous, but slow, hydrolysis (a.k.a., auto-hydrolysis), a background signal or
measurement must be made in order to provide quantitative measure of the enzyme
activity. This approach was successful in detecting antibiotic resistance from differ-
ent carbapenemases (NDM-1, KPC-2, KPC-3, VIM-1, OXA-48, and OXA-162) in
several microbial species (Hrabdk et al. 2012).

Other laboratories have successfully implemented this technique to detect car-
bapenemase activity in several species of Pseudomonas and Enterobacteriaceae us-
ing the antibiotic (i.e., substrate) ertapenem (Burckhardt and Zimmermann 2011) and
imipenem (Kempf et al. 2012; Alvarez-Buylla et al. 2013).- A detailed characteriza-
tion of this enzyme assay was conducted with E. coli cell lysate/extract (expressing
chromosomally encoded AmpC B-lactamase) and using both a MALDI-TOF-MS
and a MALDI-QQQ-MS in the MRM mode (see Fig. 2.4) to detect 3-lactamase en-
zyme activity with the substrate penicillin G (PenG) (Hooff et al. 2012). The imple-
mentation of an SRM detection mode that allowed for accurate kinetic degradation
studies was able to detect enzyme activity within 5—-15 min of incubation time as
well as establishing statistical parameters in terms of inter- and intraday reproduc-
ibility. A quantitative measurement of carbapenemase activity was also performed
by incorporating a '80-labeled internal standard antibiotic molecule in conjunction
with ESI-QQQ detection (where Q3 was a linear quadrupole ion trap, rather than a
quadrupole mass filter), (Wang et al. 2013) increasing the accuracy, specificity and
reproducibility of the measurement while at the same time reducing false positives
due to auto-hydrolysis of the drug (substrate).

These analyses showed successful detection of carbapenem antibiotic resistance
utilizing available instrumentation and without any special reagents (other than the
antibiotic themselves). However, this analysis does require a separate sample prepa-
ration step, and instrumentation parameters, and thus may add to the overall sample
preparation time and hinder high-throughput measurements. The ability to perform
SRM measurements with these approaches can in principle provide a high-through-
put platform for the detection of bacteria resistance toward multiple $-lactam drugs
in a single measurement.

Direct Detection of Enzymes Responsible for Antibiotic Degradation/Resistance In
this strategy antibiotic resistance in bacteria is established by the direct detection
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of the carbapenem-hydrolyzing B-lactamase(s). Two studies will be described that
demonstrate this strategy via a direct MALDI-MS measurement and a bottom-up
proteomic approach.

Combined, MALDI with TOF-MS systems have a practical upper mass limit de-
tection of ~60-160 kDa, depending on sample complexity and preparation, and so
it is feasible to use MALDI-MS systems for the detection of proteins other than the
ribosomal proteins used in profile-based identifications. Most carbapenemases have
MW’s that range between 28 and 31 kDa, and thus their detection by commercially
available MALDI-MS is feasible. However, as mentioned earlier in this chapter, the
prevalence of ribosomal proteins in the MALDI-mass spectrum profile of bacteria
is a direct consequence of their abundance and ease of ionization. That is, detec-
tion of other proteins present in the sample may be suppressed by the presence of
these ribosomal proteins. As a result, MALDI matrix and sample reparation condi-
tions need to be optimized in order to detect higher MW proteins in these complex
samples. Indeed, proof-of-principle work by Camara and Hays (2007) demonstrat-
ed that by optimizing the sample preparation and MALDI matrix it was possible
to detect a 29 kDa B-lactamase in E. coli. The method used a sample preparation
protocol that included a 0.1 % TFA cell wash, followed by a protein extraction in
formic acid/isopropyl alcohol/water (17:33:50 by vol.) and used sinapinic acid as
the MALDI matrix (Wang et al. 1998). Although limited in scope and bacterial
species analyzed, this study demonstrated the detection of higher MW proteins us-
ing a modified protein extraction protocol and without the use of LC prior to the
MS analysis step. However, this approach may require optimization of the MALDI
sample preparation step for each type of sample (e.g., Gram-type, genus, etc.), thus
limiting its applicability as a universal detection protocol for known and unknown
microbial samples.

The detection of the B-lactamase enzyme in bacteria was also accomplished via
a bottom-up proteomic approach (Fig. 2.1) in order to provide increase specificity
to the assay via protein identification. Two examples from the literature will be
used to illustrate this approach. In the first report, Hu et al. detected -lactam resis-
tance in Acinetobacter baumannii (Chang et al. 2013) by implementing a bottom-up
proteomic approach using a microwave heating-assisted trypsin digestion of the
protein extract followed by RP LC-MS/MS. The authors were able to identify a
unique tryptic peptide in all the B-lactam-resistant clinical isolates of 4. baumannii
tested. In addition, because the analysis was performed in a data-dependent mode,
a protein distribution profile was also obtained that can be used to further classify
the sample. In a second study involving bottom-up proteomics, Hensbergen and
coworkers (Fleurbaaij et al. 2014) employed capillary electrophoresis (CE)-MS/MS
(using a Qg-TOF-MS system) to detect antibiotic-resistant Gram-negative bacteria.
A total 14 tryptic peptides unique to antibiotic-resistant bacteria were identified in
this study, all derived from the OXA-48 and KPC carbapenemases.

Because these bottom-up proteomic approaches are conducted in a data-depen-
dent mode, it is foreseeable that other B-lactamases can be identified. In addition,
an increase in the detection and identification confidence level is accomplished by
the detection of multiple peptides per protein. The discovery of unique peptide bio-
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markers corresponding to B-lactamases could be used to develop targeted analyses
using an MRM mode in a QQQ instrument for increase in specificity and rapid
data analysis. However, given the stochastic nature of proteomic-based approaches,
(Zhang et al. 2013b) in particular those involving a separation step and MS/MS de-
tection, avoiding or decreasing the number of false-negative outcomes may require
the use of internal standards, detection of multiple biomarkers within a measure-
ment, and tests using selective growth media. This shortcoming will also require the
analysis of several biological replicates, which unfortunately increases the analysis
time mostly due to the added individual chromatographic steps.

Profile-Based MALDI-MS with Stable-Isotope/Selective Growth Media In this
approach MALDI-MS profiles are obtained for bacteria grown in selective growth
media containing antibiotic and with nutrients enriched with heavy (stable) isotopes
of 1BC, or both '3C and *N. Operationally, antibiotic-resistant bacteria would be
able to grow in the presence of antibiotic, and during this process incorporate nutri-
ents with the heavy isotopes, which are used in the biosynthesis of heavy homologs
of protein biomarkers. By comparing these results with those from the same analy-
sis performed in control media (i.e., natural isotope abundance) and without the
antibiotic, mass shifts between these protein signals can be used to establish anti-
biotic resistance. Two approaches have been demonstrated using different growth
media and data analysis/algorithm. In the first published study, bacteria were grown
in 98 % 13C isotope-enriched media (and control media with natural isotope abun-
dance) (Demirev et al. 2013). In a second approach, (Sparbier et al. 2013; Jung
et al. 2014) samples were grown in media containing “heavy” lysine (**C and
5N enriched lysine) and control or “light” media (containing naturally occurring
lysine). In both of these schemes, it is essential to measure a control mass spectrum
to establish mass shifts of the proteins biosynthesized in the presence of heavy iso-
topes. The main advantage of these analyses is that they provide a universal method
to detect any form of antibiotic resistance in bacteria.

Conclusions

The use of MS-based techniques for the differentiation of closely related microor-
ganisms requires the close interplay of biochemical knowledge of the sample and
the capabilities and requirements of MS hardware. The main information derived
from MS analysis, m/z of the ions produced during the ionization process, provides
a unique and specific set of biomarkers for the differentiation of microorganisms.
Because of the wide acceptance of MALDI-TOF-MS systems by the microbiology
community, it is reasonable to channel efforts at developing new analytical methods
for the detection of closely related microorganism based on this platform, as is the
case for enzyme activity (Hrabak et al. 2011) and stable-isotope media (Demirev
et al. 2013) tests outlined above. In addition, the development of methods involving
new sample preparation protocols and using MALDI-TOF-MS platforms is worth
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pursuing, given the occurrence of this instrument in many laboratories. For ex-
ample, efforts should continue to explore methodology intended to inactivate and/
or extract proteins (Machen et al. 2013) that can enhance the ability to differentiate
microorganisms at the strain level. Finally, approaches measuring metabolite (and
their levels) should also be revisited and/or developed as new evidence points to the
effect of antimicrobial drug resistance on the metabolomic phenotype of bacteria,
yielding to the discovery of some unique metabolites (Derewacz et al. 2013). Their
analysis can be performed with a wide range of accessible MS instrumentation,
including MALDI-TOF-MS and bench-top ESI-MS systems.
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Chapter 3
Sample Preparation Methods for the Rapid MS
Analysis of Microorganisms

Shobha Devi, Anren Hu and Yen-Peng Ho

Sample preparation is the most critical steps in microbial analysis to generate ac-
curate and informative data. Well-designed methods are required to enable unam-
biguous and sensitive identification of microbial cells/biomarkers from complex
sample mixtures. However, there is no standard protocol for sample preparation
because the microbial samples are complex. Moreover, sample preparation strate-
gies depend on the type, source, abundance, and physical properties of samples.
Traditional procedures have been used to collect, isolate, and identify pathogens
from different samples. Furthermore, biochemical, serological, and molecular bi-
ology methods have been employed for the definitive identification of microbial
isolates. These established methods are often time-consuming and labor-intensive.
Mass spectrometry (MS) has become one of the main tools to accomplish the rap-
id identification and quantification of microbial cells/biomarkers. To simplify the
complexity of the samples and improve the detection of low-abundance microbial
cells/biomarkers, sample preparation methods that can selectively enrich target ana-
lytes and simultaneously eliminate interferences are greatly desired prior to MS
analysis. In response to this challenge, numerous sample treatment techniques have
been developed. In this chapter, we describe the sample preparation methods for the
identification of microorganisms by MS, including techniques of enrichment, cell
lysis, and separation of microbial cells/biomarkers. Two types of procedures for the
microbial sample preparation can be used for the MS identification. In one sample
preparation procedure, intact cells in the form of suspension are analyzed after they
are enriched or cultivated. In the other procedure, extraction, enrichment, and/or
separation of biomarkers from the cells are carried out prior to MS analysis. The
workflow of these approaches is outlined in Fig. 3.1.
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Fig.3.1 Workflow of sample preparation approaches for microbial analysis. MS mass spectrometry

Enrichment Methods

Various strategies have been developed for the enrichment of microbial samples.
The enrichment methods involving non-covalent, covalent interactions, and im-
munoassays are discussed in this section. In general, affinity enrichment steps in-
clude binding of targets, washing, and elution. A general scheme is provided in
Fig. 3.2. Microbial cells/markers are isolated and concentrated after the incubation
of the sample solution with affinity probes. The enriched cells are lysed or directly
mixed with a matrix-assisted laser desorption/ionization (MALDI) matrix solution
and subjected to mass spectrometry (MS) analysis. Moreover, biomarkers obtained
from the enriched cells may be concentrated and separated prior to MS analysis

Enrichment of Microbial Cells/Biomarkers Involving Non-

covalent Interactions

A simple concentration step prior to MS analysis may improve the detection and
identification of microorganisms from complex biological mixtures. Affinity meth-
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Fig. 3.2 General scheme for the enrichment of microbial cells or biomarkers with affinity probes.

ods have been developed for effective cleaning and enriching microorganisms from
complex matrices.

Non-covalent binding between the cells/biomarkers and the functionalities of
the affinity surface may arise from columbic (electrostatic) interactions, hydrogen
bonding, or hydrophobic interactions.

Cells

Various affinity probes have been used to concentrate and purify the bacteria of
interest. One such probe for the selective enrichment of bacteria using lectins has
been previously reported (Bundy and Fenselau 1999). Lectins are glycoproteins
that have selective affinity for carbohydrates. These molecules have the capacity to
interact with bacteria through non-covalent interactions involving hydrogen bond-
ing, hydrophobic, and van der Waals’ interactions with various carbohydrates (lipo-
polysaccharides and peptidoglycans) located on the cell surface. The selectivity of
lectins for a particular carbohydrate can be used as a probe for selective isolation of
bacterial species. For example, the lectin, concanavaline A (Con A), is reactive with
various Gram-negative bacteria due to its binding to lipopolysaccharides on the cell
surface. Further improvement of this technique was achieved using wheat germ
agglutinin (WGA)-lectin bound to an affinity membrane. WGA-lectin probes have
been employed for the enrichment of Escherichia coli and Salmonella typhimuri-
um from milk, urine, and processed chicken samples (Bundy and Fenselau 2001).
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Surface-activated glass slides with immobilized lectins have been reported to selec-
tively capture bacteria (E. coli) and bacterial spores (Bacillus cereus and Bacillus
subtilis) (Afonso and Fenselau 2003).

Numerous magnetic nanoparticles (MNPs) of various sizes, shapes, and
compositions have been used as affinity probes to selectively concentrate trace
amounts of bacteria from complex biological and food samples. Nanoparticle
(NP)-based magnetic separation has been reported to perform exceptionally well
for pre-concentration, isolation, and enrichment of microorganisms in compari-
son to other common separation techniques. Microbial cells often bind with NPs
through electrostatic or hydrophobic interactions. Generally, the procedure in-
volves addition of functionalized NPs into cell suspensions and incubation of the
suspensions for the efficient attachment of NPs to the microorganisms. Then the
NP-microbial cell conjugates can be isolated by magnetic separation and sub-
jected to MS analysis.

Various carbohydrates have been recognized as receptors for the attachment
of pathogens (Sharon 2006). Silica-coated MNPs (Fe,0,@Si0,) modified with
p-mannose have been employed to concentrate E. coli strain ORN178, which
possesses mannose-specific receptor sites (EI-Boubbou et al. 2007). Pigeon ov-
albumin (POA), a phosphoprotein containing high level of galactose units, also
serves as an affinity probe to enrich bacterial cells through disaccharide—protein
interactions. POA-immobilized Fe,0,@Al,0, MNPs have been used for the se-
lective enrichment of E. coli and Pseudomonas aeruginosa from urine samples at
a concentration as low as 4 x 10* cells/mL, corresponding to 102 cells deposited
on the matrix-assisted laser desorption/ionization (MALDI) plate (Liu et al. 2008,
2009).

Vancomycin-modified Fe-Pt MNPs have been reported for selective enrichment
of vancomycin-resistant enterococci and other Gram-positive bacteria (Staphylo-
coccus aureus and Staphylococcus epidermidis). The selective interaction between
MNPs and bacterial cell walls (expressing b-Ala-p-Ala as the terminal peptides) is
through multiple hydrogen bonding (Gu et al. 2003).

Vancomycin-immobilized MNPs were employed for the selective enrichment
of Gram-positive bacteria from urine samples. The optimal detectable concen-
tration was 7.4 x10* and 7.8 x 10* CFU/mL for S. aureus and Staphylococcus
saprophyticus, respectively (Lin et al. 2005). Vancomycin-modified NPs have
also been utilized to concentrate Gram-positive bacteria from tap water prior to
MALDI-MS. The optimal detection limit was found to be 5x 10> CFU/mL (Li
et al. 2010). The architecture and orientation of vancomycin on the surface of
silica-encapsulated Fe,O,-NPs and the overall surface coverage have been found
critical in mediating fast and effective interaction between the NPs and the patho-
gen cell wall. Only one orientation/architecture in a series of modified NPs led
to the efficient and reproducible capture of several important pathogenic bacteria
(Kell et al. 2008).

Anion-exchange MNPs also served as affinity probes to separate/concentrate
bacterial cells. The positively charged NPs may interact with bacteria (generally
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carrying negative charges). Commercially available anion-exchange MNPs or mi-
croparticles have been used to enrich various bacterial species from tap water and
reservoir water. The detection limit was 1 x 103 CFU/mL and the analytical time was
around 2 h (Guo et al. 2009; Li et al. 2009). Cationic ionic liquid-modified magnetic
nanoparticles (CILMS) have been used for the enrichment of pathogenic bacteria
from blood samples (Bhaisare et al. 2014).

Cultivation of captured bacteria may further improve the detection limit. Patho-
gens in milk/pudding/coffee have been captured with magnetized zirconium hy-
droxide, directly cultured without colony isolation, and then analyzed using MAL-
DI and LC-MS/MS. The limit of detection for Enterococcus faecalis spiked into
milk was down to a level as low as 32 CFU/mL (Chen et al. 2012). The synthesis
of both positively and negatively charged NPs with various functionalities includ-
ing Fe,O,, Si0,, TiO,, Zr0O,, polyethyleneimine (PEI), and polyacrylic acid (PAA)
to concentrate target Gram-negative and Gram-positive bacteria has been reported.
The capture efficiency of all MNPs was examined. The affinity of Fe,O,@PEI for
each of the bacterial species was attributed to its polymer structure having more
positive charges on the surface. The capture mechanism of selective binding of
negatively charged TiO, NPs with bacteria (also negatively charged) may include
not only electrostatic attraction but also covalent and hydrogen bonding (Reddy
et al. 2014).

The size effect of magnetic particles (nano- vs. micro-sized particles) on the
capture efficiency of microorganisms may require further studies. Nano-sized par-
ticles have greater surface area to volume ratio and better dispersion properties.
Micro-sized particles have higher surface coverage of functionalities. Both types of
particles have been successfully applied to cell enrichment.

Biomarkers

Affinity chromatography is a powerful tool for the concentration of microbial pro-
teins and has potential applications for diagnosis and even for therapy. Lectin affinity
chromatography was used for capturing glycosylated proteins, which are potential
virulence factors, from many parasites including apicomplexan (Fauquenoy et al.
2008). Surface proteins related to pathogenesis of Mycoplasma hyopneumoniae
have been labeled with biotin and affinity captured for MS characterization (Reolon
et al. 2014). Isotope-coded glycosylation-site-specific tagging has been employed
to enrich low abundant N-glycosylated proteins from a complex bacterial extract
(Kaji et al. 2003).

Immobilized MNPs can also be used for the selective enrichment of biomark-
ers. 12-Hydroxy octadecanoic acid-modified BaTiO, NPs have been used to extract
hydrophobic compounds, including phospholipids and membrane proteins from
E. coli (Kailasa and Wu 2013). Oleic acid capped Mg(OH), NPs have been used as
extracting and concentrating probes for hydrophobic proteins from E. coli and B.
subtilis prior to MALDI-MS analysis (Kailasa and Wu 2012).
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Surface-enhanced laser desorption/ionization (SELDI-MS) technology plays an
important role in rapid identification of biomarkers from various microorganisms.
SELDI is an affinity-based method in which the protein mixture is adsorbed onto
various chemically or biochemically modified surfaces such as anion exchange
(AX), cation exchange (CX), and hydrophobic or immobilized metal ion affinity
chromatography (IMAC) surfaces. Some proteins in the sample bind to the surface
while others are removed by washing. After washing, the adsorbed proteins are
mixed with matrix and allowed to crystallize. Binding of the proteins to the surface
itself acts as a separation step and the proteins can be easily analyzed. Pathogenic
Gram-negative bacteria Francisella tularensis has been analyzed employing AX,
CX, and IMAC (loaded with copper ions) chip surfaces. These approaches enable
the discrimination among the different species and the subspecies of Francisella
(Lundquist et al. 2005; Seibold et al. 2007). The Campylobacter species have been
analyzed using SELDI-MS with hydrophobic and IMAC protein-chip array sur-
faces (Kiehntopf et al. 2011).

SELDI-MS based on protein-chip arrays have been utilized for the selective and
rapid identification of S. aureus from other non S. aureus species (Yang et al. 2009).
Furthermore, the protein chips have also been employed for the rapid identification
of antibiotic resistance of E. coli (Dubska et al. 2011).

Enrichment of Cells/Biomarkers Involving Covalent Interactions

Cells

Titania-coated magnetic iron oxide (Fe,O,@TiO,) NPs have been employed to en-
rich five Gram-negative bacteria including E. coli O157:H7, uropathogenic E. coli,
Shigella sonnei, P. aeruginosa, and Klebsiella pneumonia and three Gram-positive
bacteria (Listeria monocytogenes, S. saprophyticus, and S. aureus) (Chen et al.
2008). The Fe,0,@TiO, NPs exhibited much higher capture capacities towards
Gram-negative bacteria. The outer membrane of Gram-negative bacteria contains
lipopolysaccharide, as a major component, whereas most Gram-positive bacte-
ria lack lipopolysaccharides. Therefore, the metal oxide-coated MNPs interacted
weakly with the Gram-positive bacteria but strongly with the Gram-negative bacte-
ria through metal coordination bonding with the phosphate groups on the lipopoly-
saccharides. A titanium-based bacterial chip has been utilized to capture pathogenic
bacteria. This reusable bacterial chip can be directly used as a MALDI target plate
for the rapid and sensitive bacterial analysis in MALDI-MS (Gopal et al. 2013).

Biotinylation of cell surface proteins can be used for cell enrichment. This ap-
proach has been employed by covalent modification of the membrane proteins with
a cleavable reactive ester derivative of biotin (sulfo-N-hydroxysuccinimide-SS-
biotin). Then, the biotinylated cells were enriched with streptavidin-coated resin
(Scheurer et al. 2005).
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Biomarkers

Enrichment of biomarkers through covalent interactions may benefit from the sta-
bility of the bonding at different salt concentrations, pH values, and temperatures.
IMAC can be used to concentrate biomolecules based on the metal ion chelation
with the biomolecules. IMAC is highly useful for the enrichment of phosphopep-
tides from complex mixtures using various metal ions such as Ga(IlI) and Fe(III).
For instance, this method has been employed to enrich phosphopeptides from Sac-
charomyces cerevisiae (Gruhler et al. 2005).

Covalent chromatography has been applied to the enrichment of thiol-containing
proteins from E. coli lysate. Initially, the free thiol groups were derivatized with the
2,2-dipyridyl disulfide reagent. Then, the peptides were passed through a thiopropyl
sepharose resin column, which facilitated the exchange of the disulfide-modified
peptides with the thiol groups of the column (Wang and Regnier 2001). Covalent
chromatography and IMAC (loaded with copper) have been used to selectively cap-
ture cysteine and histidine containing peptides respectively from E. coli cell lysate
(Wang et al. 2002). Disulfide containing membrane proteins have been enriched
from Pseudomonas putida using a similar approach (An et al. 2011).

The magnetic microspheres have been employed for specific enrichment of
F tularensis glycoproteins. The capture was based on the irreversible reaction of
the hydrazide groups of microspheres with the aldehydes generated by the oxidation
of the cis-diol groups of glycoproteins. Biomarkers containing various functional
groups (carboxyl, amino, sulthydryl, etc.) can also be conjugated with these micro-
spheres through covalent bonding (Horak et al. 2012).

Organomercurial agarose beads have been developed to enrich cysteine contain-
ing peptides from yeast cell lysates. A significant increase of proteins that were suit-
able for identifying yeast proteins has been observed in MS analysis (Raftery 2008).

Biomarkers may be easily tagged through the modification of the reactive func-
tional groups such as amino, carboxylic, hydroxyl and thiol groups. The most popu-
larly used chemical affinity tag for the enrichment of biomarkers is the biotin tag,
which can be attached to various biomarkers through covalent bonding. Enrichment
of biotinylated proteins can be done by both avidin and streptavidin immobilized
affinity chromatography. Various research groups have employed biotinylation to
enrich different target proteins. Biotinylation has been employed to enrich and de-
tect membrane proteins from Deinococcus radiodurans (Goshe et al. 2003) and
P. aeruginosa (Blonder et al. 2004).

Immuno-Affinity Enrichment of Microbial Cells/Biomarkers

Although the interaction involved in immuno-affinity methods is basically non-co-
valent in nature, it appears to be unique enough to warrant separate discussion. Im-
munological methods have been extensively used for the studies of pathogenic mi-
croorganisms since the late 1950s. Traditional immunoassays are time-consuming
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and in some cases the antibody cross-reactivity with food and biological matrices
may lead to false-positive results and/or a worse detection limit. Immuno-affinity
MS is a more specific affinity approach capable of selectively targeting and char-
acterizing protein biomarkers. In MS-based immunoassays, proteins are affinity re-
trieved from biological samples via surface-immobilized antibodies, and are then
detected via MS analysis.

Cells

Micro-sized magnetic beads coated with antibodies (against a chosen microbial spe-
cies) can bind to target microbial cells in complex biological samples. The magne-
tized beads are easily dispersed in solution because of their small sizes (2—-5 pum in
diameter) and can be retrieved using a magnetic field. Sample debris and nontarget
organisms and molecules are removed by washing.

This method enriches specific microbial species, while the magnetic separation
involving non-covalent interaction described in Section 1.1 is mostly nonspecific.
Magnetic beads coated with antibodies that were specific to the antigen of Salmo-
nella choleraesuis have been applied for the isolation/concentration of S. cholerae-
suis from river water, human urine, and chicken blood (Madonna et al. 2001).

Immunoglobulin (IgG) functionalized magnetic Au-NPs and Pt-NPs have been
utilized to selectively enrich targeted bacteria from sample solutions (Ho et al.
2004; Ahmad and Wu 2013).The captured bacteria with the beads or particles were
directly applied onto the MALDI target plates prior to MS analysis.

Captured bacteria can be lysed after the magnetic separation. The released pro-
teins are digested and the peptides are analyzed using LC-MS. An antibody against
Bacillus anthracis spores were immobilized on IgG magnetic beads for the immu-
nocapture of intact spores prior to their detection using multiple reaction monitor-
ing (MRM)-MS (Chenau et al. 2011). Immuno-LC-MS/MS has also been used for
the selective isolation and detection of Yersinia pestis. Optimizing the immunocap-
ture conditions for the enrichment of intact bacterial cells from complex matrices
improved the detection limit to 2% 10* CFU/mL in milk or tap water and in soil
(Chenau et al. 2014).

Biomarkers

Staphylococcal enterotoxin B (SEB) is a potent bacterial protein toxin responsible
for food poisoning, as well as a potential biological warfare agent. An affinity probe
has been prepared by immobilizing anti-SEB antibody on the surface of paratol-
uene-sulfonyl-functionalized magnetic beads. Immobilization and affinity capture
procedures were optimized to maximize the density of anti-SEB IgG on the surface
of magnetic beads and the amount of captured SEB. MALDI-MS detection of the
enriched SEB from different matrices, such as cultivation media of S. aureus strains
and raw milk samples (Schlosser et al. 2007).
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Enrichment of microbial toxins including ricin, SEB, and botulinum neurotoxins
(BoNT) has been performed using multiplex-immuno-affinity purification. Specific
monoclonal antibodies for each of the four toxins were selected from a pool of an-
tibodies, the selected antibodies allowed for the specific and simultaneous capture
of toxins. This assay enabled unambiguous identification of toxins in complex food
matrices with a detection limit of 500 fmol. Additionally, it allowed for the rapid
differentiation of closely related BoNT sero- and subtypes ((Kull et al. 2010).

Cell Lysis

Microbial cells need to be lysed to release intracellular components prior to MS
analysis. Various cell lysis strategies are available depending on the sample types
and target biomarkers.

Gram-negative and Gram-positive bacteria differ from each other due to the dif-
ference in composition of the cell walls. The complexity of the microbial sample,
limited availability of the sample, and need for rapid identification have prompted
the development of cell lysis methodologies which can be coupled to MS tech-
niques. Various cell lysis techniques are available for the release of intracellular
constituents, including chemical (acids, detergents), enzymatic (lysozyme), physi-
cal (bead milling, ultra-sonication, French press, freeze-thawing, osmotic shock,
corona plasma discharge), and the combined methods.

Chemical Methods

Strong organic acids, bases, alcohols, and detergents/surfactants have been em-
ployed in microbial sample preparations, due to their high efficiency in disrupting
membranes and solubilizing proteins. Different cell types require different buffer
formulations. Conditions such as pH, salt concentration, and temperature are con-
sidered to be important parameters in the sample preparation protocols.

Trifluoroacetic acid (0.1% TFA) can effectively extract proteins from both
Gram-positive/negative bacteria (Nilsson 1999). Comparison of various solvents
involving water, 40 % ethanol, 0.1 % TFA, and various solvent mixtures indicat-
ed that 0.1 % TFA could yield the most MALDI-MS peaks (Ruelle et al. 2004a;
Liu et al. 2007). Extraction of proteins from E. coli has been achieved using a
range of solvents with varying polarity. The different combinations of extraction
solvents, involving 10:45:45 formic acid (FA)/methanol/water, 17:33:50 FA/iso-
propylalcohol/water, 17:33:50 FA/methanol/water, 33:67 acetonitrile (ACN)/water,
and 0.1:99.9 TFA/water, have also been examined. Among these, the second and
the third solvent combinations provided the highest number of signals from E. coli
extract (Domin et al. 1999).
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Bacillus anthracis is the etiological agent of anthrax in humans/animals
(Demirev and Fenselau 2008; Lasch et al. 2009). Numerous low molecular-weight
proteins can be readily extracted from the spores of B. anthracis and related species.
Many of these proteins have been identified as small acid-soluble spore proteins
(SASPs), due to their basic nature. They can be selectively solubilized in acids and
easily protonated to provide strong signals when ionized by MALDI or electrospray
ionization (ESI). SASPs have been proposed as candidate biomarkers capable of
discriminating between various Bacillus spores. Solvents that have been reported to
extract SASPs include 10% TFA (Castanha et al. 2007), 50 % acetic acid (Fenselau
et al. 2007), 30% ACN/40% FA (Dickinson et al. 2004), 5 %ACN/TFA (70:30, v/v)
(Dybwad et al. 2013), and 1N HCI (Hathout et al. 2003).

Various types of detergents/surfactants have been reported for microbial cell
lysis to extract proteins. Detergents break the structure of cell membranes by dis-
rupting the lipid-lipid, protein—lipid, and protein—protein interactions. Detection of
proteins with high molecular weight up to 140 kDa has been achieved by mixing
nonionic surfactant (1.0 mM N-octyl-B-p-galactopyranoside) with bacterial cells
on the MALDI target (Meetani and Voorhees 2005). The release of proteins from
E. coli has been achieved by a lysis buffer containing 2 % Triton, which facilitated
the identification of many proteins (Chong et al. 1997). The most commonly used
detergent is sodium dodecyl sulfate (SDS), which is very efficient in cellular ly-
sis and protein solubilization. However, it poses a major impediment for LC-MS/
MS experiments. In particular, the presence of SDS hinders the resolving power
of reverse phase LC. The introduction of SDS into a mass spectrometer during
electrospray may lead to ion suppression or contamination inside the ion source.
Therefore, the detergents used for lysis must be removed using suitable cleanup
methods. Detergent cleanup methods including trichloroacetic acid precipitation,
chloroform/methanol/water extraction, a commercial detergent removal spin col-
umn method, and filter-aided sample preparation (FASP) have been investigated.
These methods have been compared by lysing the bacterial samples in a sample
buffer containing 2% SDS. The FASP method outperformed the other three SDS
cleanup methods. An additional fractionation step enhanced the number of proteins
identified from bacterial cell lysates by 8-25% (Sharma et al. 2012). Melittin, a
lytic peptide, shows lytic activities against bacteria and mammalian cells. The leu-
cine-substituted analogs of melittin exhibited selective lysis of E. coli and Bacillus
megaterium (Pandey et al. 2010).

Guanidine HCI has been reported to be very efficient in cell lysis with minimal
amount of bacterial sample. Comparative study on effective small-scale cell lysis
using guanidine HCI and trifluoroethanol (TFE) indicated that guanidine HCI gave
better cell lysis results for complex microbial samples. Furthermore, comparison
of lysis techniques including sonication and modified guanidine lysis showed that
a higher number of proteins were identified using guanidine HCI (Thompson et al.
2008).

Lysozyme is commonly used for cell lysis to enhance the release of proteins from
microbial cells. The results of the lysozyme treatment on the Enferococcus species
indicated that the most reproducible MALDI-MS profile was achieved by treating
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the bacteria with lysozyme for 30 min. It was noted that the isolates exposed to
lysozyme have more intense peaks when compared to the untreated isolates. The
lysozyme-treated cells yielded fewer peaks in the low-mass range (900-1400 Da),
but the whole-mass range was increased up to 10 kDa (Giebel et al. 2008). An in-
crease in the number of peaks for S. aureus, Streptococcus haemolyticus, and Strep-
tococcus pyogenes (Gram-positive bacteria) has been achieved by the treatment of
lysozyme combined with sonication.

Gram-positive bacteria contain a thick peptidoglycan layer in the cell wall which
may impede the release of analyte molecules from the intact cells during MALDI
analysis. When these Gram-positive bacteria were exposed to lysozyme, digestion
of peptidoglycan might occur and yield the additional higher-mass signals in the
spectra (Smole et al. 2002). In contrast, a decrease in the MALDI-MS quality af-
ter the lysozyme treatment has also been observed for both Gram-positive (Vargha
et al. 2006) and Gram-negative bacteria (Williams et al. 2003). Decrease in signal
quality might be attributed to the introduction of additional components to the ana-
lyzed mixture.

Physical Methods

Physical methods are also shown to be efficient in disrupting microbial cells. Vari-
ous physical methods such as micro-beads disruption, ultra-sonication, freeze/thaw
cycle, thermolysis, and corona plasma discharge have been employed for efficient
cell lysis. A simple and inexpensive method for the disruption of small volumes of
bacteria and yeast is by suspending glass beads within the sample and vortexing the
sample repeatedly. The beads disrupt cell membranes through shear forces, grinding
between the beads, and collision with the beads. Campylobacter or Streptococcus
cells have been successfully disrupted with zirconia/silica beads (Fagerquist et al.
2005; Teramoto et al. 2007).

Thermolysis also induces cell lysis. For example, F. tularensis cell lysis has
been achieved by heating the sample at 65 °C for 2 h (Lundquist et al. 2005) prior
to SELDI-MS analysis. Effective release of high-mass biomarkers from Bacillus
spores has been achieved using wet heat treatment.

Wet heat treatment has been performed for 3-30 min by two techniques using
either a screw-cap tube submerged in a glycerol bath at 120 °C or an eppendorf tube
submerged in a water bath at 100 °C. Both techniques were successful in releasing
high-mass biomarkers (Horneffer et al. 2004). Osmotic lysis and French press have
been utilized for Shewanella oneidensis cell lysis (Brown et al. 2010). Reproduc-
ible patterns of spectral markers and increased sensitivity have been achieved for
Cryptosporidium parvum employing freeze-thaw cell lysis procedure (Magnuson
et al. 2000).

Ultrasonic vibrations at a frequency of 25 kHz is commonly used for cell disrup-
tion. The duration of ultrasound needed depends on the cell type, sample size, and
cell concentration.
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Ultra-sonication has been successfully applied for the lysis of E. coli to detect
high-mass proteins with higher signal-to-noise ratio (Easterling et al. 1998).

Nonthermal plasma or corona treatment of microorganisms at room tempera-
ture and ambient pressure produced unique biomarkers when analyzed by mass
spectrometers (Birmingham et al. 1999). Atmospheric pressure nonthermal plasmas
rapidly lysed bacterial spores (B. subtilis) after exposing the spores to ionized gas
for a few minutes (Birmingham 2006). Barrier discharges have also been utilized as
cell lysis devices (Pineda et al. 2000). Corona plasma discharge showed potential
to benefit the MALDI-MS profiling performance with rapid sample treatment. For
example, detection of signals of B. cereus spores required only 3 s of treatment
with corona plasma discharge (Victor Ryzhov and Catherine 2000). The treatment
of intact cells deposited on the MALDI target with corona plasma discharge of 15 s
was found to be useful for the signal enhancement. This effect was more notable
in the analysis of Gram-positive bacteria because of their higher cell wall stability.
MS analysis of plasma-treated bacterial spores revealed new biomarkers in the mass
spectra, which were undetectable in the spectra of unprocessed samples (Birming-
ham et al. 1999).

Separation of Cells and Biomarkers

Intact Cells

Capillary electrophoresis (CE) is a separation technique based on the differential
migration rates of charged species in an applied electric field. Microorganisms carry
charged or chargeable groups (amino acids and carbohydrates) on their outer sur-
face; therefore, CE can be used to separate intact bacterial, viral, and fungal cells.
CE allows for the rapid and efficient separation of microorganisms with least con-
sumption of sample and reagents. CE analysis of Tobacco mosaic virus and Lacto-
bacillus casei using a fused-silica capillary coated with methyl cellulose has been
carried out (Hjerten et al. 1987). Off-line coupling of CE to MALDI-MS may be
used for microbial identification. Separation and designation of two distinct sub-
components of cow pea mosaic virus were done by capillary zone electrophoresis
and MALDI-MS analysis of the capsid proteins (Liang and Schneider 2009). CE
coupled off-line with desorption electrospray ionization (DESI) MS has been em-
ployed for the separation/identification of E. coli and S. cerevisiae (Petr et al. 2009).

Field flow fractionation (FFF) can also be used for microbial cell separation. In
the FFF technique, a field (may be gravitational, centrifugal, thermal-gradient, elec-
trical, magnetic, etc.) is applied perpendicular to the fluid flow, causing particles to
migrate with different velocities. Fields of sedimentation, diffusion, and electrical
diffusion are manipulated to optimize the separations of microbes. Separation of
Pseudomonas putida and E. coli has been achieved by hyperlayer FFF. Fractions
of the whole cells were collected after the separation at different time intervals, dif-
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ferent sizes, and possibly different growth stages of bacteria. The bacterial analysis
by FFF/MALDI-MS has been completed in 1 h (Lee et al. 2003). Hyperlayer flow
FFF coupled online with inductively coupled plasma MS has been employed for the
separation/analysis of S. oneidensis (Jackson et al. 2005).

Biomarkers

CE is also useful for the separation of biomolecules. The selective proteotypic-pep-
tide analyses of protein digests obtained from various bacterial cell (Gram positive/
Gram negative) extracts were successfully performed using CE-MS. Minor bacte-
rial species present in the complex mixture at even 1 % relative abundance could
be identified with high confidence (Hu et al. 2007). CE time of flight (TOF)-MS
has also been found to be applicable in separation and identification of metabolites
including amino acids, amine, nucleotides, sugars, lipids, and other substances from
various microbial cells (Garcia et al. 2008). Tryptic peptides from whole cell lysates
have been separated and analyzed by CE-ESI-MS/MS for the sensitive and spe-
cific identification of f-lactamases in multidrug-resistant Gram-negative bacterial
species (K. pneumoniae, E. coli, and Enterococcus cloacae). Analysis of clinical
isolates identified the presence of B-lactamase peptides (OXA-48 and KPC) in all
of the carbapenemase positive samples (Fleurbaaij et al. 2014).

LC is the most widely used method for the separation of large variety of mi-
crobial biomarkers. LC-MS has been employed for the separation and detection of
protein biomarkers from E. coli (Ho and Hsu 2002). A multidimensional LC-MS
method has been used for the rapid determination of bacterial proteins to identify
B. anthracis strains (Krishnamurthy et al. 2007). Reproducible intact protein mark-
ers identified using the LC-MS approach were used to correctly identify unknown
pathogens at the species (Everley et al. 2008) and strain level (Everley et al. 2009).
Multidimensional LC separation coupled with MS/MS has been employed to obtain
the whole-cell proteome, providing insight into the pathogenesis of Streptococcus
pneumonia (Sun et al. 2011). In order to identify biomarkers for Ruegeria lacuscae-
rulensis, tryptic digests of low molecular weight proteins have been separated and
identified by the shotgun nano-LC-MS/MS approach (Christie-Oleza et al. 2013).
Acinetobacter baumannii DU202, a clinical isolate, exhibits resistance to many an-
tibiotics, including imipenem, tetracycline, ampicillin, and chloramphenicol. The
proteomes of the cytoplasm, cell wall, and membrane of 4. baumannii DU202 have
been analyzed by LC-MS/MS. Combining the proteomic analysis with genome
sequence data provided the comprehensive picture of antibiotic resistance in this
strain (Lee et al. 2014). Identification of B-lactam resistance in A. baumannii has
been achieved by shotgun proteomics and nano-LC-MS. Various antibiotic-resistant
proteins, including AmpC, -lactamase, and carO, have been successfully identified
in clinical-resistant strains of A. baumannii (Chang et al. 2013).

Gas chromatography-based separation methods for the identification of bacterial
metabolites are well established. The maximum molecular weight of compounds
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that can be analyzed when coupled to MS is <1000 Da. GC-MS and direct-infusion
MS methods have been employed to produce specific and discriminant metabolite
profiles from different yeast mutants (S. cerevisiae strains) (Mas et al. 2007). The
analysis of volatile compounds generated by bacteria may be a possible alterna-
tive method for the identification of pathogenic bacteria. The rapid detection of L.
monocytogenes from milk has been achieved by extracting, separating, and detect-
ing the volatile organic compounds (VOCs) by headspace-solid phase micro-extrac-
tion coupled to GC-MS. The limit of detection was found to be 1-1.5x 10> CFU/mL
of cells in milk (Tait et al. 2014). High-resolution pyrolysis gas chromatography/
MS selected ion monitoring technology has also been employed to detect L. mono-
cytogenes from food products (beef and milk) (Li et al. 2014). The identification
of VOCs produced by microorganisms also assisted in determining the bacterial in-
fections. Differentiation between a methicillin-resistant and a methicillin-sensitive
isolates of S. aureus was possible due to the significant differences between the
produced VOCs compounds including 1,1,2,2-tetrachloroethane, 2-heptanone, and
1,4-dichlorobenzene (Boots et al. 2014). Needle trap GC-MS has been employed
for the enrichment and analysis of VOCs in E. coli and P. aeruginosa (Zscheppank
et al. 2014).

Sample Preparation for MALDI-MS

Currently, most of the rapid microbial analyses are based on MALDI techniques.
Selecting an optimal matrix is a crucial step in developing all of the sample prepara-
tion protocols for the MALDI-MS. The MALDI matrices that are frequently used
for microbial analysis are a-cyano-4-hydroxycinnamic acid (CHCA), ferulic acid
(FA), and sinapinic acid (SA). It has been demonstrated that the use of a different
matrix for the same kind of sample led to a significant change in the MALDI mass
spectrum. For example, the MALDI mass spectra of E. coli obtained with CHCA
and a mixture of SA/4-methoxycinnamic acid showed significantly different sig-
nals (Demirev et al. 1999). CHCA is one of the most common matrix for bacterial
identification.

Analysis of bacterial cells using CHCA yielded better signal-to-noise ratio and
sensitivity and more number of intense signals in the lower mass range (Ryzhov
and Fenselau 2001; Shaw et al. 2004; Ruelle et al. 2004b). Presence of more signals
in the lower mass range may be due to the formation of doubly protonated ions
(Pineda et al. 2003). SA is a matrix of choice for the analysis of high-mass proteins
(Ryzhov and Fenselau 2001; Moura et al. 2008). Increased signal-to-noise ratio
and intensity of signals and improved spectral quality due to the decrease in peak
broadening were also found with SA (Ochoa and Harrington 2005). In compari-
son to SA and CHCA matrices, FA has been reported to be better for the detection
of high-mass biomarkers from Gram-positive/Gram-negative bacteria (Madonna
et al. 2000). This phenomenon may be attributed to the higher tolerance to salts
and contaminants with FA. 2,5-Dihydroxybenzoic acid (DHB) is a matrix suitable
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for the analysis of carbohydrates and small peptides. MALDI profiling with this
matrix produced a lower degree of peak broadening (Ryzhov and Fenselau 2001),
increased reproducibility (Jones et al. 2003), and higher MALDI-MS/MS fragment
ions (Demirev et al. 2005).

2-(4-Hydroxyphenylazo)-benzoic acid was employed as a matrix for MALDI-
MS analysis of Rhizobium cells, which yielded a maximum number of signals in
the 1-10 kDa range (Mandal et al. 2007). Ionic liquid matrices (ILMs) based on
SA and DHB in conjugation with various bases including aniline, dimethyl aniline,
diethylaniline, dicyclohexylamine, and pyridine have been reported for the analysis
of intact bacteria in MALDI-MS (Abdelhamid et al. 2013).

The choice of matrix solvents in sample preparation protocols for the MALDI-
MS is also an essential step. Solvent volatility was frequently modified in order to
achieve fast or slow crystallization. Large biomolecules require slow crystallization
to have more time to incorporate into the matrix crystal. The homogeneity of the
matrix layer containing small crystals can be achieved by fast solvent evaporation.
Bacterial cell lysate or extract was often mixed with the suitable composition of
matrix solvent to enhance the MS mass range and signal intensities. For example,
an E. coli suspension mixed with the CHCA matrix in 0.1 % TFA/ACN (60:40)
generated peaks only in the low-mass region, whereas more peaks in the high-mass
range (over 10 kDa) were observed when the matrix was dissolved in ACN/isopro-
panol/0.1% TFA (49:49:2) (Ruelle et al. 2004b). Acetonitrile was found in almost
all the matrix solvent compositions because of its excellent solubilization capabil-
ity both for matrices and peptides/proteins. In addition, several co-matrices have
been employed in sample preparation protocols to modulate the sample crystalliza-
tion properties or to suppress the ionization of interferences. For example, addition
of crown ether (at 0.01 M concentration) to the 5-chloro-2-mercaptobenzothiazole
matrix has been reported to produce higher sensitivity and better spectral reproduc-
ibility in the analysis of Gram-positive bacteria (Evason et al. 2000).
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Chapter 4
Advantages Offered by Proteomic Strategies
for Rapid Biodetection

Catherine Fenselau

Mass spectrometry has been applied for the analysis of microorganisms in the field
and in the clinic because of its speed, sensitivity, broadband capability, specificity,
and automation. It is a physicochemical method that provides complementary infor-
mation orthogonal to biochemical and morphological methods. We claim broadband
because everything has a mass and thus a mass spectrum. Other chemical and bio-
logical detectors ask, “Is it there? ” The mass spectrometer asks, “What is there?”
To achieve specificity the mass spectrometer measures an intrinsic property—mass.
Both molecular and fragment masses provide detailed fingerprints, which can also
be interpreted. These capabilities allow mass spectrometry to be applied to achieve
rapid characterization of microorganisms in biodefense, space exploration, medical
diagnostics, food safety, drug safety, environmental and workplace monitoring, an-
tibiotic susceptibility testing, biotechnology process control, and others.

Matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) instru-
ments have been widely used for these applications because of their speed, simplic-
ity, ruggedness, and capability to produce spectra from unfractionated cells that
reveal protein biomarkers. Such spectra allow bacteria and other targets to be iden-
tified by sophisticated library searching or pattern recognition. This approach re-
quires highly controlled instrumental and experimental conditions. Also, it requires
that the target has already been defined and its spectrum put into the library.

An alternative, interpretive approach uses proteomic strategies and bioinformat-
ics, referencing the unknown spectrum obtained under any conditions to a database
intrinsic to each organism, i.e., derived from each organism’s genome. Proteomic
approaches, which relate observed protein or peptide biomarkers to sequence da-
tabases, offer a number of advantages. They take advantage of the ever-growing
genomic and protein sequence repositories under development around the world.
They provide identifications that are not dependent on growth conditions, sample
preparation, or matrix selection. One database supports all ionization techniques
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and mass analyzers. Proteomics and bioinformatics enable the identification of spe-
cific biomarkers and can determine the uniqueness of biomarkers identified, thus
increasing specificity in the analysis of strains and enabling forensic applications.
Currently, proteomics strategies have been applied successfully in the rapid analy-
sis of unfractionated vegetative bacteria, spores, viruses, fungi, and toxins. Various
workflows have been demonstrated (Fenselau et al. 2007) and the most rigorous are:

+ Identification of proteins and species based on microsequences (partial sequenc-
es) of peptides

+ Identification of proteins, species, and strains based on protein microsequences

+ Identification based on combined protein masses and peptide microsequencing

Genome and protein sequences are most authoritatively available in the UniProt
knowledge system, into which most public information has converged in recent
years. Unfortunately, some sequences are held in private hands for commercial gain.

This chapter will illustrate the greater flexibility provided by proteomic interpre-
tation of whole-cell spectra and the superior capabilities of proteomic approaches
to address three major challenges in biodetection—analysis of components in mix-
tures, identification of genetically engineered microorganisms, and characterization
of bacteria without sequenced genomes. These kinds of samples cannot be reliably
analyzed by library searching.

Identification of Components in Mixtures

Most environments contain a complex mixture of background bacteria and spores
against which a bioagent or a workplace contaminant must be identified. Many
clinical samples also contain mixtures of microorganisms. Thus, mixture analysis
may be more the norm than the exception in rapid analysis. Traditional approaches
to the characterization of components of mixtures include selection of single colo-
nies on culture plates and selective biocapture of predetermined targets using an-
tibodies or adhesins. Proteomic strategies can be successful without purification if
they identify proteins that are characteristic of the different components. This can
be accomplished with either top-down and bottom-up workflows, both of which re-
quire tandem mass spectrometers. A bottom-up workflow is represented in Fig. 4.1,
which can be realized on rugged low-resolution tandem instruments. The applica-
tion of this workflow (on a MALDI ion trap-TOF tandem instrument) to a synthetic
mixture of Bacillus thuringiensis subs. Kurstaki and Bacillus subtilis 168 spores is
illustrated in Fig. 4.2. Tryptic peptides are formed in situ and characterized from
protein biomarkers for both workflows. The approach requires additional sample
manipulation in situ, including proteolysis to produce peptides for sequence analy-
sis, and has been automated for analysis of spores in field trials on an atmospheric
pressure (AP) MALDI ion trap (personal communication from Dr. Vladimir Do-
roshenko). Advantages of working with peptides (bottom-up) include that smaller
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Fig. 4.1 A proteomic strategy for rapid identification of bacteria in mixtures. (Provided by Prof.
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Fig. 4.2 MALDI spectrum of tryptic peptides formed on the sample holder from a mixture of B.
thuringiensis subs. Kurstaki and B. subtilis 168 spores totaling around 9600 spores in a ratio of
10:1. All the annotated peptides were subsequently selected for collisional activation and protein
assignment. (Adapted from Warscheid et al. 2003)

ions are measured with greater sensitivity and greater mass accuracy in field por-
table systems. Top-down analysis can proceed with only lysis of the organism and
desalting. In addition, it provides more reliable analysis of mixtures of proteins and
cells. However, fragmentation of intact proteins (top-down) using either MALDI
or electrospray ionization (ESI) and decharging precursor and fragment ions for
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bioinformatics currently requires more complex instruments and is better suited for
reference and regulatory laboratories than for implementation in the field (e.g., see
Demirev et al. 2005; Fagerquist et al. 2010; McFarland et al. 2014; Wynne et al.
2009).

Rapid Detection of Genetic Engineering in Bacteria

One obvious approach to recognizing a genetically modified organism is to guess
what protein is to be expressed and target it. Guessing is challenging however, since
the protein might be a toxin, a sensitizer, an antivaccine, or other. A more reli-
able strategy might be to look for the machinery required for genetic modification.
Plasmids are commonly used to introduce guest genes into bacteria, and “off-the-
shelf” plasmids are available in the public sector. Plasmids also carry genes that
produce proteins required for successful transfection and expression, and genes for
a small number of proteins that confer resistance to antibiotics (Russell et al. 2007).
Thus, rapid identification of the resistance protein beta-lactamase in Escherichia
coli would suggest that host cell E.co/i had been engineered in some way and could
trigger caution, and additional analysis. The presence of beta-lactamase correlates
with the presence of a plasmid. Resistance to ampicillin, for example, can be tested
in a Petri dish in about 24 h (Fig. 4.3), or the presence of beta-lactamase can be
directly demonstrated by mass spectrometry in 5—-10 min. MALDI-TOF spectra in
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Fig. 4.3 Characterization of beta-lactamase in E. coli using (left) cell culture and (right) MALDI
TOF mass spectrometry. The mass spectra show peptides formed by on-probe digestion of (zop) E.
coli and (bottom) E. coli transformed with the pPLC28 plasmid. (Adapted from Russell et al. 2007)
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Fig. 4.4 TOF/TOF spectra acquired after on-probe tryptic digestion of E.coli AHIAtrp trans-
formed with the pPLc28 plasmid. (Adapted from Russell et al. 2007)

Fig. 4.3 show peptides released by tryptic digestion from E. coli, and from E. coli
transformed with the pPLc28 plasmid. Figure 4.4 presents TOF/TOF spectra of two
of these peptides, which are found to be derived from the resistance protein and
from a protein associated with the host bacterium E. coli.

In many ways, this proteomic strategy is analogous to that applied to mixtures
of cells. We want to identify proteins in the sample that have more than one source.
The bottom-up approach maximizes sensitivity and mass accuracy for field appli-
cations. Top-down proteomics involving fragmentation of intact proteins in more
complex instruments identify full-length protein sequences with higher specificity
and identify the changes in amino acids that distinguish organisms.

Characterizing Bacteria with Unsequenced Genomes

In the third grand challenge, we point out that the most automatable use of pro-
teomic strategies requires a comprehensive database of protein sequences. The
identification of proteins is straightforward, using either bottom-up or top-down
proteomics approaches if the genome of the target has been sequenced. It is more
challenging when little genomic or protein sequence information is available. One
strategy, which can sometimes circumvent this limitation, depends on recognition
of proteins with high homology in related species that have been sequenced (Ed-
wards et al. 2011). This makes it possible to provide a phylogenetic context for
unsequenced organisms.
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Fig. 4.5 Percentage of 675 sequenced bacteria who share ribosomal proteins (4—16 kDa).
(Adapted from Wynne et al. 2009)

Many bacteria carry proteins with similar or identical sequences. This is espe-
cially true for ribosomal proteins and is readily observed across the large family of
Enterobacteriaceae, as has recently been demonstrated for Yersinia rohdei (Wynne
et al. 2009) , Erwinia herbicola, and Enterobacter cloacae (Wynne et al. 2010) .
Y rohdei is often used as a simulant for the pathogen Yersinia pestis. A lysate was
prepared for analysis on a high-resolution tandem mass spectrometer, in this case
equipped with an electrospray source (ESI) and an interfaced high-performance lig-
uid chromatography (HPLC). Proteins were identified by searching decharged pre-
cursor and product ions against a custom-made library that included all the Yersinia
protein sequences publically available at the time and also sequences from six other
Enterobacteriaceae. Table 4.1 lists ten proteins that were identified in Y. rohdei, and
other Enterobacteriaceae species in which identical proteins occur. Based on this ta-
ble, a phylogenetic tree was constructed, which placed Y. rohdei in the same clade as
a phylogenetic tree based on 16S-RNA sequences (Wynne et al. 2009) . Finally, to
point out the value of looking for shared biomarkers, the graph in Fig. 4.5 evaluates
the overlap of ribosomal proteins (4—16 kDa) among 675 organisms with sequenced
genomes. The dotted line indicates that 127 of these organisms share at least 50 % of
these biomarkers with other species. Of this set of sequenced organisms, 201 share
25 % of their potential ribosomal biomarkers and 238 share none. Although recently
sequenced organisms are not represented in this analysis, the graph suggests that we
can expect that many, but not all, unsequenced organisms will be characterized by
identification of shared protein biomarkers.

This objective is best approached using a top-down strategy, because the mass of
the intact protein is an important constraint in the database searches, and can define
mutations and modifications. Top-down protein analysis has been successfully car-
ried out on all tandem high-resolution analyzers, and with both MALDI and ESI.
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Table 4.1 Proteins and their sources matched by top-down spectra from Y. rohdei searched against
a custom library. (Adapted from Wynne et al. 2009)

m/z Charge | Number of | Observed | Theoreti- | Protein Organism E value
matching | mass cal mass | description
fragments
756.70 |8 27 6044.11 | 6044.82 |50s Ribo- | Yersinia entero- 2.49E-36
somal colitica, Yersinia
protein pseudotuberculo-
L32 sis, Yersinia pes-
tis, Yersinia pestis
strain Antiqua
781.10 |8 13 6239.55 6240.4 | 50s Ribo- | Enterobacter 8.15E-16
somal strain 638,
protein Salmonella
L33 typhimurium,
Shigella son-
nei, Klebsiella
pneumoniae
802.90 |8 22 6413.56 | 6414.6 | 50s Ribo- | Yersinia pestis 6.00E-22
somal (strain Antiqua),
protein Yersinia entero-
L30 colitica, Yersinia
pestis, Yersinia
pseudotuberculosis
857.72 |8 9 6852.67 |6852.95 | Carbon Yersinia pestis 5.84E-09
storage (strain Nepal516),
regulator | Yersinia pseu-
dotuberculosis,
Yersinia entero-
colitica, Yersinia
pestis
807.80 |9 24 7260.92 | 7261.41 |50s Ribo- | Yersinia 6.79E-24
somal enterocolitica
protein
L29
763.10 |11 8 8368.61 | 8368.77 |30s Ribo- | Salmonella 2.82E-05
somal typhimurium, Yer-
protein sinia pestis (strain
S21 Antiqua), Yersinia
pseudotubercu-
losis, Yersinia
pestis, Entero-
bacter strain 638,
Shigella sonnei,
Yersinia enteroco-
litica, Klebsiella
pneumoniae
682.76 |13 14 8862.89 |8863.32 |50s Ribo- | Yersinia 1.64E-12
somal enterocolitica
protein

L28
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Table 4.1 (continued)

m/z Charge | Number of | Observed | Theoreti- | Protein Organism E value
matching | mass cal mass | description
fragments
643.22 | 14 7 8991.92 |8992.34 |50s Ribo- | Yersinia pseu- 6.06E-05
somal dotuberculosis,
protein Shigella sonnei,
L27 Yersinia pestis
(strain Antiqua),
Yersinia pestis
(strain Nepal),
Yersinia pestis
1105.83 | 11 8 12155.73 | 12156.2 | 50s Ribo- | Yersinia 1.78E-06
somal enterocolitica
protein
L22

Going Forward

This chapter illustrates significant advantages offered by proteomic strategies (in
contrast to library matching) for the identification and characterization of bacteria
and other microorganisms. The point is made in other chapters of this book that pro-
teomics strategies also offer indispensable benefits in both establishing and using
protocols to characterize strains and to measure antibiotic resistance. In addition to
resistance, mass spectrometry-based proteomics will continue to provide answers
to important questions about the biochemistry of microorganisms, biofilms, and
microbiomes. Because of the expanding market in this area, manufacturers are ex-
pected to continue to improve the speed, sensitivity, reliability, and automation of
appropriate commercial instruments.
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Chapter 5
Bottom-Up Proteomics Methods for Strain-
Level Typing and Identification of Bacteria

Jacek P. Dworzanski

Introduction

The microbiological methods used for the detection and identification of bacteria
were by necessity based on culturing and staining techniques combined with micro-
scopic evaluation of cells. However, over the past few decades the use of molecular
methods gained importance in microbiological laboratories and led to tremendous
changes in a way of detecting microorganisms, their identification at the species
level, and typing of isolates to infer subspecies diversity. Although routine iden-
tification methods continue to be based on the determination of the morphology,
differential staining, and physiology of a microbial isolate, currently these methods
are gradually supplanted by the use of diverse genomic and proteomic-based ap-
proaches that include mass spectrometry (MS) techniques, among others.

MS-based methods represent a broad group of highly versatile approaches that
use precise mass measurements to infer identity of diverse biomolecules. Although
for many decades the scope of investigated molecules was limited by their molecu-
lar mass and polarity, developments in soft ionization techniques like electrospray
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) substan-
tially broaden the range of investigated species. Nowadays not only proteins and
nucleic acids but also multimolecular complexes, and even whole viruses can be
mass analyzed by modern MS instruments and used to infer genomic information
encoded in nucleotide and amino acid sequences. Therefore, MS-based analysis
of nucleic acid amplicons and proteins is increasingly replacing the older, time-
consuming, and labor-intensive approaches.

Currently, both “top-down” and “bottom-up” methods are used to analyze mi-
crobial proteins by MS. In top-down approach, proteins are analyzed to determine
molecular masses of intact proteins and to characterize them by using gas-phase
fragmentation techniques. The bottom-up characterization of proteins uses prote-
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olysis and analysis of released peptides by tandem MS to reveal their amino acid
sequences. Bottom-up analysis of a protein mixture is usually called shotgun pro-
teomics, to indicate analogy to shotgun genomic sequencing (Yates 1998).

Molecular criteria used for defining bacterial species have been progressing
from the determination of nucleotide content (e.g., mol% G-C), DNA-DNA hy-
bridization (DDH) and melting point analysis, which measure the degree of genetic
similarity between two genomes, 16S rRNA gene sequencing, and multilocus se-
quence analysis (MLSA) of housekeeping genes, up to proteomics-based analysis
and sequencing the whole microbial genome.

Since the 1960s, a means for determining relatedness of strains was based on
a comparison of genomic similarities measured by DDH between DNA strands.
DDH has driven the construction of current bacterial taxonomy and has become
a gold standard for the delineation of bacterial species, which were defined as a
collection of strains with a DDH value of at least 70 % (Wayne et al. 1987). How-
ever, these methods are difficult and laborious; therefore, other genomic approaches
were developed to replace DDH, including DNA sequencing by hybridization with
custom-designed microarrays, or comparison of 16S rRNA sequences used with
the assumption that if strains share less than 97 % of sequence similarity, they be-
long to different species (Stackebrandt and Goebel 1994). In fact, sequencing of
16S rRNA combined with searching a database (DB) with millions of entries has
become the most commonly used method for identifying and classifying microbial
species (Cole et al. 2009; Quast et al. 2013). However, the 16S rRNA gene has
limited specificity, for example, only 80% of isolates were recently found to be
unambiguously identified at the species level (Chatellier et al. 2014). Therefore,
genes with less-conserved sequences from protein-coding loci, for example, DNA
gyrase (gyrB) or RNA polymerase (rpoB) have to be used instead. Unfortunately,
different genes may give different patterns of interspecies relationships due to hori-
zontal gene transfer (HGT) or unequal rates of nucleotide substitution. Therefore,
sequence analysis of 6—8 housekeeping genes (a multilocus approach) was designed
to increase the resolution and to buffer the potential impact of the HGT on the de-
termined relatedness. Despite being successful in phylogenetic discrimination of
strains at the subspecies level, it has major drawbacks that arise from a putative bias
in gene selection and amplification primer availability.

The universally adopted genomic approaches to strain subtyping still use DNA
fingerprinting techniques based on: (i) analysis of restriction nuclease digested
whole cell DNA fragments resolved by pulsed-field gel electrophoresis (PFGE), or
(i1) polymerase chain reaction (PCR)-amplified segments targeting loci with a vari-
able number of tandem repeats (VNTR), which reveal relatedness at a microevolu-
tionary level by using the technique called multiple locus VNTR analysis (MLVA).
These DNA fingerprinting techniques are used for high accuracy isolate character-
ization, for example, by the Centers for Disease Control and Prevention PulseNet
program (http://www.cdc.gov/pulsenet/pathogens/pfge.html) to recognize, investi-
gate, and control outbreaks of food infections. However these procedures are also
quite lengthy. For example, a standard operating procedure of PFGE takes up to
5 days and includes the isolation and growth of the culture, cell lysis, digestion
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of DNA with restriction nuclease in agarose gel, followed by gel electrophoresis;
staining and documentation of a gel. The other fingerprinting procedure used to
discriminate between closely related strains is called “optical mapping” or whole-
genome mapping, which provides maps of a chromosome based on optical analysis
of DNA fragments obtained by digestion with a restriction nuclease. The experi-
mental data obtained by this technique can be correlated directly to DNA sequence
information in the public databases so that markers for resistance or virulence can
be easily recognized (Miller 2013).

Reliable characterization of microorganisms at subspecies level is increasingly
essential in clinical, biotechnological, environmental, and epidemiological studies.
Currently, reliable characterization of microorganisms is based on genetic and ge-
nomic criteria inferred from complete genome sequences, considered as the refer-
ence standard for determining bacterial phylogenies. The most widely adopted tools
for comparing and analyzing complete genome sequences are based on in silico cal-
culation of digital DDH-type indices representing conservation of the core genome,
the DNA content measured as the proportion of DNA shared by two genomes (Goris
et al. 2007), and alignment-free approaches using oligonucleotide frequencies for
phylogenomic inferences (Bohlin et al. 2008). The DDH-type indices include av-
erage nucleotide identity (ANI) of all orthologous genes shared by two genomes
(Konstantinidis and Tiedje 2005a) or its equivalent, average amino acid identity
(AAI) of protein-coding genes (Konstantinidis and Tiedje 2005b), calculated us-
ing BLAST or BLASTP algorithms; the maximal unique matches index (MUMi)
(Deloger et al. 2009); and refinements of these approaches, for instance, by using
the rapid alignment tool MUMer (Richter and Rossello-Moéra 2009). More recently,
a similar method called the genome BLAST distance phylogeny makes use of DNA
rather than genes and uses a set of local alignment tools and a special formula to
calculate a genome-to-genome distance (Meier-Kolthoff et al. 2013).

Of these, ANI and AAI indices have been most widely used as possible next-
generation gold standards for species delineation because they represent a robust
measure of the genetic distance between two sequenced bacterial strains and are
strongly correlated with DDH data. In addition, they are also strongly correlated
with 16S rRNA gene sequence similarity, the percentage of conserved DNA, the
mutation rate of the genome, and offer resolution at the subspecies level (Konstan-
tinidis and Tiedje 2005a, b; Goris et al. 2007). However, the major drawback of
this approach is that it is only available for a pair of strains with complete genome
sequences.

Importantly, both AAI index and DDH values for bacterial strains can be pre-
dicted experimentally by using a proteomics-derived index termed the fraction of
shared (tryptic) peptides (FSP, Dworzanski et al. 2010). FSP is calculated from the
peptide-centric bottom-up proteomics MS data sets acquired during analysis of an
unknown bacterial strain and searched, with a suitable search engine, against DB
proteomes predicted from complete genome sequences of reference strains. In this
approach, the high-throughput proteome identification of thousands of released
peptides reveals amino acid sequence information translated from genomic se-
quences that may be used not only for predicting strain similarities but also for
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identifications of genes that are actually expressed. Consequently, bottom-up pro-
teomics allows high-resolution typing and subspecies level identifications, reflect-
ing both genomic similarities and supplanting traditional typing approaches based
on serological (e.g., H-antigen typing) and phenotypic properties, like antibiotic
resistance.

Currently, the important pieces of information about an isolated bacterial strain,
that is, the species, serovar, subtype, or its antibiotic resistance are generated by
separate tests. However, the bottom-up proteomics analysis potentially allows
finding this kind of information in just one test comprising liquid chromatography
(LC)-MS/MS analysis and data mining with a suite of bioinformatics tools. In this
chapter, I will focus on a group of highly versatile bottom-up shotgun-proteomics
methods allowing for the identification, classification, and characterization of mi-
croorganisms by revealing: (i) strain identity, (ii) serotype, (iii) virulence, (iv) an-
timicrobial resistance profile, and (v) a subtype reflecting differences in both the
gene content and single amino acid variations (SAVs) of expressed proteins.

Cell Harvesting and Protein Extraction

Samples analyzed by MS-based approaches for bacteria identification are initially
processed in microbiological laboratory settings; therefore, researchers should fol-
low standard procedures used for sample collection and preconcentration, and these
methods will not be discussed here.

Generally, clinical, environmental, or food samples are processed to obtain pure
cultures either directly, for example, from blood samples, or by isolating them from
other cells and/or food and environmental matrices using diverse enrichment tech-
niques. Such cells are then grown to obtain pure cultures by using diverse selective
or enriched liquid and agar-solidified media supporting the growth of a wide range
of microorganisms. The microbial cells are then harvested, washed with buffers or
distilled water, and processed to extract their proteins for further proteomic analy-
sis. The sample processing steps usually follow standard protocols developed for
shotgun-proteomics workflows that include microbial cell lysis, extraction, solubi-
lization and preseparation of proteins, specific cleavage of proteins into peptides,
and peptide purification and separation immediately prior to MS analysis (Gundry
et al. 2009). However, depending on the infectability of the material, all the steps
preceding peptide analysis should be carried out in a laboratory approved for work-
ing with infectious agents.

Cell Lysis and the Preparation of Whole Cell Protein Extracts

Microbial cell lysis provides access to cytosolic and the majority of membrane pro-
teins, and therefore is a crucial step for efficient extraction of expressed proteins and
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their analysis by shotgun-proteomics methods. Such whole cell protein extracts are
usually obtained by rupturing cells in lysis buffers containing protease inhibitors by
using physical methods, such as ultrasonication, bead beating, French press, freeze-
thaw, thermal lysis, pressure cycling, and (bio)chemical lysis procedures, involv-
ing murolytic enzymes like lysozyme, detergents, chaotropes, and other reagents.
However, in case of biochemical and chemical methods, the compatibility of (bio)
chemical reagents with the analytical technique must be considered. For example,
although lysozyme is very effective in lysing Gram-positive bacteria by hydrolyz-
ing glycosidic linkages in the bacterial wall peptidoglycan, it may interfere with the
identifications of peptides obtained by global digestion of protein extracts.

In general, the obtained lysates are cleared by centrifugation to remove cellular
debris, and the supernatant or “supernate” is considered a whole cell protein extract
composed of a complex mixture of proteins, other cell constituents such as lipids,
nucleic acids, polysaccharides, low molecular mass metabolites, and all additives.
These additives include buffers, chaotropes, detergents, or cocktails of proteinase
inhibitors, which are added to aid in protein extraction and preserve the integrity of
a proteome.

Cell lysis can also include a combination of chemical and diverse physical meth-
ods. For example, Lee et al. (2006) demonstrated rapid lysis of bacterial cells us-
ing both thermal and mechanical lysis directly on a chip through a combination
of the laser irradiation and agitation with magnetic beads. This and many other
microfluidic devices for cell lysis were recently reviewed by Nan et al. (2014). In
another example, Napoli et al. (2014) performed cellular lysis of bacteria through
the frictional action of glass beads added to the sample solution combined with
pressure waves provided by a probe sonication of a cells/glass beads mixture. How-
ever, sonication becomes problematic for lysis of pathogenic microorganisms due
to safety concerns, and is not well adapted for automated, high-throughput liquid-
handling platforms. An approach aimed to overcome such concerns was proposed
and tested by Tanca et al. (2013) in their comparative study of sample preparation
workflows. They extracted proteins from Escherichia coli by subjecting cells to ly-
sis in buffered solutions of surfactants for 30 min at 95 °C by using a thermo-mixer
at 500 rev/min.

For highly pathogenic microorganisms which should be handled in the biosafety
level 3 (BSL-3) laboratory, Tracz et al. (2013) grew bacteria with required biocon-
tainment precautions and after harvesting and resuspending cells in sterile water,
they were then gamma-inactivated. Further, microbial suspensions were incubated
at 95°C for 5 min and vortexed with glass beads to rupture cells and release pro-
teins. Similar safety precautions were also used by Jabbour et al. (2010b) and Wade
et al. (2011) by pelleting the cells from cultures by centrifugation, washing, resus-
pending in a buffer, and lysing them thermally by a 1-h long heating at 95°C. In
addition, a portion of each lysed sample was plated and incubated for 5 days to
ensure no growth prior to removing samples from the BSL-2 or BSL-3 laboratory.
However, for lysing enterohemorrhagic and enteroaggregative E. coli strains, Jab-
bour et al. (2014) used the bead beating technique.
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The choice of a lysis method may also be tailored for a specific group of micro-
organisms. For example, Frangois et al. (2014) prepared a total protein extract from
Staphylococcus aureus by resuspending harvested cells in a lysis buffer containing
calcium and magnesium chlorides and protease inhibitors. By adding the murolytic
enzyme lysostaphin that cleaves crosslinking pentaglycin bridges in the cell wall of
Staphylococci, they released protoplasts that immediately underwent lysis due to
hyposmotic shock. The presence of a high-molecular DNA in such samples causes
high viscosity that may be reduced by adding DNase; however, this contaminates
the sample and may complicate sample processing workflows.

Preparation of Subcellular Fractions

Among subcellular proteomes investigated for identification of bacterial subspecies,
attention was concentrated on surface and membrane-associated proteins, especially
outer membrane proteins (OMPs) of Gram-negative bacteria, surface layer (S-layer)
proteins of Gram-positive bacteria, flagella, and extracellular proteins (ECPs).

Outer Membrane Proteins

After cell lysis by ultrasonication or any other method, cell debris is usually re-
moved by centrifugation and the resulting supernatant is assumed to contain the
total cellular protein fraction composed of both membrane and the soluble cytosolic
proteins. Therefore, in some applications it is advantageous to separate these pro-
teins, for example, by ultracentrifugation, to obtain the pellet corresponding to the
membrane fraction. For example, Jabbour et al. (2010b) and Wade et al. (2011)—
after thermal lysis and removing cell debris by centrifugation—ultracentrifuged the
obtained supernatants at 100,000 g to pellet membrane proteins which they resus-
pended in a buffered solution of N-lauroylsarcosinate. Because OMPs of Gram-
negative bacteria are insoluble in sarcosine solutions, ultracentrifugation of such
mixture allows for pelleting OMPs.

A more streamlined procedure for OMP isolation was used by Damron et al.
(2009). They simply suspended harvested cells in a buffered solution of sarco-
syl with protease inhibitors and lysed cells by sonication on ice. The lysate was
then clarified by low-speed centrifugation, and the supernatant was centrifuged at
40,000 g to obtain a pellet containing OMPs.

Among filtration methods, there is a growing popularity of using ultrafiltration
centrifugal devices, for example, Microcon®-type filters (EMD Millipore, Biller-
ica, MA, USA), which allow for removal of lower molecular mass contaminants,
buffer exchange, and sample concentration.
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Surface Layer Proteins

Surfaces of many microbial cells are coated with a layer of proteins (known as
“S-layer”) that have an important role in the cell’s growth, survival, and interaction
with the host organism, and are present in a high copy number. In addition, such
proteins are easily available for solvent extraction and could be used for sequence-
based identification and typing of microbial cells.

For example, for the identification and typing of Lactobacillus spp. used as pro-
biotic bacteria in dietary supplements and milk products, the extraction of S-layer
proteins was carried out from the water washed bacterial cells by incubation with
5 M lithium chloride or guanidine hydrochloride solutions (Johnson et al. 2013;
Podlesny et al. 2011). After the removal of cells by centrifugation and filtration,
the extract may be concentrated by ultrafiltration. The precipitated S-layer proteins
are suspended in 1 M lithium chloride to dissociate any proteins which are soluble,
and the purified S-layer proteins are pelleted by centrifugation (Goh et al. 2009).
Alternatively, S-layer proteins—which are characterized by a high isoelectric point
(pI>9)—may be purified by a cation-exchange chromatography (Podlesny et al.
2011).

Preparation of Flagella

Flagella are isolated from bacteria growing on plates by scraping and suspending
in a suitable buffer while those cultivated on liquid media are directly harvested
by centrifugation. However, centrifugation may cause cell surface damage through
collisions resulting in shear forces on the bacterial cell surface; therefore, it should
be performed at low speeds or even avoided. For example, Cheng et al. (2013) har-
vested a full loopful of enteric bacteria and gently suspended them in a lysozyme
solution, followed by vigorous vortexing to shear off flagella and centrifugation to
remove cells. The supernatant was filtered through a 0.2 pm pore size low protein
binding membrane of a syringe filter to retain and wash flagella with deionized
water. Finally, the isolated flagella were on-filter trypsinized by exposing them for
a couple of hours to a trypsin solution.

However, Sun et al. (2013) did not use lysozyme in their protocol on isolation
of flagella from Shewanella cells that produce a single polar flagellum. Therefore,
after a vortexing step to shear off flagella and removing the cells by centrifugation,
they passed the supernatant containing flagella through a 0.45-pm-pore filter that
did not retain them. Consequently, they used ultracentrifugation to pellet purified
flagella and re-suspend them in water for further analysis.

Extracellular Proteins

ECPs include proteins that are actively transported to the bacterial outer surround-
ings through the cytoplasmic membrane, as well as those that are simply shed from
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the bacterial surface. Therefore, they are prepared from spent media obtained after
harvesting cells by centrifugation. The cell-free media are usually sterilized by fil-
tration, and the ECPs are routinely isolated by precipitation with trichloroacetic
acid (TCA), followed by washing with acetone to remove TCA (Sun et al. 2014;
Enany et al. 2014; Halbedel et al. 2014). However, ultrafiltration may also be used
for concentrating ECPs, for example, by using centrifugal ultrafiltration devices
(Jabbour et al. 2014).

Processing of Bacterial Proteins for Bottom-Up Proteomics
Analysis

The conventional method of proteome analysis involves gel separation of proteins
as the final purification step that is followed by in-gel digestion and mass spectro-
metric analysis of released peptides (Tonella et al. 2001). This sample preparation
method is still widely used in proteomics of bacteria (Hartmann et al. 2014) and
although it has many advantages, it is a relatively lengthy and labor-intensive pro-
cedure. Therefore, the gel-free, shotgun protein digestion methods are frequently
used for faster and more efficient processing of proteins for LC-MS/MS analysis
of peptides. However, the shotgun protocols have to deal with highly contaminated
samples because proteins extracted from bacterial cells usually contain other cell
constituents and reagents, including those used for breaking interactions involved
in aggregation of membrane proteins that facilitate their solubilization (see Section
“Cell Lysis and the Preparation of Whole Cell Protein Extracts”). The presence of
such substances may interfere with further processing and LC-MS analysis; there-
fore, they have to be removed from the sample before downstream processing, for
example, by using solid-phase extraction or precipitation approaches. However, due
to the low molecular mass of many reagents and cellular metabolites in comparison
to the M, of proteins, size-exclusion chromatography or ultrafiltration are frequent-
ly used to purify protein extracts, especially in spin-column or spin-filter formats,
to minimize the time required for sample processing.

Cell Shaving

Surface proteins play a crucial role in the interaction between cells and their envi-
ronment, and the outermost cell components can be digested for strain identification
without previous cell rupturing. In recent years novel approaches have been devel-
oped for analysis of such proteins that include, among others, membrane washing,
two-phase partitioning, and protein shaving (Zhang et al. 2013a). Protein shaving is
based on the direct digestion of live, intact cells under isotonic conditions, so sur-
face-exposed domains of membrane proteins, named the “surfome,” are “shaved”
by a protease and the released peptides can be analyzed by LC-MS/MS. This way,
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the problems with attempting to solubilize the entire membrane are avoided. Meth-
ods and approaches used in surfomics for fast identification of surface proteins have
been reviewed by Olaya-Abril et al. (2014).

Recently, Karlsson et al. (2012) applied a lipid-based immobilization technique
in the microfluidic format to immobilize intact cells of Helicobacter pylori and
to obtain peptides from their surface-exposed outermost proteins by shaving them
with a trypsin solution. The released peptides were successfully analyzed for strain-
level discrimination of analyzed samples.

Protein Digestion Methods

Protein digestion is usually carried out through hydrolysis of the amide bonds cata-
lyzed by chemical reagents, such as cyanogen bromide cleaving at methionine resi-
due, acid catalyzed hydrolysis at aspartic acid (Fenselau et al. 2011), the cleavage
at tryptophan and tyrosine residues induced by electrochemical oxidation (Basile
and Hauser 2011), or enzymatically with endopeptidases. There are many proteo-
lytic enzymes differing by their specificity for cleaving bonds between individual
amino acid residues in a protein. However, trypsin—a serine protease which cleaves
at the carboxyl side of arginine and lysine—is the most commonly used protease
for protein digestion in shotgun proteomics. Such cleavage specificity gives tryptic
peptides a structure that is particularly amenable to informative fragmentation, fol-
lowing ionization and collisional activation in a mass spectrometer. Nevertheless, a
combination of highly selective proteases may improve protein and proteome cov-
erage by creating complementary peptides (Wisniewski and Mann 2012).

In general, the digestion process has to be optimized to achieve maximum ef-
ficiency based on a number of parameters affecting the enzymatic reaction that
include: (i) solubilization and denaturation of proteins, (ii) reduction of disulfide
bonds, (iii) alkylation of reduced cysteines, and (iv) digestion conditions.

Solubilization and Denaturation of Proteins

Adequate solubilization and proper unfolding of proteins in complex microbial ex-
tracts are crucial for providing a protease access to cleavage sites. It is especially
important in regard to membrane proteins that comprise approximately a quarter of
all open-reading frames (ORFs) in typical bacterial genome. They are usually un-
derrepresented in LC-MS proteomics experiments due to poor solubility and lower
abundance in comparison to typical cytoplasm proteins. Therefore, the use of di-
verse solubilization reagents like urea, detergents, and organic solvents has shown
to improve digestion efficiency measured as the number of identified peptides and/
or sequence coverage of proteins (Mayne et al. 2014).

Detergents are considered the best protein solubilizers, but sodium dodecyl sul-
fate (SDS) and other conventionally used surfactants are detrimental for LC-MS



92 J. P. Dworzanski

analysis and have to be completely removed before analysis. Therefore, surfactant
replacement strategies have been developed and are used in many laboratories. The
most popular among them are based on filter-aided sample preparation protocols
(FASP, Manza et al. 2005; Jabbour et al. 2007, 2010c; Wisniewski et al. 2009).
However, many others methods could be used to remove SDS, for example, ethyl
acetate extraction (Yeung et al. 2008), potassium dodecyl sulfate (KDS) precipita-
tion (Zhou et al. 2012), or detergent removal with spin columns (Antharavally et al.
2011; Bereman et al. 2011).

Zhou et al. (2012) compared four in-solution protocols for digestion of whole
cell lysates from Shewanella oneidensis MR-1. In the first step, they denatured pro-
teins using (1) 8 M urea at 37 °C for 1 h, (2) 50% trifluoroethanol at 60 °C for 2 h,
(3) 1% SDS at 95°C for 5 min, and compared them to denaturation with 4 % SDS
at 95°C for 5 min, followed by the FASP protocol that includes SDS exchange by
urea prior to sample digestion on a standard ultrafiltration device (Wisniewski et al.
2009). Samples were then reduced using dithiothreitol (DTT) followed by cysteine
alkylation by iodoacetamide (IAA) and after dilution were digested with trypsin.
SDS was removed by the KDS precipitation method with KCI. They found only
minor differences in sample digestion efficiency among these four methods because
LC-MS/MS analyses allowed for identification of more than 4000 peptides from ca.
1000 proteins in each case. This proves that a postdigestion precipitation method
could be used as an alternative to predigestion SDS removal by the ultrafiltration-
based FASP.

A number of LC- and MS-compatible surfactants, for example, ProteaseMAX,
Invitrosol, Rapigest, and PPS Silent Surfactant have also been developed and evalu-
ated to improve protein digestion efficiency. Structures of these commercially avail-
able surfactants have an acid labile moiety and, therefore, can be easily degraded
prior to LC-MS into components that do not interfere with peptides analysis. For
example, Wu et al. (2011) investigated three surfactant-assisted shotgun meth-
ods for their applicability to membrane proteome analysis of E. coli using acid
labile surfactants, sodium 3-[(2-methyl-2-undecyl-1,3-dioxolan-4-yl)-methoxyl]-
1-propanesulfonate (RapiGest), PPS, and SDS. They found RapiGest as a preferred
reagent for LC-MS/MS analysis of tryptic digests based on the higher number of
identified peptides (5799 unique peptides) in comparison to SDS and PPS methods.
However, in the study of whole cell protein extracts obtained from E. coli cells,
Tanca et al. (2013) found that SDS-based buffer outperformed RapiGest in terms of
protein extraction yield, and the number of MS identifications and proteome cover-
age. Therefore, they further tested SDS extracts in five different MS sample prepa-
ration workflows, among them, the spin-column detergent removal, followed by
in-solution digestion and the FASP method. Although the number of proteins identi-
fied among the five tested protocols was comparable (between 1007 and 1104), the
FASP dramatically outperformed the competing workflows in the number of identi-
fied peptides. For example, with FASP they identified, on average, 7.7 peptides per
protein, while the SDS spin-column workflow gave only 4.6 peptides per protein.
This indicates the superiority of the FASP procedure for strain identification due to
much better proteome coverage.
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Waas et al. (2014) investigated the effect of eight commercially available MS-
compatible surfactants, two organic solvents, and two chaotropes on the enzymatic
digestion efficiency of membrane protein-enriched extract. They found that Progen-
ta™ anionic surfactants—easily cleaved with trifluoroacetic acid (TFA) into small
organic molecules that do not exhibit surfactant activity or interfere with analysis by
mass spectrometry—outperform other surfactants when tested alone. However, in
combinations with guanidine and acetonitrile, all surfactants improved their perfor-
mance to near similar levels. Nevertheless, the highest number of unique peptides
(exceeding 5000) was observed with Invitrosol™, a proprietary surfactant blend
manufactured by ThermoFisher Scientific (Waltham, MA, USA), which does not
interfere with protease activity and is compatible with reversed-phase (RP) LC-
ESI-MS analysis.

The other group of surfactants proven useful for solubilization and digestion of
membrane-bound proteins are volatile surfactants like perfluorooctanoic acid that
can be easily evaporated prior to LC-MS analysis. As an alternative to surfactants,
trifluoroethanol has proven useful for concurrent protein extraction and denatur-
ation for mass-limited samples where sample cleanup is usually detrimental to sen-
sitivity (Wang et al. 2005; Fleurbaaij et al. 2014).

Reduction of Disulfide Bonds and Alkylation of Reduced Cysteines

Thorough protein digestion requires protease access to as many proteolytic sites as
possible and is aided by the inclusion of good protein denaturing agents combined
with reduction and blocking of free sulthydryl groups by the alkylation step. Pro-
teins are usually reduced with DTT and cysteines are alkylated with IAA at room
temperature to form carbamidomethylated derivatives. Because IAA is unstable in
light, it must be prepared immediately before alkylation of reduced proteins and
protease digestion for MS analysis. However, in some cases the overalkylation with
TAA may modify lysine, histidine, and N-terminal residues (Boja and Fales 2001).
Therefore, to avoid these side effects caused by IAA, some researchers suggest
alternate approaches, such as the use of 4-vinylpyridine to alkylate cysteine sulfhy-
dryl groups of proteins after previous reduction with tris(2-carboxyethyl)phosphine
(Erde et al. 2014). Generally, the concentrations of reagents are selected in consid-
eration of the enzyme optimal activity and overalkylation side effects, and they are
removed before MS analysis by ultrafiltration, solid-phase extraction, or in-line RP
chromatography.

Protein Digestion Conditions

Trypsin, a work horse in bottom-up proteomics, is the protease of choice as it has
a high specificity and is stable under a wide range of conditions, including 40 %
acetonitrile and 2 M urea. However, its cleavage sites are not always predictable due
to frequent miscleavages caused by skipping a cleavable residue (Lys or Arg) when
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the successive Lys/Arg are present, or due to low trypsin digestion efficiency when
these residues are followed by Pro. Miscleavages may also occur due to incomplete
protein denaturation or post-translational modifications (PTMs) on amino acid resi-
dues near protease cleavage sites. In addition, auto-proteolysis can generate pseu-
dotrypsin exhibiting chymotrypsin-like specificity. Hence, the modified trypsin, for
example, through dimethylation of lysine residues, is commonly used which has
better cleavage specificity and maintains optimal activity at higher temperatures.
However, trypsin preparations usually contain some contaminating chymotrypsin;
therefore, commercial products known as “sequencing grade” are treated with N-
tosyl-phenylalanyl chloromethyl ketone (TPCK) to inhibit chymotrypsin activity.
Nevertheless, to avoid auto-digestion, trypsin is used at low concentrations and the
reaction is typically carried out at 37°C for a few hours or even overnight before
termination. Therefore, many approaches have been developed focusing on increas-
ing the speed, yield, and robustness of the digestion process through optimization
of reaction conditions, immobilization of trypsin on solid supports, or by addition
of other proteolytic enzymes. For example, Glatter et al. (2012) found superior
cleavage efficiency of tandem Lys-C/trypsin proteolysis over trypsin alone to yield
fully cleaved peptides while reducing the abundance of miscleaved peptides. The
overview of the available techniques and digestion methods for shotgun-proteomics
applications can be found in recent literature (e.g., Switzar et al. 2013a; Vuckovic
et al. 2013).

Various reagents have been reported as enhancers used to accelerate protease
digestion, as well as to improve the digestion efficiency for membrane proteins. For
example, Masuda et al. (2008) compared 27 enhancers, including surfactants, or-
ganic solvents, and chaotropic agents, and examined their influence on the protease
activity of trypsin and protease Lys-C as well as on the solubility of membrane pro-
teins. They found that bile salts, like sodium deoxycholate even at 0.01 % concen-
tration, increased trypsin activity more than fivefold; hence they developed a new
protocol based on the use of this surfactant for protein extraction, solubilization,
and trypsin activation. Their protocol, which included extraction of cholic acid from
the acidified sample with ethyl acetate (phase transfer) before LC-MS analysis, im-
proved substantially the efficiency of protein identification for membrane-enriched
fractions of E. coli (Masuda et al. 2008).

To shorten the digestion time of E. coli protein extracts down to 15 min, Masuda
et al. (2009) used immobilized trypsin in a spin-column format. Moreover, they
increased the digestion efficiency even further by the presence of sample solubiliz-
ers, that is, lauroylsarcosine and deoxycholate that act as a natural trypsin activity-
enhancing agent present in bile acids secreted into a small intestine. Overall, by us-
ing this approach they identified 1453 proteins, including 545 membranes proteins.

Recently, Erde et al. (2014) used 0.2 % deoxycholic acid to enhance trypsin per-
formance during the FASP digestion of a whole cell protein extract from E. coli
cells and showed that this modified protocol, referred to as enhanced or “eFASP,”
increased tryptic digestion efficiency for both cytosolic and membrane proteins.

Modification of protein digestions using physical methods has also contributed
to improved digestion efficiency and proteomic coverage. Covalent and dynamic
immobilization of trypsin on micro- and nanoparticles, the use of pressure cycling
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technology, high-intensity ultrasound, and the microwave heating have improved
the kinetics of tryptic digestion by reducing digestion time and enhancing the cleav-
age specificity, especially for hydrophobic and membrane proteins (Vaezzadeh
et al. 2010).

Sample Digestion Strategies

The currently available digestion strategies and recent developments in the accel-
eration of the digestion process allowing for reduction of the digestion time from
hours to minutes or even seconds have been reviewed by Switzar et al. (2013a).

In recent years, the FASP method (Manza et al. 2005; Jabbour et al. 2007, 2010c;
Wisniewski et al. 2009) has emerged as a key tool for processing microbial protein
extracts for strain identification (Jabbour et al. 2010a, b, 2014; Wade et al. 2010,
2011). It enables the integration of all sample processing steps required for efficient
on-filter enzymatic cleavage of proteins and removal of contaminants by using a
filtration unit as a “one-pot” proteomics reactor, thereby reducing the risk of sample
loss. Nevertheless, these commercially available units should be passivated before
the use to avoid peptide losses from low copy number proteins. For example, Erde
et al. (2014) found that overnight incubation of both filter units and collection tubes
in the passivation solution of a nonionic surfactant Tween-20 increased dramati-
cally the peptide recovery from small samples (up to 300 %).

Although diverse types of ultrafiltration devices are used, generally, the 30 kDa
units are best suited for FASP because they retain small proteins (M, <10 kDa)—due
to the large Stokes radii of proteins unfolded in urea that prevents them from pass-
ing the filter—and pass more larger peptides (with M, >1500 Da) than the 10 kDa
filters. In addition, the centrifugation time needed to concentrate samples is 3—4
times shorter than that with the 10 kDa units (Wisniewski et al. 2011).

To increase the proteome coverage, Wisniewski and Mann (2012) suggested a
consecutive sample digestion procedure carried out in a filtration unit proteomic
reactor and developed a protocol, enabling consecutive digestion of the sample
with two or more enzymes, referred to as multienzyme digestion (MED)-FASP. In
this “extended” FASP method, peptides are liberated by centrifugation after each
digestion step and the remaining material is subsequently cleaved with the next
proteinase. Therefore, orthogonal populations of peptides are created from the same
sample that can be jointly or separately analyzed using LC-MS/MS to increase sub-
stantially the number of identified peptides in comparison to the single enzyme
digestion protocol applied to the same amount of sample. For example, they found
that consecutive use of endoproteinase Lys-C and trypsin enabled in some cases
to double the number of identified unique peptides (Wisniewski and Mann 2012).
The application of MED-FASP to analysis of E. coli ATCC 25922 strain whole cell
lysates—by using digestion with endoproteinase LysC, followed by filter washes
and trypsin digestion—allowed the identification of 82064270 unique peptides in
the LysC fraction, and 10,728+319 tryptic peptides per sample (Wisniewski and
Rakus 2014).
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The FASP protocol for shotgun proteomics of whole cell lysates was also ex-
tended to a high-throughput sample preparation procedure based on simultaneous
processing of samples in 96-well filter plates (Switzar et al. 2013b). Their protocol
enabled all sample preparation steps, including cell lysis, buffer exchange, protein
denaturation, reduction, alkylation, and proteolytic digestion to be carried out for a
large number of samples. The protocol would be suitable for diagnostic analysis, for
example, in a clinical laboratory or for processing large numbers of fractions result-
ing from prefractionation of microbial proteomes in a research lab. They pointed out
that the usage of a single plate for all sample preparation steps following cell lysis
reduces potential samples losses, increases sensitivity, and allows for automation.

Yu et al. (2012) combined FASP, used for an efficient depletion of detergents,
with the ultrafast and efficient microwave-assisted on-filter enzymatic digestion by
transferring proteins mixed with trypsin on filter units to a microwave oven where
they were digested for less than 1 min. Also, Chang et al. (2013) used the FASP
method for processing the Acinetobacter baumannii whole cell protein extract, fol-
lowed by a 15-min-long microwave-assisted protein digestion with trypsin.

However, according to Reddy et al. (2013) the faster reaction rate is not caused
by the microwave quantum effect but the thermal one. Therefore, both microwave
and conventional heating at high temperatures (50°C) can be used to accelerate
digestion reactions. For example, Tracz et al. (2013) trypsin-digested whole cell
protein extracts from pathogenic strains of Yersinia, Francisella, and Bacillus at
53°C for a couple of hours and used thousands of released and confidently identi-
fied peptides for successful bacterial identifications.

Liquid Phase Separation and lIonization of Peptides
Followed by Acquisition of Tandem Mass Spectra

In classical bottom-up methods, separated proteins are in-gel trypsinized, and the
released peptides are identified by mass mapping or by analyzing product ion mass
spectra obtained through the collision-induced dissociation or postsource decay
(Chalmers and Gaskel 2000). In the shotgun approach, peptides are released dur-
ing proteome-wide digestion of microbial proteins with proteolytic enzymes and in
some applications they are directly analyzed using MALDI time-of-flight (TOF)
MS for peptides mass fingerprinting (PMF) of microbes, or peptides from domi-
nating proteins are sequenced using MALDI-MS/MS technologies. For example,
Warscheid and Fenselau (2003) investigated the PMF concept for analysis of small
acid-soluble proteins in Bacillus species by on-probe shotgun trypsin digestion of
spores from this genus. The released peptides were also identified by tandem-MS
techniques for distinguishing B. cereus, B. thuringiensis, B. subtilis, B. globigii, and
B. anthracis Sterne strains. More recently, Balazova et al. (2014) demonstrated that
microwave-accelerated shotgun tryptic digestion of cellular material combined with
MALDI-TOF MS profiling of released peptides allowed for subspecies differentia-
tion of Staphylococcus and Bacillus strains. However, substantial improvements in
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the scope of sequence coverage and reliability can be achieved through separation
of peptides by LC or capillary electrophoresis (CE) prior to ESI-MS/MS analysis
(Wolters et al. 2001).

Liquid Chromatography-ESI-MS

Several strategies have been developed to fractionate peptides prior to MS analysis
that include separation based on one-dimensional (1D) nano-LC and multidimen-
sional separation systems. In the former approach, the resolution of peptide separa-
tion can be increased through the use of RP columns with smaller particle sizes,
for example, below 2 pum in diameter, and submicroliter flow rates (Froéhlich and
Arnold 2009). This technique gives higher efficiency but requires higher pressure
separation, and is therefore referred to as ultrahigh-pressure liquid chromatography
(UPLC). However, nanospray is more sensitive than approaches using higher flow
rates because electrospray is a concentration-sensitive process. Consequently, the
use of a narrower column and lower flow rates will cause the elution of peptides as
narrower peaks with higher maximal concentrations. In addition, the use of longer
columns operated at higher temperatures may increase both high-resolution and
high-peak capacity separations even further.

For example, Hebert et al. (2014) identified more than 34,000 peptides with
unique sequences over a 70-min run by using a 35-cm long RP column with 75 pm
internal diameter. This column was packed with 1.7 pm C18 particles and was op-
erated at 60 °C by using the mobile phase containing 5% of dimethyl sulfoxide, in
addition to the standard components, that is, formic acid/water and formic acid/ace-
tonitrile. Eluting peptide cations were electrospray ionized and analyzed on a hybrid
mass spectrometer (quadrupole-orbitrap-quadrupole-ion trap, Q-OT-qIT; Orbitrap
Fusion, Thermo Scientific, San Jose, CA, USA).

The most popular multidimensional separation systems use: (i) a combination
of peptide separation according to their isoelectric point by isoelectric focusing on
immobilized pH gradient, followed by RP LC separation according to their hy-
drophobic properties and MS/MS analysis (Vaezzadeh et al. 2010; Geiser et al.
2011Db), (ii) off-gel electrophoresis and RP LC-MS/MS (Geiser et al. 2011a), or (iii)
multidimensional liquid chromatography (MDLC). In the latter group of methods,
the most commonly used is the multidimensional protein identification technol-
ogy, termed Mud-PIT, which was introduced by Washburn et al. (2001). Mud-PIT
consists of two orthogonal separation systems—strong cation exchange (SCX) and
RP——coupled online in an automated fashion and offering the possibility to ana-
lyze highly complex peptide mixtures in a single experiment. Most commonly, and
as originally published, an RP-precolumn is followed by an SCX-precolumn, and
finally the main RP-separation column; thus forming a triphasic column packed
into an ESI-emitter tip directly coupled to a mass spectrometer; however, there are
many variations of this basic format (Lohrig and Wolters 2009). Recently, a detailed
protocol has been described for the construction of a simple and flexible online
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RP-SCX-RP LC system and its implementation for deep proteome profiling on a
common shotgun-proteomics platform (Lam et al. 2014).

In addition to the online MDLC format, offline approaches are quite popular
and each of them has its advantages and disadvantages, that is, reduced labor time
in case of online separation and the flexibility of offline fraction collection. How-
ever, online methods are not optimal for peptide separation due to the elution of
peptides with a solvent step gradient during ion-exchange chromatography. There-
fore, offline techniques based on a continuous gradient ion-exchange separation of
peptides, which are subsequently analyzed by RP LC coupled with ESI-MS/MS,
represent a better choice for the comprehensive analysis of the bacterial proteome.
By using this approach, Jaffe et al. (2004) found almost 10,000 unique tryptic pep-
tides corresponding to 81 % of the predicted ORFs for a small, wall-less bacterium
Mycoplasma pneumoniae.

Although very high proteome coverage can be achieved, in the past it usually
required a long data acquisition time. For example, Hendrickson et al. (2010) re-
ported detection of 1671 proteins representing 64 % of all genome predicted pro-
teins of Methylobacillus flagellatus. However, they achieved it by analyzing five
prefractions, resolved by using 2D capillary high-performance LC (HPLC) analysis
that consisted of a seven-part step gradient from the cation-exchange portion of
the biphasic column, followed by the reverse phase elution and MS analysis. This
gave a total of 35 separate HPLC runs per technical replicate with 60 min effective
acquisition time per run.

Capillary Electrophoresis-ESI-MS

ESI-MS/MS allows for online detection and identification of peptides separated
by CE (Janini et al. 2003). This approach is rarely used for microbial identification
purposes; however, Hu et al. (2005 and 2006) described a successful application of
this technique for identification of microbial mixtures using a quadrupole ion trap
operated in a selective tandem-MS mode. They trypsin-digested bacterial proteins
and analyzed released peptides with CE-MS/MS by targeting species-unique tryptic
peptide ions. For that purpose they first created a small DB of proteotypic tryptic
peptides derived from abundant proteins that are species-specific biomarkers for
targeted strains. Isolated ions of such peptides were analyzed by using a selective
reaction monitoring approach. The overall identification success for this method
was 97 % on the basis of analysis of 34 clinical samples with a total analysis time
of 8 h that included a 6-h long cultivation step. Moreover, they shortened the time-
consuming digestion process to 15 min by the application of microwave-assisted
proteolysis (Lin et al. 2005).

Recently, Fleurbaaij et al. (2014) developed a CE-ESI-MS/MS bottom-up pro-
teomics workflow for sensitive and specific peptide analysis with the emphasis on
the identification of -lactamases in various Gram-negative bacterial species even
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from single colonies. They demonstrated the ability of the system to successfully
assess multidrug-resistant bacterial clinical isolates.

Liquid Chromatography MALDI-MS/MS

The separation of complex peptide mixtures using LC columns is usually coupled
to mass spectrometric analysis by electrospraying column effluent directly into the
mass spectrometer. However, peptides separated by nanoscale LC may be coupled
to a collector that deposits microfractions onto a MALDI plate, thus allowing for
the MALDI-MS/MS analysis of the fractions by instruments with TOF/TOF ion
optics or/and LTQ-Orbitraps (Yang et al. 2007; Baeumlisberger et al. 2011). For
example, Lasaosa et al. (2009) found that the MALDI-based platform led to a
significantly increased number of peptides identified from a tryptic digest of the
cytosolic proteome of the bacterium Corynebacterium glutamicum, probably due
to the fact that the size of the unique peptides identified by MALDI was, on aver-
age, 25 % larger and more hydrophilic than the unique peptides identified by ESI
(Yang et al. 2007).

Generally, there are several benefits associated with the LC-MALDI-MS/MS
approach. First, the collection of MS/MS data is decoupled from the chromato-
graphic separation, so the sample can be reanalyzed using optimized MS/MS pa-
rameters. Second, the relative insensitivity to interfering compounds in the sample
matrix and/or mobile phases allows carrying the chromatography under optimized
conditions. Third, this approach provides the ability to archive the sample plate
(Fernandez-Puente et al. 2014).

In conclusion, nano-LC combined with further improvements in MS sensitiv-
ity and speed will continue to reduce whole proteome analysis time for microbial
strains by producing tens of thousands of peptide sequence-to-spectrum matches
(PSMs) in less than 1 h (Hebert et al. 2014). However, LC-MALDI-MS/MS analy-
ses may be better suited for specific applications requiring sample archiving.

Database (DB) Construction and Searching

The prevailing approach for peptide, protein, and microbial strain identification in
shotgun proteomics is based on decoding amino acid sequences by using combined
information of the tryptic peptide mass and its fragmentation spectrum matched
against DB sequences. Therefore, the success of identifying any ionizable peptide
depends on the availability of suitable DB reference sequences, and by no means
can it be assumed that sets of reference genomes/proteomes available in the public
DBs are complete or fully representative for any isolated strain. Therefore, the use
of an appropriate DB is crucial for subspecies typing and identification of strains.
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Bacterial DBs

The construction of protein sequence DB plays a crucial role in proteomic work-
flows; however, the DB should contain all possible sequences while on the other
hand, if the DB is too large, the search engine may introduce false positive identifi-
cations (Vaudel et al. 2014).

There are almost 15,000 bacterial strains with sequenced genomes, includ-
ing 4000 with complete genome sequences, available in public DBs, as of fall of
2014, and chromosome and plasmid-encoded protein sequences predicted from
these genomes can be downloaded from the National Institutes of Health (NIH)
National Center for Biotechnology Information (NCBI, ftp://ftp.ncbi.nih.gov/ge-
nomes/Bacteria) or from the Universal Protein Resource (UniProt) Knowledgebase
(UniProtKB; www.uniprot.org). However, microbial proteomes in these DBs vary
greatly in terms of their curation, completeness, and comprehensiveness; hence, the
use of most recent versions translated from complete genome sequencing projects
is strongly recommended. Amino acid sequences in these DBs represent a transla-
tion of nucleotide sequences in computationally determined ORFs that potentially
encode proteins. ORF begins with an initiation codon and ends with a stop codon
and has the potential to encode a single polypeptide expressed as a protein; how-
ever, many may not actually do so. In addition, different bioinformatics approaches
for automatic annotation of genes are currently used and this affects the quality
of protein lists used in proteomics. For example, different annotation tools may
predict different translational start sites (TSS) for ORFs that will affect the N-ter-
minal peptides generated during in silico digestion (de Souza et al. 2010 and 2011;
Armengaud et al. 2013). Furthermore, a protein should be understood as one of
many isoforms representing the expressed gene and may differ from a polypeptide
specified by a nucleotide sequence due to co-translational modifications or PTMs
of a nascent polypeptide. Co-translational modification refers to the removal of
N-terminal methionine by N-methionyl aminopeptidase and affects the majority of
bacterial proteins. PTMs comprise both the proteolytic processing of a polypeptide,
for example, to generate appropriate targeting signals, and covalent modifications
of its amino acids (Hesketh et al. 2002; Bonissone et al. 2013; Zhang et al. 2013b).
Therefore, the available DB searching algorithms, in fact, identify ORFs, not pro-
teins. Moreover, during analysis of an unknown microbial strain the confirmation
of the full amino acid sequence or “100% coverage” of a potential protein would
be required for the identification of an ORF, because sequences of orthologous pro-
teins from a closely related strain may only differ due to an SAV. Consequently, the
true identification of proteins is rarely achievable during high-throughput analyses
of microbial proteomes.

In the ecarly studies on identification of bacteria using shotgun proteomics,
Dworzanski et al. (2004) constructed a prototype proteome DB from genome se-
quences downloaded from the NCBI site. They used a computational Gene Locator
and Interpolated Markov Modeler (Glimmer) developed by Salzberg et al. (1998)
to identify protein-coding ORFs and translated them into amino acid sequences
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of all putative proteins. All these sequences were used for assembling a microbial
proteome DB in a FASTA format.

A sequence in FASTA format begins with a single-line description distinguished
from the sequence data by a greater-than (“>") symbol and ends with a carriage
return. Although the description is generally considered as a free form, software
applications such as search engines assume that the first word or string after the “>"
symbol is a real sequence identifier and use it for processing while the remainder of
the line is a supplementary description. Therefore, Dworzanski et al. (2004) modi-
fied header lines of each protein in a DB, by using a header replacer script written
in Perl, and added abbreviated strain names in header lines, so the search engine
was recognizing and assigning PSMs directly to reference DB strains instead to par-
ticular proteins in each proteome. Consequently, the search engine SEQUEST was
recognizing each proteome as a single “pseudo-polyprotein” and could be used for
ranking all peptide-to-strain matches while retaining complete information about
protein sources with each peptide. Although the above DB could be searched di-
rectly, the search efficiency may be substantially improved by in silico digestion
of all sequences to create an indexed peptide sequence DB derived from all DB
proteomes.

Recently, Tracz et al. (2013) described a similar approach by tricking Mascot to
assign PSMs directly to reference DB strains instead of proteins. They achieved it
by creating a custom database, named “Genome AA,” containing protein sequences
deduced from 2,026 completed bacterial genomes available from the NCBI Refer-
ence Sequence (RefSeq) DB. However, each entry in the GenomeAA DB consisted
of the strain name followed by a “pseudo-polyprotein” created by concatenation of
all individual protein sequences separated only with the letter code J. Therefore, to
preserve the integrity of peptide termini, trypsin digestion rules used by the search
engine were always supplemented with information to cleave on the C- and N-
terminal sides of the letter code “J.”” Consequently, Mascot searches against this DB
report PSMs to reference strains represented by DB proteomes, instead of particular
proteins.

In proteogenomic studies, six-frame translated nucleotide sequences from inves-
tigated genomes are used (Armengaud et al. 2013). However, DBs used for strain
identification are usually downloaded from NCBI or UniProKB as FASTA format-
ted protein sequences. Nevertheless, they may be additionally cured. For example,
Dworzanski et al. (2006, 2010), Jabbour et al. (2010a, b, c,) and Deshpande et al.
(2011) continued to create prototype microbial DBs by adding abbreviated strain
names to header lines for each downloaded protein, as described above. These ab-
breviated strain names were also used as specific codes that linked strains to taxo-
nomic information derived from the NCBI taxonomy DB (http://www.ncbi.nlm.nih.
gov/Taxonomy/). Finally, they indexed the DB by performing in silico digestion of
proteins using a TurboSEQUEST utility program (Thermo Scientific) by assuming
(trypsin) endoprotease digestion rules and allowing up to two missed cleavages per
peptide; however, only peptides with M in the 700—-3500 Da range were accepted.

It is also important to append any protein DB with sequences of common
laboratory contaminants. For instance, the following FASTA formatted DBs of
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contaminants are available via the Internet: (i) the common Repository of Adven-
titious Proteins, cRAP, can be downloaded from the Global Proteome Machine
FTP site (ftp:/ftp.thegpm.org/fasta/cRAP) or (ii) a contaminants.fasta file contain-
ing common contaminants is available at http://maxquant.org/downloads.htm and
could be appended to any target DB and used as a control for environmental and
common laboratory contaminants.

DBs of Virulence Factors, Toxins, and Antibiotic Resistance
Determinants

In addition to the identification of bacteria, it is also helpful to subtype isolated
strains in regard to their functional capabilities such as virulence, antibiotic resis-
tance, or production of toxins which are of high epidemiological, clinical, and ag-
ricultural or biosecurity importance. However, the search engines usually disregard
this type of information contained in well-annotated DBs or it is difficult to retrieve
it in an easy-to-interpret format. Therefore, based on inputs from publicly available
sequences, it is advantageous to create customized DBs that are configured to facili-
tate subtyping of strains based on the presence of sequences associated with specific
factors, for example, responsible for virulence or antibiotic resistance. Although
some researchers prefer to create their own DBs customized for specific needs,
there are also a few well-annotated sequence DBs targeting virulence and antibiotic
resistance proteins which are available for downloading via the Internet (Chen et al.
2012; Winnenburg et al. 2008; Gupta et al. 2014).

Virulence factors (VFs) help pathogens to evade host-specific defensive mecha-
nisms to establish infection. They include bacterial toxins, secreted effectors, for
example, hydrolytic enzymes that may contribute to the pathogenicity of the bacte-
rium, cell surface proteins that mediate bacterial attachment, and cell surface car-
bohydrates and proteins that protect a bacterium, among others. There are a few
DBs available with protein sequences of such VFs. For example, a DB of protein
VFs (VFDB) in the FASTA format was compiled based on information from more
than 2000 related publications and can be downloaded from the http://www.mgc.
ac.cn/VFs/main.htm Website (Chen et al. 2012). It contains sequences of 460 VFs,
24 pathogenicity islands and ca. 2500 VF-related proteins (as of November, 2014)
gathered from 429 chromosomes and 93 plasmids of pathogenic bacterial strains be-
longing to 26 bacterial genera. The other DB of VFs, named “Victors Virulence Fac-
tors” DB currently includes 5173 VFs from strains of 125 microbial species known
as pathogenic to humans and animals (50 bacterial species, 54 viruses, 13 parasites,
and 8 fungi). A FASTA file with protein sequences of all these VFs is available for
download from the http://www.phidias.us/victors/download.php website. The data
within Victors are manually curated and comes from peer-reviewed literature and
existing DBs (e.g., NCBI RefSeq). The other DB with protein sequences available
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for download is known as a pathogen—host interaction DB (PHI-base) (Winnenburg
et al. 2008) that contains curated information on genes proven to affect the outcome
of PHIs. It catalogs experimentally verified pathogenicity, virulence, and effector
genes from fungal, fungus-like eukaryotic microorganisms (Qomycete), and bacte-
rial pathogens infecting animal, plant, and insect hosts. PHI-base is therefore an
invaluable resource in the discovery of these genes in medically and agronomically
important pathogens. PHI-base contains 3012 entries with protein sequences trans-
lated from so-called pathogenicity genes (if the effect on the phenotype is quali-
tative) or virulence/aggressiveness genes (if the effect is quantitative) or effector
genes (either activate or suppress plant defense responses) and can be downloaded
in the FASTA format at http://www.phi-base.org/.

Antibiotic resistance (AR) Gene-ANNOTation (ARG-ANNOT) DB was devel-
oped by Gupta et al. (2014) and consists of a single file with amino acid sequences
of existing and putative antibiotic resistance-associated proteins in a FASTA for-
mat that can be downloaded from http://www.mediterranee-infection.com/article.
php?laref=282titre=arg-annot. They collected information about 1689 AR-associat-
ed genes from published works and online resources, and sequences of these gene
products were retrieved from the NCBI GenBank DB. AR-associated proteins in
ARG-ANNOT DB are linked to diverse antibiotics classes, including aminogly-
cosides, beta-lactamases, fosfomycin, fluoroquinolones, glycopeptides, macrolide-
lincosamide-streptogramin, phenicols, rifampicin, sulfonamides, tetracyclines, and
trimethoprim. There are also other available DBs like the Antibiotic Resistance
Genes DB (ARDB, Liu and Pop 2009) or MvirDB—a microbial DB of protein tox-
ins, virulence factors, and AR genes for bio-defense applications—that integrates
DNA and protein sequence information from other sources (Zhou et al. 2007), how-
ever, they were not recently updated.

A number of web-services are available for identification of known or predicted
bacterial toxins, for example, BT Xpred, which makes available a FASTA format-
ted file of 185 bacterial toxins (http://www.imtech.res.in/raghava/btxpred/supple-
mentary.html); and a DB of Bacterial ExoToxins for Human (DBETH, http://www.
hpppi.iicb.res.in/btox/) with FASTA files of “Human Pathogenic Bacterial Exotoxin
Fasta Sequences” and “Human Pathogenic Bacterial Exotoxin Homologs.”

Chang et al. (2013) created the B-lactam-resistance protein DB of A. baumannii
(abbreviated as “BRPDAB”) and used it to develop an accurate and rapid shot-
gun-proteomics method for the identification of B-lactam-resistant 4. baumannii
pathogens. They used a serious of gene ontology (go) terms (Ashburner et al. 2000)
such as beta-lactamase activity (go:0008800), penicillin binding (go:008658) or re-
sponse to antibiotics (g0:0046677 used as a synonym to antibiotic susceptibility/
resistance), names of all f-lactam antibiotics and the name of a bacterium “A. bau-
mannii” to identify in the Uniprot DBs proteins associated with the resistance of this
pathogens to antibiotics. They downloaded these sequences and incorporated them
into the FASTA formatted BRPDAB.
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Creation/Correction of Microbial Protein DBs Through
Re-sequencing and Analysis of Genomes

Despite the availability of thousands of completely sequenced genomes, many spe-
cies are still represented in sequence DBs by only a single or a few strains. There-
fore, for analysis of strains from DB underrepresented species, improved DBs are
needed to compensate for the missing sequence variations reflecting intraspecies
strain diversity that may affect the identification of organisms at the subspecies
level. Such DBs could be constructed by the “maturation” of sequences, for ex-
ample, by N-methionine excision, removal of N-terminal signal peptides based on
annotations in the DB, or cleavage site predictions determined with the help of
suitable algorithms, such as SignalP (Petersen et al. 2011) or Phobius (Kaéll et al.
2007b). Additional DB improvements can be achieved by correcting some sequenc-
ing errors such as incorrect predictions of TSS during an in silico-driven annotation
process to make the N termini of homologs as consistent as possible within the DBs
(Sato and Tajima 2012).

For example, the identification of protein variants could be improved by using the
multistrain MS prokaryotic DB builder (MSMSpdbb) (de Souza et al. 2010). In this
approach, a combined protein DB of closely related microorganisms is created that
provides two important advantages. First, it allows for streamlining the initial DB
searching by combining groups of phylogenetically close organisms, and second, it
provides protein annotation improvements by correcting sequence TSS which are
frequently incorrectly annotated, especially for older submissions. Recently, Bland
et al. (2014) characterized 534 N termini of the marine bacterium Roseobacter de-
nitrificans and found that 10% of them were incorrectly annotated in regard to
TSS. They also found five previously un-annotated proteins and eight proteins with
multiple translational starts, thus showing the value of empirical evaluation of every
sequenced organism for maximum annotation accuracy (Bland et al. 2014).

However, the most reliable solution to overcome the problem of relatively large
sequence deviation of an unknown isolate from reference strains should be based
on de novo sequencing on protein or nucleic acid levels or ultimately by perform-
ing whole-genome sequencing of additional strains from the underrepresented spe-
cies. Unfortunately, de novo peptide sequencing is still impractical; therefore, both
mRNA (RNA-seq, Wang et al. 2012) and genomic DNA sequencing have been used
to generate customized DBs for MS identifications in proteomics studies. Because
the RNA-seq approach is more appropriate for metaproteomic approaches, DNA se-
quencing of strains from species underrepresented in public DBs is better suited for
expanding the potential sequence variation repertoire for high-resolution discrimi-
nation of unknown strains. Furthermore, the Food and Drug administration (FDA)
authorization for the first next-generation sequencer, [llumina’s MiSeqDx (Collins
and Hamburg 2013), will allow not only the development of new human genome-
based tests but will also open the way to high-throughput sequencing (HTS) being
used in clinical microbiology.
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There are two major approaches that have been used: de novo assembly from
raw sequence reads and the reference-guided assembly if the closest reference ge-
nome is available. However, HTS technologies are error prone; for instance, the
[llumina reversible dye-terminator sequencing technology (HiSeq) caused substitu-
tions (Meacham et al. 2011) while ion semiconductor sequencing technology (Ion
Torrent, Life Technologies) produced indel errors associated with homopolymer
regions (Loman et al. 2012). In addition, despite many computational advances, the
complete and accurate genome assembly from second-generation short-read data
remains a major challenge. Therefore, instead of de novo genome assembly, the
better strategy for proteomics would be re-sequencing based on mapping reads to
the whole genome sequence of a strain from the same species followed by searches
for single nucleotide variations (SN'Vs) (Caboche et al. 2014).

Recently, Wu et al. (2014) described a very efficient strategy to overcome se-
quence variations between the reference genome and the closely related species
based on mapping sequencing reads utilizing the error-tolerant FANSe mapping
algorithm (Zhang et al. 2012). FANSe corrects the SNV for the genome deviating
from the reference genome ~5 %, and exports them as corrected proteome sequenc-
es that can be used in searching peptide fragmentation spectra, and thus efficiently
improves peptide and protein identification in nonmodel bacteria without complete
genomic sequence. FANSe is a seed-based algorithm which uses the entire informa-
tion from a sequencing read divided into small seeds of 6—8 nucleotides and aligns
all of them to the reference genome sequence. The adjacent seeds mapped to the
same segment are combined if they fulfill certain criteria and are used to define
so-called hotspots. The alignment for each hotspot is scored and refined based on
the least number of mismatches. Consequently, by reducing the number of hotspots
FANSe achieves the increased sensitivity, that is, the proportion of actual positives
which are correctly identified as such while maintaining a reasonable speed.

For example, sequencing of 1350 bp of 16S rDNA of an environmental isolate,
Wu et al. (2014) found 100 % identity to the reference sequence of Bacillus pumilus
SAFR-032; the only B. pumilus strain with complete genome sequence in public
DBs. However, 16S rDNA sequence may not distinguish separate strains; there-
fore, they decided to re-sequence the whole genome and identified 158,407 SNVs.
Among these SNVs, 143,263 were identified as substitutions, 221 insertions, and
349 as deletions in protein-coding sequences (CDS). In total, 4.93 % of the map-
pable region was different in comparison to the reference genome of B. pumilus
SAFR-032, that is, in the expected range of differences between the same species
strains (Goris et al. 2007). This correction allowed them to identify 14.2% more
tryptic peptides from the isolate and they will use this corrected proteome as a
reference for the identification and discrimination of other strains from B. pumilus.
In conclusion, this approach is suitable for the preparation of a set of reference pro-
teomes for DB searching of MS/MS fragment ions derived from the unknown strain
proteome for subspecies identification and strain typing.

Finally, it should be remembered that during proteomic analyses, only a fraction
of genome predicted proteins and proteotypic peptides are identified and there are
a number of reasons why this happens. First, peptides from undetected proteins



106 J. P. Dworzanski

may fall into a category of false negatives due to bioanalytical factors inherent to
bottom-up proteomics: post-translationally modified peptides, peptides too short,
too long or from small and low-abundance proteins are difficult to observe. Sec-
ond, some predicted proteins are not real, due to incorrect genome interpretation
including annotations marked as putative or hypothetical. For example, Hendrick-
son et al. (2010) noted that many of the nondetectable proteins of M. flagellatus
may represent artifacts of genome annotation while a portion of the nonexpressed
proteins appear to correspond to silent genomic islands. Third, some proteins must
be true negatives, that is, they are not expressed under the growth conditions used
because the expression of many genes is tightly regulated and/or inducible only
under specific conditions. For example, Ansong et al. (2009) showed that as much
as a third of the Sa/monella enterica serovar Typhimurium strain’s proteome has to
be regulated at the translational level by the single virulence regulator Hfq. Never-
theless, nearly 40 % of predicted proteome was covered by peptide identifications
in this work.

Custom DBs of E. coli and Salmonella Flagellins

E. coli bacteria are short rods with flagella that rotate to allow movement in liquid
environments. The flagellar filament is the largest portion of the flagellum and con-
sists of repeating subunits of the protein flagellin that induces immune responses.
These immune responses have been widely utilized for serological typing of E. coli
strains, which produce 53 distinct sequence types of flagellar H antigens. Recently,
Cheng et al. (2013) developed an MS-based typing method of flagellar H antigens
(MS-H). For this purpose, they constructed a FASTA-formatted DB of E. coli H
types using the sequences and serotype information found in the NCBI nr protein
DB. In this E. coli flagellin DB redundant sequences were collapsed into a single
entry with the H-type listed in each sequence description headerline. If the H-type
was not specified in the NCBI nr DB, they compared it against sequences with
known H serotypes and assigned the top-scoring one. In some cases, the H-type was
manually assigned (based on literature search) to sequences with missing H-type in
NCBI annotation, or with incorrect H-type listed in the NCBI entry. Incorrect H-
types were also discovered by finding outliers in a phylogenetic analysis of all E.
coli flagellin sequences in the DB.

The final curated E. coli flagellin DB can be downloaded at http://www.biomed-
central.com/1756-0500/7/444 as a FASTA file (KC Flagellin 20130425.fasta).
This DB contains 195 unique sequence entries representing all 53 known E. coli
H serotypes, that is, averaging close to 4 sequences per serotype. However, some
serotypes were represented by only one entry (H4; H15; H23; H24; H30; H32;
H39; HH43; H51; and H56) while the most common types, such as H6, H11, and
H7 were represented by 10, 12, and 16 flagellin sequences, respectively (Cheng
et al. 2014a).
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For typing flagellin H-antigens of multiphasic Sa/monella reference strains,
Cheng et al. (2014b) created also a curated Salmonella flagellum DB containing
385 entries of flagellin sequences available in the literature and the NCBI nr DB.
However, this DB is not available for downloading.

Search Engines

Mass spectrometric analysis of peptides released by shotgun digestion of micro-
bial proteins generates high-resolution and high accuracy data sets of product ion
spectra that can be used for decoding their amino acid sequences by three classes
of approaches. First, by spectral library searches which compare the acquired spec-
tra with a library of previously identified spectra; second, by de novo sequencing
to infer the sequence directly from the mass differences of fragment ions in the
spectra; and third, by DB searches which compare how well an acquired spectrum
matches to a theoretical spectrum of a peptide deduced from protein sequence in
the DB (Cottrell 2011; Ma and Johnson 2012). In the latter case, the search engine
constructs a theoretical spectrum for each candidate peptide sequence and compares
them to experimentally observed fragment ion spectra.

Although de novo approaches would be the best for decoding sequence infor-
mation from peptide fragmentation spectra, they show sufficient reliability to in-
fer only short sequence tags and thus currently cannot provide a full solution to
the identification problem. Nevertheless, they are used in so-called error-tolerant
searches that relax the specificity, for instance, by removing molecular mass con-
straint and thus allowing for matches to DB sequences when there are sequence
variations due to mutations or PTMs.

Therefore, the most popular approach to interpret such MS/MS spectra in a high-
throughput manner uses DB searches with software tools known as “search en-
gines” to find the best PSMs. As input, a search engine takes MS/MS spectra and
searches them against reference proteomes of strains that are expected to be related
to the sample with a twofold purpose: first, to find PSMs which confidently decode
tandem mass spectra; and second, to quantify the contribution of DB reference mi-
crobes to the decoded spectral data set.

There are many well-established software applications for searches with un-
interpreted fragmentation spectra against DB proteomes that include SEQUEST
(Eng et al. 1994), Mascot (Perkins et al. 1999), X!Tandem (Craig and Beavis 2004),
MyriMatch (Tabb et al. 2007), OMSSA (Geer et al. 2004), and Andromeda (Cox
et al. 2011) among many others listed in the review article by Nesvizhskii (2010).
In addition, due to different approaches used in search engine algorithms, one can
maximize the number of peptide identifications by using multiple search engines
and combining the results. For example, the PSM gains (at 1 % error level) observed
by starting with Mascot and adding SEQUEST search results may exceed 38 %,
and by adding MyriMatch and X!Tandem to the combination, the gain can reach
53% (Shteynberg et al. 2013). These outcomes were obtained by modeling each
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search result with PeptideProphet (Keller et al. 2002) and combining them with
the iProphet tool (Shteynberg et al. 2011) that uses linear discriminant analysis to
obtain more accurate PSM scores. Nevertheless, to maximize the number of correct
PSMs it is important to run DB search engines using appropriate search parameters.

Setting Search Parameters

The search parameters include, among others, ions’ mass tolerances appropriate
for the type of instrument used and expected peptide modifications. For example,
5-ppm precursor mass tolerances for a high-resolution mass spectrometer and 0.5-
Da fragment tolerance for the ion trap fragmentation. The expected peptide modi-
fications include: (i) static (fixed) that apply to all amino acid residues in a sample,
for example, cysteine modification due to the alkylation step, and (ii) dynamic
(variable) which may or may not be present at each amino acid site.

Most variable modifications of amino acids are dependent on the sample pro-
cessing and may include the oxidation of methionine and tryptophan; deamidation
of asparagine and glutamine to their acidic counterparts, aspartate and glutamate
(Yang and Zubarev 2010); carbamylation of free amino groups; and diverse modi-
fications of N-terminal amino group. For example, the common artifact of using
gel electrophoresis during the sample preparation is formation of cysteine propi-
onamide (C[+71]). Furthermore, cysteine residues are usually carbamidomethyl-
ated (C[+57)]) by treatment with TAA to block free sulfhydryl groups. In addition,
overalkylation with IAA frequently also gives modified lysine [K+(57)], histidine
[H+(57)], and N-terminal residues (+57) and (+ 114) and may affect even substan-
tial fraction of peptides (Boja and Fales 2001).

Commonly used protocols include urea for the solubilization and denaturation
of proteins. However, urea in solution is in equilibrium with ammonium cyanate
which decomposes to isocyanic acid reacting with protein primary amino groups
and resulting in their carbamylation (Lippincott and Apostol 1999). This modifica-
tion (~NH-CO-NH,) gives a mass increment of 43 Da per modified amino group.
Therefore, long-term exposure of proteins to high urea concentrations can lead to
unfavorable heterogeneity in downstream MS analyses due to carbamylation of ly-
sine, arginine, and N-terminal residues. Consequently, a variable modification for
carbamylation of arginine and lysine residues should be taken into account whenev-
er urea is used for sample processing. To minimize the extent of carbamylation, urea
solutions should always be used fresh and all operations performed at a temperature
below 30°C. In addition, it is recommended to add methylamine to the urea solution
prior to use. However, one should also investigate whether replacing urea by other
chaotropic agents, such as sodium deoxycholate or surfactants is appropriate (Proc
et al. 2010).

There are also other common biological modifications that should be taken into
account. For example, although N-terminal acetylation is rare in bacteria, acety-
lated N termini are common in archaea and may affect even 15 % of their proteins
(Falb et al. 2006). Therefore, the use of appropriate data-mining procedures may
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increase the number of identified peptides. In addition, it should be remembered
that not all peptides in a sample are represented in the DB, while even spectra de-
rived from non-peptide background constituents can be matched to peptides by a
search engine.

In conclusion, the setting of proper search parameters is not trivial because taking
into account the above-mentioned modifications will enlarge the search space and
thus may prolong the search time substantially. Therefore, the best solution would
be to estimate the prevalence of known modifications before setting the param-
eters for a conventional search engine. For example, the software tool “Preview”
(Kil et al. 2011) performs a fast full protein DB searches with a set of product ion
spectra in a fraction of time needed by a conventional search engine. It reports: (i)
the amount and type of nonspecific digestion, (ii) assays the prevalence of known
modifications, and (iii) recognized modifications. Such information not only allows
choosing the most appropriate search parameters to maximize the number of correct
matches, but also provides timely feedback for the laboratory on sample preparation
artifacts, thus improving the overall efficiency and reproducibility of the shotgun-
proteomic approach.

DB Searches

It is crucial that matches to all reference proteomes are reported instead of a subset
of best hits as commonly done by many search engines. Therefore, the acquired
fragmentation spectra could be searched separately against each reference proteome
or subsets of combined proteomes, depending on the reporting capabilities of the
search engine or experimental needs. For example, SEQUEST, the first software
developed for searching MS/MS spectra against sequence DBs and commercially
available from Thermo Scientific (San Jose, CA, USA) and Sage-N Research (Mil-
pitas, CA, USA), reports up to 100 matches. Hence, depending on the preliminary
information about the sample, the searches should be arranged appropriately. How-
ever, searches against a large DB increase the error rate and contribute to the in-
creased rate for false-positive identifications (Cargile et al. 2004). Therefore, there
are advantages of using a two-step matching process by performing the initial search
against a large DB, followed by a focused DB search against DB strain proteomes
with a statistically significant number of matches assigned during the initial search
(Jagtap et al. 2013). Moreover, during an initial search to produce a focused DB—it
is best to enable only the most common modifications (e.g., oxidized methionine
and deamidated asparagine).

In the second step, a smaller and better manageable DB may be used, which may
be generated by selecting as the target a set of microbial proteomes representing
only one phylum, family, or even genus, and appending these forward sequences
with decoy DB sequences. In addition, the smaller DB should include sequenc-
es of commonly found contaminants (see Section “Bacterial DBs”) and could be
searched with an extended list of expected peptide modifications.
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Processing of DB Search Results

It is important to remember that an identified peptide may be a false positive regard-
less of its uniqueness. Moreover, a peptide that is unique throughout the protein se-
quence DB may be the result of a sequencing error. Therefore, quality assessments
of PSMs have to be based on a solid statistical ground by using postprocessors such
as PeptideProhet (Keller et al. 2002), Percolator (Kaéll et al. 2007a; http://www.ma-
trixscience.com/help/percolator _help.html), or g-ranker (Spivak et al. 2009) to ap-
ply an optimal scoring function for a particular data set (Granholm and Kall 2011).

DB search algorithms attempt to match every experimental spectrum to DB pep-
tides and report parameters to determine correctness of each PSM. For example,
the information contained in each output file generated by a search engine SE-
QUEST includes: (i) PSMs, (ii) peptide assignments to reference microbial proteins
or (if headers were appropriately modified) proteomes in the DB, referred here as
“peptide-to-bacterial” (PTB) strain assignments, and (iii) parameters estimating the
correctness of PSMs (Xcorr, ACn, Sp, RSp, AM). However, a better way to express
the accuracy of such assignments would be to calculate probabilities that each PSM
is correct. For example, Dworzanski et al. (2004) interpreted the above SEQUEST
matching parameters using discriminant function (DF) analysis. They arrived at
probability scores for PSMs by modeling distributions of correctly and incorrectly
identified peptides from a training data set obtained from analysis of a known bacte-
rial strain.

Among many other computational ways to determine such probabilities, the Pep-
tideProphet algorithm (Keller et al. 2002) gained a wide acceptance in the field of
proteomics. It may be used as a standalone application or as part of a suite of soft-
ware tools for the analysis of tandem MS data sets known as the Trans-Proteomic
Pipeline (Deutsch et al. 2010). PeptideProphet was also incorporated into BacID/
ABOid software and applied for the selection of correct PSMs used for discrimi-
nation of diverse microbial strains (Dworzanski et al. 2006, 2010; Jabbour 2010a,
b, ¢, 2014; Wade et al. 2010, 2011). In this approach, BacID/ABOid retrieves and
organizes both SEQUEST and PeptideProphet output files by creating a binary ma-
trix of PTB assignments which can be generated using all raw data, or any subset
of PSMs selected to ensure high confidence results. The final PTB matrix is created
by “filtering out” not only the low-quality PSMs but also identifications match-
ing common contaminants and sequences from the decoy DB, and retaining only a
sequence unique set of peptides which are then combined and archived for further
processing using a comma separated value (CSV) file format.

Recently, Koskinen et al. (2011) described the approach that “seeks to present
DB search results in a more logical format”, that is, by creating a minimal set of
proteins, grouped into families on the basis of shared peptide matches and by us-
ing hierarchical clustering with scores of non-shared peptide matches as a distance
metric. This approach is very similar to that used by BacID/ABOid software (Dwor-
zanski et al. 2006, 2010; Deshpande et al. 2011) for presenting DB search results
of unknown microbial strains represented as “pseudo-polyproteins.” Unfortunately,
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the BacID/ABOid software is not available to the scientific community; therefore
incorporation of this approach into a family of DB processing tools by Mascot will
allow researchers to illustrate how families of strains are related and thus making it
easier to make taxonomic or diagnostic decisions.

Subspecies Differentiation and Strain-Level Typing of
Bacteria Based on Searching Protein DBs with Peptide
MS/MS Spectra

The availability of commercial LC-MS software tools for full characterization of
microorganisms and their physiological capabilities have lagged behind the tech-
nological advances in MS instrumentation. Although significant effort has been put
into development of bioinformatics tools to identify mixtures of proteins, software
applications that focus specifically on the identification of microbial strains and
characterization of its proteome have been lacking. While commercial search en-
gines combined with available data-mining methods can be used to identify micro-
organisms, the majority of these tools do not have the ability to take into account
intricate phylogenetic relationships among strains which are an important part of
characterizing both isolates and microbial mixtures. Therefore, customized DBs
and data-mining approaches have been developed by a few research groups to over-
come these shortcomings.

Searches of fragmentation mass spectra from trypsinized microbial proteins
against DB of reference proteomes return PSMs identifying peptide sequences and
can be used for revealing the distribution of PSMs among DB species. Further pro-
cessing of such assignments allows to: (i) deduce the identity of an isolated organ-
ism based on analysis of taxon-specific and taxon-shared sequences, and (ii) un-
cover intraspecies relatedness based on genomic similarities revealed by analysis of
the multidimensional structure of peptide conservation profiles across DB strains.
However, there are no standardized approaches on how to perform such analyses;
therefore, I will outline only the methods most frequently used by diverse research
groups.

Classification and Identification of Bacteria Based on the Number
of Shared Peptides

The need for rapid detection, identification, and classification of pathogenic mi-
croorganisms is vital for clinical, epidemiological, agricultural, and public health
emergencies that include a potential biological terrorist attack. Therefore, the efforts
to achieve such objectives were substantially intensified after the October 2001
anthrax attack in the USA. Many methods were proposed for this purpose and some
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of them were based on mass spectrometry, for example, analysis of microbial cell
pyrolysis products, lipid extracts, nucleic acids, proteins, or amino acid sequences
of protein digestion products, that is, peptides.

The use of protein sequences for the identification of species is not new (Sanger
1959) and was underscored by Frederic Sanger during his Nobel Prize Lecture in
1952. His idea was next revitalized with the advent of high-throughput proteomics
era by C. Fensealu, P. Demirev, J. Yates, and others (Yates 1998; Demirev et al.
1999; Fenselau and Demirev 2001).

One of the bottom-up proteomic methods aimed for rapid identification and clas-
sification of microbes based on the concept of the number shared peptides was
invented by J. P. Dworzanski and L. Li (Dworzanski et al. 2004). They coupled
LC/MS/MS analysis of peptides obtained by trypsin digestion of whole cell bacte-
rial extracts with searching an in-house created DB obtained by translating avail-
able genomic sequences with the ORF finding software Glimmer. The analysis of
peptide sequences and their matches to proteomes of reference bacteria in the DB
allowed them to identify selected bacterial samples down to the species and strain
levels. Furthermore, they could identify the isolates regardless of the culture growth
phase and with no prior knowledge of the test sample (Dworzanski et al. 2006). This
procedure was next automated by using algorithms BacID/ABOid developed by J.P.
Dworzanski and implemented by S. Deshpande in Visual Basic and Perl (Dworzan-
ski et al. 2006; Deshpande et al. 2011) and applied for analysis of diverse agents of
biological origin (ABO) (Dworzanski et al. 2010; Jabbour et al. 2010a, b, ¢, 2014;
Wade et al. 2010, 2011).

Peptide-to-Taxa Assignments: Determination of the Closest Neighbor

The shotgun-proteomic analysis of an unknown strain followed by DB searches
and validation of determined PSMs gives a peptide profile of an unknown strain
(u). That type of peptide profile can be represented as a column vector with each
component indicating that the specified sequence is encoded in its genome. On the
other hand, each of these peptides may match only one DB reference proteome
(unique peptides) or many (shared peptides). Thus, each peptide is characterized
by a “phylogenetic” profile across DB reference strains and may be represented as
a row vector with each component taking a value of either one or zero, where one/
zero indicates the presence/absence of the exact matching peptide sequence in the
corresponding DB proteome. These row vectors form a matrix of assignments that
may be visualized as a virtual array of peptides assigned to theoretical proteomes
of DB strains (Fig. 5.1, where 1/0 are represented as closed/open circles, respec-
tively). This way, the results of MS/MS analysis may be represented as a binary
map of PTB strain assignments where similar peptide profiles per reference strains
indicate a correlated pattern of relatedness among such DB strains while similar
“phylogenetic” profiles of peptides across strains suggest that they originate from
homologous proteins (Dworzanski et al. 2006).
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Fig. 5.1 Schematic representation of mapping tryptic peptides sequences ( p, p, p; ..., p,)
identified by shotgun-proteomics analysis of an unknown (u) strain to database (DB) proteomes
of reference strains (b, b, b, ..., b ) and analysis of the created matrix of peptide-to-bacterial
(PTB) strain assignments using multivariate statistical methods to reveal the closest DB neighbor.
“FSP” in the “Histogram of similarities” stands for fractions of shared peptide sequences between
u and each DB bacterial proteome. (Reprinted with permission from Dworzanski et al. (2006,
pp. 76-87). Copyright 2006 American Chemical Society)

Dworzanski et al. (2004) carried out 1D HPLC-MS/MS analysis of tryptic di-
gests derived from protein extracts of selected bacterial strains with fully sequenced
genomes and used a statistical scoring algorithm to rank MS/MS spectral matching
results for bacterial identification. Peptides with scores exceeding a threshold prob-
ability value were accepted and assigned to the bacterial proteomes represented
in the DB. Because they used modified header lines of each protein in a DB (see
Section “Bacterial DBs” for details), SEQUEST was recognizing each proteome as
a single “pseudo-polyprotein” and assigning PSMs directly to reference DB strains
instead to particular proteins in each proteome.

All the PTB strain assignments reported by SEQUEST were then organized as
PTB matrices allowing for easy transformations and presentation of results that in-
cluded: (i) ranking of assignments in the form of histograms showing the number of
matching peptides per reference proteome (similarity scores) or (ii) displaying the
distribution of unique peptides to further improve identification by the removal of
“degenerate peptides,” that is, peptides shared by reference proteomes (Dworzanski
et al. 2004).

The selection of unique peptides was carried out by assuming that a DB strain
proteome with the highest number of matching peptides is deemed to be the most
likely candidate of a true match. With this assumption, deconvolution can be per-
formed iteratively by selecting the highest scoring bacterium and filtering out shared
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peptides from histogram bins associated with all the remaining bacteria, which gen-
erates a new histogram of peptide matches per strain. A subsequent step involves
the removal of peptides from the second highest scoring organism in the newly
assembled histogram, and so on. Such a deconvolution filter acts as the “Occham
razor” that removes shared peptide sequences from the PTB matrix, usually associ-
ated with orthologous proteins, and reveals the minimum set of strains capable of
explaining all accepted PSMs.

Initially, the approach developed by Dworzanski et al. (2004) was focused on the
identification of bacteria with fully sequenced genomes and therefore represented
in the DB. However, they also reported that although unique peptides from the cor-
rectly identified strain can explain all high scoring PSMs, it is not the case for a
strain not represented in the DB. In such cases, the Occham razor-type filter reveals
the nearest DB neighbors of an unknown strain, reflecting taxonomical position of
an unknown microorganism.

Recently, Tracz et al. (2013) reported a novel variation of the above method
for bacteria identification implemented by using the Mascot search engine. In this
approach, they compared the number of peptides shared between the unknown and
DB strains by tricking Mascot to report such assignments. They achieved it by cre-
ating “pseudo-polyproteins” of concatenated protein sequences of each DB strain
proteome (see Section “Bacterial DBs” for details), so searches against such a DB
report PSMs to DB strains instead to particular proteins.

In proof-of-concept experiments, they analyzed whole cell protein extracts from
selected Bacillus, Francisella, Yersinia, and Clostridium strains with complete ge-
nome sequences, or their close neighbors with the same status, which were chosen
as surrogates for highly pathogenic species (Fig. 5.2). To speed up the sample prep-
aration process, the reduced and C-alkylated proteins were digested with trypsin at
elevated temperature and analyzed with a nano-LC-LTQ Orbitrap mass spectrom-
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eter. The acquired tandem mass spectra were searched against “Genome AA” DB,
and the search results were exported from the Mascot Website interface in a CSV
file format.

The results file contains all accepted PSMs and DB strains ranked according
to Mascot scores reflecting, among others, the total number of peptide matches
per strain. These numbers are graphed as black bars in Fig. 5.3 depicting results
from identification of strains by LC-MS/MS. However, peptides assigned to the
highest scoring strain (so-called “red bold” matches in the Mascot jargon) could
be divided into strain specific or “unique” peptides and those shared with other
strains and called “degenerate.” Mascot flags the latter peptides when they are as-
signed to any other strain in the report as “not bold red”; thus allowing to filter out
matches to degenerate peptides from all remaining strains. This process is repeated
in regard to the second highest ranking strain and so on, allowing counting only
unique matches and preparing a minimal list of strains contributing to the pool of
identified peptides. The numbers of such peptides per strain are presented as gray
bars in Fig. 5.3 and allow for clear identification of analyzed Francisella strains as
Francisella tularensis LVS and Francisella philomiragia subsp. philomiragia. Note
that the analyzed strain of F. fularensis LVS is represented in the DB while the strain
of F. philomiragia subsp. philomiragia (ATCC 251015) is represented in the DB
only by a different strain of this subspecies, that is, strain ATCC 25017.

Under these circumstances the highest scoring strain, LVS, was correctly identi-
fied because among all unique peptides, the matches to other closely related strains
were lower than 0.2 %. However, in case of ATCC 250157 strain matches to other
strains were substantially higher because 37 (2.6 %) of unique peptides matched
Francisella noatunensis subsp. orientalis str. Toba 04 and 30 (2%) matched the
Francisella sp. TX077308 strain. This indicates minor sequence differences be-
tween strains ATCC 25015 and ATCC 250177, and proves that LC-MS/MS can po-
tentially discriminate isolates from the subspecies philomiragia.

Tracz et al. (2013) pointed out the advantages of their approach such as the lack
of any prior knowledge of the analyzed microorganism, and the capability of gen-
erating organism-specific sequence data. In addition, their method can provide rela-
tive protein expression levels, including the confirmation of virulence factor ex-
pression, which has relatively low cost of consumables per sample; and a relatively
fast turnaround time (<8 h postculture). Moreover, it can be easily implemented in
a typical proteomics laboratory.

Analysis of Subproteomes

Although subproteome analyses, by definition, are limited in scope, they usually
provide comprehensive representation and coverage of specific protein types in
comparison to whole cell proteome approaches. Among subproteomes investigated
for subspecies identification of bacteria, the most attention attracted surface and
membrane proteins, especially OMPs of Gram-negative bacteria, surface layer
(S-layer) proteins of Gram-positive bacteria, and ECPs.
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Fig. 5.3 Representative results from identification of bacterial species by LC-MS/MS. DB search
results are plotted for Francisella tularensis LVS (a) and Francisella philomiragia ATCC 25015
(b). The total number of shared peptides (black bars) and the number of strain unique peptides
(gray bars) for identified bacterial genome-predicted proteomes were sorted by Mascot scores.
(Reprinted with permission from Tracz et al. (2013, pp. 54-57). Copyright 2013 Elsevier B.V.)

Surface proteins, including OMPs play a critical role in processes leading to
pathogenicity by mediating interaction with a host, evasion of the immune system,
efflux of antibiotics, and import of nutrients. Due to their location, they interface
the cell and the environment and are candidate targets for developing protective
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strategies (vaccines and therapeutics) as well as detection and identification strate-
gies for microbial strains. For example, Jabbour et al. 2010b showed that shotgun-
proteomics analysis of OMPs from the Yersinia pestis CO92 strain provided unam-
biguous strain-level identification with all identified tryptic peptides matching the
correct DB reference strain, while the remaining DB reference strains of Y. pestis,
that is, 91001, Antiqua, Nepal 516, Kim, and Yersinia pseudotuberculosis TP 32953
were ranked as distant matches based on the number of shared peptides. In addi-
tion to strain identification, the results of the same analysis also provided a list of
proteins known as being associated with established Yersinia virulence factors, like
plasmid-encoded plasminogen activator protease precursor and the toxin protein.

Karlsson et al. (2012) analyzed surface-exposed proteins of fully sequenced
Helicobacter pylori strains J99, ATCC 26695, and the type strain of this species,
CCUG 178747, by using shotgun-proteomics method applied to intact cells immo-
bilized in the flow channel of a microfluidic device called lipid/protein interaction
(LPI)-FlowCell. The released and identified peptides were matched to 38 reference
strains with complete genome sequences, including 26 H. pylori and 12 strains from
other species of the Helicobacter genus. They showed that this method worked well
for discriminating different strains of H. pylori, including the strain not represented
in the DB.

Wade et al. (2011)investigated the discrimination of pathogenic and nonpatho-
genic strains of Francisella tularensis and Burkholderia pseudomallei by using
shotgun-proteomics analyses. They found that LC-MS/MS analysis of trypsinized,
OMP-enriched subproteomes of these microorganisms combined with data process-
ing that included the BACid software application that allowed for confident sub-
species identification and discrimination between pathogenic and nonpathogenic
strains of the same species. For example, they analyzed the OMP extract of a highly
virulent strain F. tularensis subsp. tularensis Schu S4, considered a potential bioter-
rorism agent because it causes the severe disease called type A tularemia, and the
analysis of the attenuated strain of F. tularensis subsp. holarctica, known as the
only live vaccine strain (LVS). These strains represent two of multiple recognized
F. tularensis subspecies that differ in virulence and lethality following infection,
that is, tularensis, causing the most severe disease, moderately virulent subspecies
holarctica, followed by mediasiatica and novicida causing infections only in immu-
nocompromised individuals (Steiner et al. 2014). Genomic analysis suggests that
the subspecies of Francisella tularensis have evolved by vertical descent, through
unidirectional gene losses from the highly virulent strain of F. tularensis subsp.
tularensis which gave the less virulent F. tularensis subsp. holarctica strains. Fur-
thermore, the attenuated LVS strain also evolved from the Aolarctica strain through
gene losses, because complementation of LVS with genes pil4 and FTT0918 re-
stored its virulence to the level of virulent iolarctica strains (Forslund et al. 2006;
Salomonsson et al. 2009).

Shotgun proteomics analyses took advantage of such differences by allowing not
only distinguishing different Francisella tularensis subspecies but also for confident
discrimination between similar strains. For instance, analysis of the strain Schu S4
allowed for correct identification of this strain at the subspecies level (tularensis).
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The analysis also discriminated this strain from other F. tularensis subsp. tularensis
strains, that is, FSC 198, WY 96198, and identified strain unique peptides from pro-
teins associated with known virulence factors, like type-IV pili fiber building block
protein (Lindgren et al. 2009).

Sequence variability is a common feature in surface and secreted proteins of
microorganisms because such variability may confer increased fitness allowing the
pathogen to use alternative receptors and infect different tissues or even different
species. In most cases the variability probably reflects antigenic variation, which al-
lows the pathogen to evade protective immunity in an infected host. It is commonly
assumed that conservation of a limited number of residues is sufficient to promote
correct protein folding and/or to confer a specific function, while other residues
may vary and cause changes in antigenic properties of the protein. For example,
Jabbour et al. (2014) reported that ECPs that include both actively secreted and
those originating from leaking through or shedding cellular membranes could be
used for the characterization of pathogenic E. coli strains. These included entero-
hemorrhagic E. coli (EHEC) that cause hemorrhagic colitis and enteroaggregative
(EAEQC) strains, like the serotype O104H4 that caused the fatal outbreak which oc-
curred in Germany in 2011. They found shotgun-proteomics analysis of ECPs very
useful and practical for differentiation among EHEC and EAEC strains due to the
increased number of strain-unique peptides identified in comparison to their results
obtained with whole cell protein extracts.

Confirmation of the Taxonomic Position of an Unknown Strain

Generally, analysis of a strain not represented in the DB indicates that a single DB
strain cannot explain all accepted PSMs. However, a similar output could also be
obtained by analysis of a mixed-culture sample or by contamination with other mi-
crobial proteins/peptides in the analytical laboratory, for example, through sample
carryover. Therefore, to exclude the risk of cross-contamination or sample carry-
over, the profiles of all identified peptides represented as a binary matrix of PTB
assignments can be further analyzed to infer taxonomic positions of contributing
strains. The approach devised by Dworzanski et al. (2006) is based on the lowest
common ancestor (LCA) strategy of inferring taxonomic position from peptide se-
quences by mapping them to “pseudo-super-proteomes” of DB strains grouped into
hierarchical taxonomic units. A very similar strategy was later incorporated into
the MEGAN algorithm (Huson et al. 2007) and other software tools for analysis of
metagenomic data and metaproteomic data, like the Unipept web application that—
based on submitted tryptic peptides—returns an interactive tree map by providing
an insight into the sample biodiversity (Mesuere et al. 2012).

In this approach all DB strains are classified in accordance with the estab-
lished taxonomy of prokaryotic microorganisms where similar bacterial strains are
grouped into species while groupings of very similar species form genera. These
species/genus levels in the taxonomic position within the classification scheme is
reflected in the binomial name of bacteria. However, groupings do not stop at this
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level, but also include higher taxonomic arrangements of organisms into hierarchi-
cal classifications based on similarities. Namely, similar genera are placed in the
same family; similar families in the same order; similar orders in the same class;
similar classes in the same phylum; and finally all bacterial and archaeal phyla form
the domains (or “kingdoms”) of Bacteria and Archaea, respectively. Consequently,
the classification of an unknown strain involves mapping of its peptides to taxa
represented by “pseudo-super-proteomes” composed of DB strains grouped into the
descending taxonomic ranks: phyla, classes, orders, families, genera, and species
in accordance with the NCBI taxonomic classification hierarchy (Federhen 2012).

According to this peptide-centric LCA algorithm, a peptide is assigned to a lower
level taxon only if its sequence is unique to this taxon; otherwise it remain assigned
only to the higher level taxon and the process proceeds from domains to phyla,
classes, orders, families, genera, species, and subspecies levels. For example, a pep-
tide is assigned to a given species only if it does not match with any other species
contained in the sequence DB; conversely, if the sequence is shared among several
species contained in the DB, all belonging to the same genus, the sequence is un-
ambiguously assigned only at the genus level. This way, widely conserved peptide
sequences are always assigned to high-order taxa and highly variable provide the
most accurate results for discrimination at the subspecies level. This type of analy-
sis takes into account the error rate determined for the accepted set of PSMs and can
be executed in a few seconds by a software application (ABOid, Deshpande et al.
2011). Moreover, this approach could also be applied to metaproteomic analyses of
microbial mixtures.

The above described procedure is quite useful because it focuses the final clas-
sification process on a group of reference strains that are closest relatives of the
isolated one. For example, shotgun-proteomic analysis of the whole cell protein
extract of a poisonous strain isolated from the Indonesian rice dish followed by
the above classification method indicated that it can be classified as Firmicutes
— Bacilli — Bacillales — Bacillaceae — Bacillus — B. cereus group strain with
the highest number of unique assignments matching the B. cereus ATCC 14579
strain. The correctness of this identification was confirmed by DDH analysis, and
sequencing of the 16S rRNA and gyrB phylogenetic markers. In addition, this strain
was serotyped based on the polymorphism of flagellar H-antigen as H-10 (Dwor-
zanski et al. 2010). Bitmap representation of the PTB matrix of 599 peptide se-
quences from this strain assigned to the nearest DB strains is shown in Fig. 5.4.
The displayed DB strains and peptide sequences were rearranged and analyzed by
two-way hierarchical cluster analysis (HCA) with PermutMatrix (http://www.atgc-
montpellier.fr/permutmatrix/) using Euclidean distances and unweighted pair group
averages as the aggregation method (Caraux and Pinloche 2005). Dworzanski et al.
(2010) found that the rice isolate shared 526 peptides (FSP=0.88) with the closest
DB neighbor strain (B. cereus ATCC 14579) while other members of the B. cereus
group, and especially a clade of B. anthracis strains, were more distant (FSP=0.82).
Furthermore, the remaining Bacillaceae strains shared only 3—6 % of peptides with
the serotype H-10.

The bitmap representation of PTB matches simplifies comparative analysis
of strains by focusing on peptides with high discriminative power. For example,
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Fig. 5.4 Bitmap representation of the clustered data matrix of 599 peptide sequences from the B.
cereus serotype H-10 isolate assigned to the nearest neighbors in the DB. Each yellow (white) cell
represents the presence and each black cell the absence of a peptide-to-bacterium match. Two-way
HCA was performed with PermutMatrix (Caraux and Pinloche 2005) using Euclidean distances
and unweighted pair group averages as the aggregation method. The dendrogram of bacterial
strains shows that the H-10 strain clusters with the B. cereus group of bacteria and forms a subclus-
ter with a type strain B. cereus ATCC 14579. The dendrogram of peptides allows visual selection
of sequences. For instance, clusters marked “a” through “e” indicate groupings of peptides with
different discriminative/diagnostic power. Abbreviations of DB bacterial strains: XYYY Z...Z,
where X represents the first letter of a genus name, YY'Y represent the first three letters of a spe-
cies name, and Z...Z represent the strain name. (Reprinted with permission from Dworzanski et al.
(2010, pp. 145-155). Copyright 2010 American Chemical Society)

peptides marked as cluster “d” in Fig. 5.4 represent the majority of identified pep-
tides while they only discriminate between the B. cereus group and remaining DB
strains. On the other side, clusters “a” and “c” reveal sequences that discriminate
serotype H-10 and its closest DB neighbor while cluster “e” indicates peptides with
low discriminatory power. Indeed, peptides grouped in the latter cluster were de-
rived from proteins with highly conserved sequences, that is, ribosomal proteins,
elongation factors, and chaperones.

Relationship Between the Fraction of Shared Peptides (FSP) and
Conservation of the Genome/Proteome

Currently, public DBs list multiple genome sequences for many microbial species
and this increasing number of complete genome sequences together with next-
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generation sequencing capabilities available in many laboratories provides a wealth
of new data for analysis of genomic similarities. Among many attempts to use such
data to find similarities between strains, currently the best approach seems to be by
quantifying the DNA conservation of bacterial genomes. Accordingly, the related-
ness between two bacterial strains can be determined by comparing sequences of all
homologous genes or their protein products through the computation of sequence-
derived parameters that estimate ANI or AAI indices that correspond to the tradi-
tional DDH standard of the current species definition (Konstantinidis and Tiedje
2005a, b; Goris et al. 2007). Several programs are available for calculating the ANI;
for example, JSpecies can be found at the Website: http://www.imedea.uib.es/jspe-
cies/ (Richter and Rossell6-Mora 2009).

Despite their taxonomic value as a robust and universal measure of strain simi-
larities, these indices are not applicable to nonsequenced species, such as clinical,
food, or environmental isolates. Therefore, shotgun-proteomics methods that can
indirectly measure or can estimate an AAI and DDH indices from experimentally
determined FSP values could be applied for strain-level discrimination and typing
of bacteria.

Inter-relationships between FSPs determined from shotgun-proteomic experi-
ments and widely used genome conservation measures, that is, DDH and the ANI/
AAI indices were estimated by Dworzanski et al. (2010). Their approach was based
on the Kimura (1969) model for the estimation of amino acid substitution rates for
homologous proteins. However, they extended this model to short DNA segments
(used for the determination of DDH values) and (tryptic) peptides viewed as ex-
pression products of DNA segments, by making the following assumptions. First,
they assumed that “homologous proteins” in the Kimura model could be substituted
by “pseudo-polyproteins” of closely related strains. Second, “amino acid substitu-
tions” arising from genomic mutations in strains (e.g., SNPs) could be replaced on
the (tryptic) peptidome level by “no longer shared peptides” between “pseudo-poly-
proteins” representing bacterial strains. Consequently, differences between strains
manifested as amino acid substitutions and quantified as AAI indices, are reflected
at the DNA level by DDH values, and on the peptidome level by FSPs determined
from shotgun-proteomics experiments.

With the above assumptions the time (#) since the divergence of any two strains
from a common ancestor can be expressed as 1=—2.3 log (AAI)/2k,,, where k__ is the
rate of substitution per amino acid per time. However, by substituting “amino acid
sites” in each proteome with “peptide sites” T p of length L (where L represents the
number of amino acid residues), the “fraction of identical amino acid sites” (AAI)
could be substituted by the “fraction of identical peptide sites” (FSP index), and the
time since the strain divergence could be calculated from the equation t=-2.3 log
(FSP)/2kp, where kp refers to the rate constant for peptide substitutions. Obviously,
for any given pair of microorganisms, the time since divergence is independent
from the similarity measures used to express it. Hence, by equating time, expressed
using the above shown equations, the relationship between FSP and genome/pro-
teome conservation index can be estimated in the exponential form as FSP=(AAI)",
where the peptide length L is equivalent to the ratio of substitution rates (L:kp K.
(Dworzanski et al. 2010).
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In accordance with this model, the fraction of peptides shared between two mi-
crobial proteomes is always lower than the AAI index value and depends on the
peptide length. These inter-relationships are depicted in Fig. 5.5 for peptides with
8, 15, and 30 amino acids that represent a typical range of peptide lengths identified
in shotgun experiments.

Due to logarithmic relationships between FSP and AAI indexes, this model pre-
dicts that relatively small differences in the amino acid identities are associated
with substantially decreased values of the FSP index. Indeed, as shown above (see
Section “Confirmation of the Taxonomic Position of an Unknown Strain™) for a B.
cereus strain isolated from food (H-10), the FSP with its nearest neighbor was 0.82,
or 82%; however, for more distant strains from the same genus, the FSP values
dropped to only a few percent. Furthermore, this model predicts that for proteomes
characterized by 94 % sequence identity on the amino acid level (AAI), that is as-
sumed as a cutoff value for strains belonging to the same species (Konstantinidis
and Tiedje 2005b), the FSP for 15 amino acid residues long peptides is only 40 %
and much lower for longer peptides (Fig. 5.5). Therefore, the FSP index is char-

1.0 ; ; ‘ 1.0
| o
~ /lj
o /j:
» 0.8 - /7 ilros
L / ’,
@ Species / i":
3 boundary /i
Q06 - ViR ! 1os
: an
/!
= // P
< ., | : |
@ 0.4 L=8 /7 // ! 0.4
o / N
c / / i
9 7/ =Y
© 0.2 Prd 4 f - 0.2
o s /
TR ’// 7 L=30¢
—’// ’././ .
0.0 Imermsrmarams = T e aemnmmse=et T 0.0
0.7 0.8 0.9 1.0

Average Amino-acid Identity (AAIl)

Fig. 5.5 Relationships between proteome conservation expressed as the averaged amino acid
identity (AAI) index and the fraction of shared peptides (FSP) calculated for peptides of different
length (L) by using the equation FSP=(AAI)". (Reprinted with permission from Dworzanski et al.
(2010, pp. 145-155). Copyright 2010 American Chemical Society)
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Fig. 5.6 Theoretical proteome similarities between E. coli K-12 and other DB alpha-, beta-,
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number of unique peptides found in both proteomes. Note that only bacterial strains from the same
family (Enterobacteriaceae) share more than 2 % of tryptic peptides

acterized by a good resolving power required for discrimination of closely related
strains, as demonstrated by whole proteome similarities between E. coli K-12 strain
and other DB strains from the phylum Proteobacteria (Fig. 5.6). These theoreti-
cal FSPs were calculated as Dice similarity indices based on in silico digestion
of reference DB proteomes following trypsin specificity rules, allowing up to two
missed cleavages per peptide, and counting only tryptic peptides with M_in the
700—3500 Da range (Dworzanski et al. 2010).

Conceptually, the overall genomic similarity between two strains expressed as
a DDH value is equivalent to the FSP index because the matched peptides between
two strains reflect DNA segments which would potentially form perfect hybrid
pairings. Therefore, for consistency with the FSP term, the DDH value could be
considered as a fraction of shared DNA segments between strains. On the basis
of available data, relationships between these similarities were approximated by
a linear function (DDH=1.597 xFSP — 0.707, R*=0.78) and used to calibrate pro-
teomic similarities against DDH values (Dworzanski et al. 2010). According to
this equation, the DDH cutoff of 70 %, which is used for species discrimination
(Wayne et al. 1987), is equivalent to experimentally determine proteomic similari-
ties of 88 % (FSP, 0.86—0.90). Accordingly, strains with the FSP values higher than
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88 % should be treated as one species. However, the FSP values used in the above
work were obtained from trypsinized whole cell protein extracts which may over-
represent peptides derived from highly conserved, high copy number proteins like
those involved in the information processing. Therefore, these FSP values may be
biased toward a higher FSP values in comparison to complete proteomes or some
subproteomes.

Indeed, based on in silico digestion of all predicted tryptic peptides between
reference proteomes of B. anthracis Sterne or B. cereus ATCC 14579 and other
Bacillaceae strains with sequenced genomes, Dworzanski et al. (2010) found that
theoretical FSPs were substantially lower than their experimental values. For ex-
ample, for a pair of theoretical proteomes with a calculated FSP of 0.7, the experi-
mentally determined values were found in the range 0.83—0.89. However, in the
case of tryptic peptides released from surface-exposed proteins of H. pylori strains
J99 and 26695, Karlsson et al. (2012) found intraspecies FSPs between these and
more than 20 other H. pylori strains to be in the range of 0.65-0.82, that is, closer
to the expected theoretical value.

It is well known that HGT, gene duplications, indels, and nucleotide substitu-
tions are major evolutionary processes shaping microbial genomes, and closely re-
lated organisms engage in genetic exchange more frequently than distantly related
ones. Recently, Caro-Quintero and Konstantinidis (2014) quantified HGT between
bacterial genomes representing different phyla and found that inter-phylum HGT
may affect up to ~ 16 % of the total genes. However, ribosomal and other conserved
protein-coding genes were subjected to HGT at least 150 times less frequently than
genes encoding metabolic enzymes or ATP-binding cassette transporters (ABC
transporters). Therefore, sequences of the latter genes and their products have more
discriminatory power for strain differentiation that is reflected in lower FSP values.

Turse et al. (2010) carried out investigations aimed to find FSPs between bacte-
rial strains as a function of separating them evolutionary distances determined from
16S rDNA sequences with CLUSTAL W. In the first stage (“proof of concept”) they
performed LC-MS/MS analyzes of trypsin digested whole cell protein extracts from
Shewanella strains and phylogenetically distant strains of S. enterica subsp. en-
terica and Deinococcus radiodurans. Although Shewanella and Salmonella strains
are both classified as Gamma-Proteobacteria, Deinococcus is much more distant
from both of these genera because it belongs to the separate phylum, Deinococcus-
Thermus. They found that with increasing evolutionary distances between bacteria,
the determined FSPs decrease exponentially, that is, in a fashion expected from
relationships between FSPs and evolutionary similarities expressed as AAI indexes.
For example, FSPs between most genetically distant Shewanella strains was only
6 %, while strains from this genus shared less than 1 % peptides with the Salmonella
strain.

In the second stage Turse et al. (2010) analyzed four Columbia River environ-
mental isolates designated as HRCR-1, 2, 4, and 5, which based on 16S rDNA
sequences, showed phylogenetic affiliation with Shewanella oneidensis MR-1 or
Shewanella putrefaciens CN32 strains. These findings were confirmed by the deter-
mined FSPs calculated from LC-MS/MS spectra acquired during analyses of these
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Fig. 5.7 The fraction of shared peptides (FSP is denoted here as Normalized Peptide Observa-
tion) between the environmental Shewanella isolates (HRCR-1 through 5) and DB strains plotted
against phylogenetic (evolutionary) distances determined from 16S rDNA sequences. Reproduced
from Turse et al. (2010). Open access journal

isolates. They also found that in all cases FSPs plotted against evolutionary distanc-
es were decreasing exponentially (Fig. 5.7). Note that according to the terminology
used by Turse et al. FSPs are called “normalized peptide observations” indicating
that the number of observed shared peptides was normalized, that is, divided by the
total number of identified peptides determined by analyzing the actual reference
strain under identical conditions.

Karlsson et al. (2012) analyzed surface proteins of H. pylori strains J99 ATCC
26695, and CCUG 178747 by “shaving” surface-exposed domains of these proteins
directly from intact cells immobilized in the flow channel of a microfluidic device.
The released and identified peptides were matched to 38 reference strains with com-
plete genome sequences, including 26 of H. pylori and 12 strains from other spe-
cies of the Helicobacter genus. In the above-mentioned study the authors compared
genomic similarities between Helicobacter strains based on the number of shared
peptides with the well-established methods based on analysis of DNA sequences:
(i) the ANI index (Konstantinidis and Tiedje 2005b) calculated using both BLAST
(ANIb) and MUMmer algorithms; and (ii) tetra-nucleotide frequency correlation
coefficient (TETRA, Bohlin et al 2008) that bypasses the complexity of perform-
ing multiple sequence alignments and avoids the ambiguity of choosing individual
genes by inferring evolutionary relationships between species directly from their
complete genomic sequences.

The ANI values between the same species strains are typically 94 % or great-
er while between strains of distinct species exhibit values below 94 %. The ANI
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values observed between H. pylori strain J99 and the other H. pylori strains were
at a similar level of ca. 94 %, that is, typical for intraspecies diversity, with the
exception of H. pylori Shi 470, which had a lower ANI value of 93 % (Fig. 5.8).
However, the FSP values with strain J99 showed slightly better resolution for other
H. pylori strains (FSPs at the level 0.75-0.69) with the lowest FSP value (0.686)
for the Shi 470 strain. Also, the comparison of ANI and FSP values between H.
pylori 26695 and other H. pylori strains showed a similar trend; however, ANIs
were slightly higher (95 %), with the exception of strain J99. When comparing to
other species of Helicobacter, such as Helicobacter acinonychis and Helicobacter
hepaticus, the ANI values for J99 dropped to approximately 89 % and 66 %, respec-
tively, which was reflected in a lower peptide matches per strain that is equivalent
to FSPs dropping down to 0.52 and 0.07, respectively (Fig. 5.8). These values cor-
related well with TETRA results between genomes which also have been shown to
be high (>0.99) when ANI and FSP values are high, although stronger correlation
was observed for interspecies genome comparisons, for example, in the case of H.
hepaticus and other 11 strains outside the H. pylori species (Karlsson et al 2012).
The numbers of peptides shared between the H. pylori strains J99 and 26695 and
strains of H. pylori for which genome sequences exist were also compared to the
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Fig. 5.8 Peptide matches per Helicobacter strains for the H. pylori J99 sample, compared to
whole-genome analyses using TETRA and ANIL. The peptide matches per strain are shown as
bars accompanied by the FSPs values, and the TETRA (multiplied by 100) and ANI indices are
depicted by lines connected by symbols as indicated by the legend box. (Reprinted with permis-
sion from Karlsson et al. (2012, pp. 2710-2720). Copyright 2012 American Chemical Society)
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results from multilocus sequence typing (MLST) analyses. Karlsson et al. (2012)
carried such sequence analyses of internal fragments for the seven housekeeping
genes by using H. pylori MLST Website (http://pubmlst.org/helicobacter/). They
found that similarities of the concatenated MLST sequences of H. pylori strains
in relation to the reference strains ranged from 94.6 to 97.0 %, with no direct cor-
relation between the number of strain-specific peptides and MLST sequence simi-
larities for H. pylori strains. However, interspecies comparisons showed that the
decrease in the number of strain-specific peptides was accompanied by a marked
decrease also in MLST sequence similarities.

In conclusion, the FSP index provides a sensitive metric for measuring genomic
relatedness between microorganisms that outperforms commonly used methods for
quantifying genome conservation between microbial strains.

Genomic Interrelationships Among Unknown Strains Revealed by
Shotgun Proteomics

Shotgun-proteomics analysis of strains isolated from clinical, food, or environmen-
tal matrices usually indicates that many DB strain proteomes could explain the de-
termined PSMs. In general, this situation is analogous to a protein inference prob-
lem frequently encountered in bottom-up proteomics, although in this case we are
focusing on “pseudo-polyproteins” representing strains instead of regular proteins.
Therefore, there are two basic ways of finding the solution. The first approach is
based on the parsimony principle and seeks to find the minimal list of DB strains
that could explain all identified peptides (Tracz et al. 2013). The second approach
is based on the creation of a maximal exploratory list of strains containing all DB
strains matching at least one peptide; equivalent to selecting the whole matrix of
PTB strain assignments (Dworzanski et al. 2010). However, the optimal solution
could rely on using the “trimmed” matrix of PTB assignments, obtained by keeping
only reference strains from the closest taxonomic units, for example, on the species,
genus or family level.

In proteomics the most popular is the first approach, that is, the construction of
minimal explanatory list of proteins and several tools, including ProteinProphet
(Nesvizhskii et al. 2003) and IDPicker (Ma et al. 2009) are able to extract such lists
automatically from the identified peptides. However, for a strain typing purposes all
reference proteomes matching an isolate could be used as coordinates representing
their similarities to an unknown strain (Dworzanski et al. 2010).

For example, let us assume for the sake of clarity that LC-MS/MS analysis of an
unknown (U) strain s1 returned four confidently identified peptides p1 through p4
which were assigned to the closest DB neighbors represented by reference strains
b,=b., as shown schematically in Fig. 5.9.

As discussed in Section “Peptide-to-Taxa Assignments: Determination of the
Closest Neighbor”, the results of such PTB matches are arranged into the pres-
ence/absence assignment matrix and, in general, similarities between the analyzed
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Fig. 5.9 Schematic representation of the sample and data processing workflow for shotgun-
proteomics-based analysis of unknown strains (s1, s2, s3, s4, s5) revealing genomic inter-rela-
tionships among them. U unknown strain, PTB peptide sequence-to-bacterial strains assignments.
(Reprinted with permission from Dworzanski et al. (2010, pp. 145-155). Copyright 2010 Ameri-
can Chemical Society)

microbial isolate and » reference strains (b, b, bj, b n) in the DB are measured
as FSPs that may be presented as a similarity histogram. Moreover, these FSP in-
dices are also considered as elements of a row vector representing that isolate in an
n-dimensional vector space of reference strains. In Fig. 5.9 the similarity histogram
for s1 indicates that this strain is not identical with any reference strain; however
strains b, and b are its closest relatives in this micro-DB, sharing 75 % of peptides
(FSP=3/4) while b, and b, are the least similar (FSP=1/4). In the case of analyzing
numerous isolates (e.g., strains s1-s5), each isolate is characterized by a set of FSP
values which are elements of a row vector; and all such row vectors form a similar-
ity matrix that can be analyzed using multivariable analysis methods, such as HCA
to reveal genomic relatedness among unknown strains, for example, s1—s5.

Dworzanski et al. (2010) used this approach for phylogenomic analysis of iso-
lates from poisonous food samples. The results of their analysis are shown as the
upper diagram in Fig. 5.10 and are contrasted with a dendrogram obtained by clus-
ter analysis of the DDH data, lower diagram, for the same strains.

The topologies of both dendrograms are very similar. Moreover, both trees close-
ly resemble clusters and subclusters of strains revealed by HCA of concatenated
nucleotide sequences of gyrB genes superimposed on both trees and marked as gyrB
“Groups 1-3” to facilitate a three-way comparison of analyzed strain groupings.
For instance, these topologies indicate that strains belonging to gyrB “Group 17
include B. anthracis Sterne and ten food isolates, and the same pattern was inferred
from both DNA hybridization results and the proteomics data. As can be noted, two



5 Bottom-Up Proteomics Methods for Strain-Level Typing ... 129

a H2
H1 b| )
H3

Hg ——T"]
H12 2

-p— ~—I-éroup
H5 * ~ Group 1

Hé
=,
H17
J

Ba Sterne

H4
H11
H15 E'I_ ______________ __ GyrB
H14 Group 2
H10 a
H18
Bt Israel.
Bc 14579 A — o —— —— — = GyrB
Bt Berliner Group 3
0.0 0.1 0.2 0.3 0.4
Linkage Distance (dissimilarities)
b H \
H3 h
H12
H2
H8
Ho GyrB
H5 Group 1
Hé
H17
H7
Ba Sterne
H4
H14
H15
Bc 14579 b GyrB
H11 Group 2
H10 Ja
H18
Bt Berliner GyrB
Bt Israel. Group 3
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Linkage Distance (dissimilarities)

Fig. 5.10 Relatedness among B. cereus strains isolated from poisonous food samples (serotypes
HI1 through H18) and selected Bacillus type strains determined by hierarchical cluster analysis
of distance matrices obtained from (a) proteomic and (b) DNA—DNA reassociation data. gyrB
groups 1-3 stand for clusters of H-serotypes revealed by the analysis of concatenated nucleotide
sequences of gyrB genes. (Reprinted with permission from Dworzanski et al. (2010, pp. 145-155).
Copyright 2010 American Chemical Society

distinct subgroupings emerge from “Group 1.” The subcluster marked as “a” indi-
cates strains highly similar to B. anthracis, while the subcluster “b” agglomerates
strains only moderately similar to this reference strain. It is interesting to note that
serotypes H1, H3, and H12 of the “b” subcluster are known as cereulide-producing
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strains. However, the comparison of strains grouped as members of gyrB subclus-
ters “a” and “b” shows a biologically interesting disagreement between proteomics
and DDH-based data. On the basis of proteomic similarities, strain H5 (marked
with an asterisk in Fig. 5.10) was assigned to subcluster “b” while it was placed,
together with serotype H9, into subcluster “a” on the basis of both gyrB sequences
and hybridization values. Nevertheless, phylogenetic trees built using sequences of
many housekeeping proteins and the B. cereus virulence factor sphingomyelinase
indicate a substantial similarity of H5 with serotypes H3 and H12 and thus support
findings revealed by proteomic similarities.

Overall, the obtained data indicate that proteomic similarities, DDH and gyrB
sequencing provide very similar strain classification results, thus validating the
proteomics-based approach developed by Dworzanski et al. (2010). Therefore, pro-
teomic similarities expressed as FSP values could potentially replace DDH, as well
as the gyrB or 16S rRNA sequencing in revealing phylogenomic affiliations and
interrelationships among the B. cereus group.

Discrimination of Microbial Strains Based on Typing of Flagellin
and Surface Layer Proteins

Flagellar filaments are composed of as many as 20,000 structural subunits of a
40-60 kDa protein flagellin—expressed by many bacteria, including pathogenic
strains of E. coli and Salmonella spp.—and is characterized by highly variable se-
quences associated with the surface-exposed domains (also known as H antigens),
and the conserved sequences that are crucial for filament assembly. These filaments
are acting as propellers allowing cells to be motile and thus to respond to environ-
mental stimuli; however, flagella may also contribute to bacterial pathogenicity and
host immune responses (Ramos et al. 2004).

Typing of E. coli and Salmonella Strains Based on Flagellin H Antigen
Sequences

Typingof E. coliStrains Antigenicity offlagellar Hantigensandlipopolysaccharides
(O antigens) were used for serotyping of E. coli strains for decades and this approach
is widely adopted in classification of strains for taxonomic and epidemiological
purposes. Moreover, serotyping based on the examination of 53 distinct H anti-
gens is regarded as the gold standard for classification of isolates, especially dur-
ing the investigation of outbreaks caused by E. coli pathogenic strains. However,
serotyping of surface antigens is associated with some difficulties because on the
one side, flagellum expression may depend on several environmental factors and
on the other, diagnostic H-sera are not commercially available and therefore dif-
fer in quality. In addition, preparatory steps and serological protocols involved are
laborious and lengthy because, in addition to multistep agglutination reactions, may
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involve extra procedures, like motility induction. The procedures involved usually
take a few days to complete, therefore, molecular methods capable of replacing or
to support the serotyping have been developed. They take advantage of sequence
polymorphism of flagellin encoding gene f7i C (Prager et al. 2003) or its product,
that is, flagellin H-antigen (Cheng et al. 2013) to provide clear cut classification
with very good correlation to serotyping.

The shotgun-proteomics-based approach based on flagellin sequencing was re-
cently reported by Cheng et al. (2013). In this approach, referred to as “MS-H,”
Cheng and co-workers isolated flagella and typed the E. coli H antigens by search-
ing fragmentation spectra of flagellin tryptic peptides against a custom flagellin DB
of 195 unique sequence entries representing all 53 known E. coli H serotypes (Sec-
tion “Custom DBs of E. coli and Salmonella Flagellins”). More importantly, they
also developed a new procedure for flagella isolation and sample processing prior to
LC-MS/MS analysis. This procedure includes a simplified workflow of vortexing
bacterial cells to shear off flagella, combined with their isolation by filtration that is
followed by on-filter trypsin digestion (see Section ‘“Preparation of Flagella”) and
LC-MS/MS analysis. The H-serotype assignments to 41 clinical isolates of E. coli
carried out by proteomics and serological methods showed that they were concor-
dant in 92.7 % of cases. Interestingly, the discrepancies included two strains which
were untypeable by serological methods while the MS-H approach assigned their
types as H7 and H21. One of these strains was previously typed as H7 and later be-
came untypeable by agglutination, while the correctness of the second assignment
(H21) to the sero-untypeable strain was confirmed by DNA sequencing of f7i C.

The sequence coverage of flagellin depends on many factors, and one of them
relates to the amount of flagellin digest used for the MS-H procedure. For example,
LC-MS/MS analyses of 0.15 pg of flagellin from serotype O157:H7 with a quadru-
pole-TOF instrument were associated with 60 % of sequence coverage which was
increased up to 88% for a 7.5 pg sample. Therefore by replacing a quadrupole
TOF instrument in the LC-MS/MS system with a higher resolution Orbitrap, they
found that both diagnostic specificity and sensitivity parameters for MS-H method
reached 100 %. The example of complete concordance between serotyping and pro-
teomics results obtained by searching MS data against a curated E. coli flagellin DB
(Custom DB) is shown in Table 5.1. In addition, the comparison of top hits returned
by searches against the custom and public DBs shows the superiority of using the
curated DB for strain typing based on flagellin sequences. Consequently, Cheng
et al. (2013) concluded that MS-H generates results much faster and with greater
simplicity in comparison to antibody-based agglutination or primer-based PCR
methods and pointed out that the MS-H method should be particularly useful during
E. coli outbreak by providing rapid presumptive H-type classification of strains.

Typing of Salmonella Strains Cheng et al. (2014b) explored the MS-H platform
also for typing Salmonella flagella by using the same sample preparation method
as for E. coli samples (Section “Preparation of Flagella”), followed by LC-MS/MS
analysis of peptides, and searching their fragmentation spectra against a curated
Salmonella flagellum DB containing 385 entries. However, Salmonella flagellins
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Table 5.1 Top hits produced by searching E. coli flagellin MS data against a curated E. coli flagel-
lin custom DB and the public DBs: Swiss-prot and NCBI nr. (Cheng et al. 2014a)

Strain number | Confirmed | Custom DB Swiss-prot (331,337 NCBInr (25,303,445
serotype (195 sequences) | sequences) top hit sequences) top hit
top hit
E169 HI H1 Shigella flagellin flagellin [E. coli]
E170 H2 H2 E. coli Elongation flagellin [E. coli]
factor
E171 H3 H3 Salmonella flagellin flagellin [E. coli]
E172 H4 H4 E. coli K12 flagellin flagellin [E. coli]
E173 H5 H5 E. coli K12 flagellin | E. coli flagellar
protein F1iC
E174 Ho6 Ho6 Shigella flagellin FliC [E. Coli]
EDL933 H7 H7 Shigella flagellin flagellin [E. coli]
E176 HS8 HS8 Shigella flagellin flagellin [E. coli]
E177 H9 H9 Shigella flagellin flagellin [E. coli]
E659 H10 H10 E. coli K12 flagellin | flagellin [E. coli]

2 An Orbitrap system was used with 30 ppm peptide mass tolerance, 0.5 Da MS/MS tolerance, one
missed tryptic cleavage for all DB searches. Oxidation on methionine and deamidation on gluta-
mine and asparagine were chosen as a possible modification.

are more diversified in comparison to E. coli, therefore the Kauffmann-White-Le
Minor serotyping scheme for designation of Sa/monella serotypes recognizes 119
Salmonella flagellum H antigens composed of combinations of distinct antigenic
factors. The antigenic portion of the Salmonella flagellar structure is encoded by
two genes—i7iC with homologs in other enteric bacteria and Salmonella specific
fliB—which encode two types of flagellins, known as phase 1 and phase flagellins,
respectively. Although diphasic cells express only one type of flagellar protein at
a time, some serovars always express only one flagellar antigen and are consid-
ered monophasic (e.g., S. enterica subspecies Illa, IV, VII and Salmonella bongori).
Nevertheless, in rare instances Salmonella may be also triphasic by expressing one-
third, plasmid-encoded flagellar H antigen, thus providing a mechanism for the
generation of new serovars through the horizontal transfer and recombination of
flagellin genes (Li et al. 1994; McQuiston et al. 2004). Flagellar antigens that are
immunologically related are also known as “antigen complexes” and exhibit very
similar sequences (Ranieri et al. 2013).

To validate the MS-H approach for typing Sa/monella strains, Cheng et al.
(2014b) analyzed 24 serovars from 43 strains that included 25 diphasic, one tri-
phasic, and 17 monophasic isolates; and obtained identification results for the first
strain in only a few hours after sample preparation from the culture based on se-
quence coverage and the associated identification confidence scores. They found
that all 17 monophasic flagella were correctly and reproducibly identified, however,
complications were noticed during the characterization of phase 2 factor 1 com-
plexes (1,2; 1,5; 1,6; and 1,2,7) and phase 1 antigen groups (“r,” “i,” and “r, i) due
to their extremely close sequence similarities (McQuiston et al. 2004). In addition,
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a phase 3 antigen z49 of serovar Infantis (6,7:r:1,5:z49) was not identified because
the z49 sequence was not available for comparison. Overall, for 25 diphasic strains,
there was 75 % accuracy for phase 1 antigens and 69 % accuracy for unstable phase
2 antigens; however, the results were 100 % accurate at the antigen cluster/complex
level (Cheng et al. 2014b). In conclusion, with the increasing number of sequenced
flagellar genes, the resolution of the MS-H method for some diphasic strains should
also be improved in the near future.

Typing of Lactobacillus Strains Based on Surface Layer (S-Layer) Protein
Sequences

Cell envelopes in numerous bacteria and archaea are covered by a porous layer of
proteins. Moreover, for the majority of bacteria this proteinaceous surface layer is
de facto composed from numerous identical protein subunits with M in the range
of 25-200 kDa, and with a copy numbers exceeding 5x 10° subunits (Sleytr and
Messner 1983), thus making them an attractive target for extraction (see Section
“Surface Layer Proteins”) and sequence-based discrimination of microbial strains.
S-layers have been found in numerous Lactobacillus species, such as L. hel-
veticus, L. brevis, and the former L. acidophilus group, that is, L. acidophilus, L.
amylovorus, L. crispatus, and L. gallinarum. Moreover, phylogenetic trees based on
Lactobacillus S-layer protein sequences provide much better strain resolution than
those constructed on the basis of 16S rRNA or the elongation factor Tu sequences
(Hynonen and Palva 2013). Therefore, Podlesny et al. (2011) took advantage of
these sequence differences between the S-layer proteins by using a proteomics-
based approach to identify and type strains isolated from a Canadian dairy product.
They also compared proteomics results with genomic data obtained by sequencing
genes encoding 16S rRNA, the RNA polymerase alpha subunit (rpoA), phenylal-
anyl-tRNA synthase alpha subunit (pheS), translational elongation factor Tu (7uf),
and Hsp60 chaperonins (groEL) and found them in full agreement. For instance,
the sequence analysis of 16S rRNA gene from the isolated strain confirmed the af-
filiation of an isolate with the Lactobacillus acidophilus group bacteria, while the
MLSA data revealed the close relationships with L. helveticus and L. gallinarum.
However, the determination of the partial sequences for pheS and groEL showed
higher similarity with L. helveticus (98 %) than with L. gallinarum (phes, 96 %,
groEL 94 %). On the contrary to these lengthy genomic procedures, the nano-LC-
linear quadrupole ion trap-Fourier transform ion cyclotron resonance (LTQ-FT-
ICR) MS analysis of tryptic peptides from S-layer proteins combined with search-
ing the NCBI nonredundant DB allowed not only for high confidence identification
of the source organism as L. helveticus, but also for typing and strain rankings
based on the number of matched peptides. These data placed “surface layer protein
precursor” protein—encoded by the gene slp—from L. helveticus R0O052 as the best
match which suggests that this strain is the nearest neighbor among six L. helveticus
strains available in the DB. Moreover, 53 unique peptides (71 % sequence coverage)
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matched this surface protein from the strain R00052 while the number of matches
to the remaining five L. helveticus strains (JCM1003, GCL1001, CP790, M4, and
DPC4571) was in the range of only 14-22 peptides. This proteomics-based strain-
level classification was finally validated by sequencing the s/p gene encoding sur-
face layer protein of the isolate and showing its 99.8 % sequence identity with the
corresponding slp gene of L. helveticus R0O052 (Podlesny et al. 2011).

In conclusion, LC-MS/MS analysis of surface layer proteins proved that the pro-
teomics method is the appropriate molecular tool for the identification of S-layer-
possessing lactobacilli at the subspecies level.

Discrimination of Strains Based on Antibiotic Resistance

The term “antibiotic resistance” implies that isolates are not inhibited by the usu-
ally achievable concentrations of a drug and may fall in the range where specific
microbial resistance mechanisms are likely. In general, the resistance to a given
antibiotic may be intrinsic or acquired. Therefore, the correct identification of a
pathogen could be used to predict its intrinsic resistance as a naturally occurring
trait characteristic for a given subspecies, species or genus. However, the conven-
tional identification process provides no information about the acquired resistance
derived either from genetic mutations or acquisition of foreign DNA from other
bacteria and therefore it has to be determined experimentally by measuring the abil-
ity of an isolate to grow in the presence of commonly used antibiotics.

The automated systems for simultaneous microbial identification and antimicro-
bial susceptibility testing are commercially available. However, although the micro-
bial identification may be performed in less than 1 h, for example, by MALDI-TOF-
MS-based systems, the time of full panel antimicrobial susceptibility testing usually
requires up to 24 h (Machen et al. 2014).

Although the antibiotic resistance could be detected by analysis of specific
genes, the question remains: are these genes functional and will they be expressed?
The bottom-up proteomics approach can easily address these issues by searching
for specific proteins associated with antibiotic resistance (see Section “DBs of Viru-
lence Factors, Toxins, and Antibiotic Resistance Determinants”). More importantly,
the mass spectra acquired during proteomic analysis may be used to provide infor-
mation both on strain identity and the expression of genes associated with antibiotic
resistance.

For example, Chang et al. (2013) developed a rapid shotgun-proteomics method
for the identification of B-lactam-resistant A. baumannii pathogenic strains based on
searching a custom DB of resistance-associated proteins, referred to as “BRPDAB”
(see Section “Creation/Correction of Microbial Protein DBs Through Re-sequenc-
ing and Analysis of Genomes”). They disrupted bacterial cells with a bead-beater
homogenizer and processed the protein extract using a FASP method (see Section
“Sample Digestion Strategies”) combined with a 15-min long microwave-assisted
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protein digestion with trypsin. The released peptides were analyzed using a nano-
LC-ESI-MS/MS platform and the acquired fragmentation spectra were searched
against the BRPDAB DB with SEQUEST.

They used data from shotgun-proteomics analyses of both multidrug resistant
strain MDRABJI, and sensitive to antibiotics strains ATCC17978 and ATCC19606,
to identify strain-specific peptides for 4. baumannii which were added to the BRP-
DB DB. By combining all the B-lactam resistance-related proteins and A. bauman-
nii specific proteins in the same DB, they used the same search results both for the
identification of A. baumannii and the evaluation of its antibiotic resistance poten-
tial. To validate this approach they analyzed 20 clinical isolates and found: (i) all of
them correctly identified as 4. baumannii strains; and (ii) all the 20 A. baumannii
strains as potentially antibiotic resistant due to detection of at least two f-lactam-
resistance associated proteins in each isolate. For example, all the clinical isolates
expressed AmpC cephalosporinase, known as a strong antibiotic resistance enzyme
that hydrolyzes most -lactams, including penicillin, monobactam, and cephalospo-
rins. Nineteen strains expressed carbapenem-associated resistance protein, while
the Acinetobacter-derived cephalosporinase-53 and beta-lactamase OXA-69-like
protein (named for its greater activity against oxacillin) were identified in extracts
from 7 and 6 clinical isolates, respectively. Moreover, the entire procedure, includ-
ing LC-MS/MS analysis and DB searching only requires 5-6 h to simultaneously
identify A. baumannii strains and their antibiotic resistance mechanisms.

Overall, the shotgun-proteomics findings were consistent with the minimal in-
hibitory concentration (MIC) determination results because all 20 A. baumannii
clinical isolates were found resistant to carbapenem, monobactam, cephalosporin,
and to a combination treatment of penicillin and B-lactamase inhibitors. The results
obtained demonstrate that by augmenting the custom DB with strain-specific unique
peptide sequences, it is possible to obtain simultaneously both strain-level identi-
fication of A. baumannii clinical isolates and their antibiotic resistance mechanism
information within 5-6 h. Therefore, the approach developed by Chang et al (2013)
could be used for a rapid, sensitive, and specific detection of pB-lactam-resistant
strains of A. baumannii.

The bottom-up proteomic method based on CE-ESI-MS/MS of tryptic peptides
was also used for the detection of a class of B-lactamases called carbapenemases in
multidrug-resistant Gram-negative bacteria (Klebsiella pneumoniae, E. coli, and
Enterococcus cloacae) from 27 clinical isolates (Fleurbaaij et al. 2014). For this
purpose, bacteria harvested from liquid growth media, or even picked from single
colonies were resuspended in 50 % solution of trifluoroethanol in deionized water
and lyzed by sonication, followed by protein reduction, alkylation, and the over-
night digestion with trypsin. Data from MS analysis were searched against a custom
DB composed of bacterial sequences downloaded from the Microbial Proteomic
Resource at the University of Bergen Gade Institute Website (http://org.uib.no/pro-
karyotedb; de Souza et al. 2010) supplemented in-house with various -lactamase
sequences.
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Overall, using a CE-ESI-MS/MS platform, Fleurbaaij et al. (2014) identified
OXA-48 carbapenemase in 17 samples and demonstrated the Klebsiella pneumoni-
ae carbapenemase (KPC) in 10 samples. Moreover, they found that some of these
isolates also expressed a number of extended spectrum B-lactamases such as CTX
(named for their greater activity against cefotaxime) which were co-expressed in 11
out of 17 OXA-48 positive strains. All these findings were confirmed by a battery
of phenotypic and genomic tests (PCR-based test targeting carbapenemase; MIC
analysis with meropenem, the phenotypic Hodge test).

However, they pointed out that in the case of PCR methods specific primers are
needed, requiring a priori knowledge that may become problematic in case specific
mutations occur in the corresponding target sequences. They also performed the
MALDI-TOF MS-based ertapenem breakdown assay (Sparbier et al. 2012) with all
clinical samples, and while KPC was easily detected with this method (10/10), they
only correctly identified three out of 17 (3/17) OXA-48 producers.

Finally, Fleurbaaij et al. (2014) noticed that analysis of as little as 10 ng of a
tryptic digest results in the identification of 300-500 unique peptides from 100 to
200 proteins. Therefore, it is obvious that the same analysis can reveal not only
B-lactamase resistance but also the identity of bacterial species harboring the resis-
tance phenotype.

It should be noted that although the antibiotic resistance in pathogenic bacteria
can even cause death, the antibiotic resistance might be a useful property in case of
probiotic strains used as prophylactic agents in the treatment of antibiotic-associated
diarrhea. However, even probiotic strains should be free of transmissible genes that
can cause the dissemination of antibiotic resistance to pathogenic bacteria and this
way may reduce the therapeutic possibilities in infectious diseases. For example,
Jacobsen et al. (2007) reported on in vivo transfer of wild-type AR plasmids from
food strains of Lactobacillus plantarum to Enterococcus faecalis strain in the gas-
trointestinal tract of rats. This and other findings of acquired AR genes in isolates
intended for probiotic or nutritional use highlight the importance of antimicrobial
susceptibility testing in industrial laboratories for documenting the safety of com-
mercial lactic acid bacteria in our food and the potential role of shotgun proteomics
in this process (Klare et al. 2007; Gueimonde et al. 2010).

Concluding Remarks

Currently, the total number of prokaryotic genomes available in public DBs ap-
proaches 15,000 and exceeds the number of known species with validly published
names (12,391); although, numerous taxa are still underrepresented in public DBs.
However, species most important from the pathological, biotechnological, and epi-
demiological standpoint are represented by many strains, thus assuring a solid foun-
dation for a growing use of bottom-up proteomics methods for the subspecies-level
identification and typing of strains. For example, 964 and 150 genome sequences
are available for E. coli and B. cereus strains, respectively. Therefore, the very large



5 Bottom-Up Proteomics Methods for Strain-Level Typing ... 137

and still-growing number of sequenced microbial genomes makes it likely that
identical or very similar sequences from a given species have been investigated.

On the heels of this genomic revolution, bottom-up proteomics methods allow
for comparison of microbial genomes through the lens of tens of thousands of pep-
tide sequences, providing high coverage of predicted proteomes on a routine basis.
Such comprehensive readout of sequence information from genes that are actually
expressed can be used for subspecies identification and sequence-based typing of
microbial strains not included in whole-genome DBs. In addition, in a fraction of
time needed for the whole-genome sequencing, shotgun-proteomics methods may
provide comparable depth of information about genomic-level relatedness among
investigated strains, thus bridging the gap between the whole-genome sequencing
and other genomic methods.

The principal factor motivating the implementation of shotgun-proteomics meth-
ods is a high-information-content output provided by this approach, in comparison
to MALDI-TOF-based platforms, allowing not only for high-resolution strain-level
identification through finding the nearest-neighbor strains in the DB and assessment
of their relatedness, but also for a comprehensive analysis of proteomes.

Such analysis of microbial strain proteomes may be performed simultaneously
with strain identification and used for the characterization of strain serological and
biological properties affecting pathological potential or disease outcomes, which
may be revealed by the identification of virulence and AR-associated proteins as
biomarkers of high diagnostic and prognostic value. Therefore, in the era of high-
throughput proteomics and online bioinformatics, rapid genome-based proteomic
typing of infecting agents, and especially highly virulent and potentially antibiotic
resistant resistance strains, holds promise for guiding proper clinical care and to
prevent potential local or global outbreaks.

Bottom-up proteomics methods still need refinement of protocols, and improve-
ments in the standardization and availability of bioinformatics tools for compre-
hensive data analysis on a routine basis. Although recent innovations in mass spec-
trometric instrumentation have accelerated the speed and sensitivity of proteome
analysis (Hebert et al. 2014), further improvements can be obtained by empha-
sizing the optimization, simplification, and automation of sample preparation, for
example, through single-tube proteomics approaches integrating all steps from cell
lysis to peptide fractionation (Hughes et al. 2014; Fan et al. 2014), peptide separa-
tion techniques, and bioinformatics tools for fast, automated data interpretation for
strain-level identification of cultivable bacteria and comprehensive characterization
of each isolated microbial strain in the near future.
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Chapter 6

Maximizing the Taxonomic Resolution of
MALDI-TOF-MS-Based Approaches to
Bacterial Characterization: From Culture
Conditions Through Data Analysis

Lin Zhang and Todd R. Sandrin

Introduction

Bioterrorism, infectious disease, and microbial contamination of food and water threat-
en public health and safety (Bain et al. 2014; Chiu 2014; Ferreira et al. 2014; Murray
2010; Trafny et al. 2014). Infectious bacterial diseases cause nearly 20 million deaths
annually (Chiu 2014; Lazcka et al. 2007). Therefore, the development of rapid, reli-
able, and sensitive methods for microbial identification is critically important in envi-
ronmental monitoring, clinical microbiology, as well as water quality and food safety.
Bacterial resistance to antibiotics has increased significantly recently (Gentile et al.
2014; Martin-Loeches et al. 2014). Antibiotic-resistant strains, such as methicillin-re-
sistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE),
and multidrug resistant bacteria, for example, bacteria with New Delhi Metallo-be-
ta-lactamase-1 (NDM-1) gene (Eells et al. 2013; Epstein et al. 2014; Holland et al.
2014b; Morgan et al. 2014; Epstein et al. 2014) complicate the treatment of infections
(Livermore 2012). Rapid determination and detection of antibiotic resistant strains
play an important role in therapy (Niederman 2009) and is necessary for preventing
transmission of such pathogens (Grundmann et al. 2010). This highlights the needs
for rapid approaches to differentiate antibiotic-resistant from antibiotic-sensitive
strains of pathogenic microorganisms. Strain-level information is also critically im-
portant when identification of strains with increased virulence or expanded host range
is sought (Li et al. 2009). As a result, rapid bacterial strain typing, or identifying bac-
teria at the strain level, has become increasingly important in modern microbiology.
Bacterial taxonomic levels remain highly debated in the literature (Gao and Gup-
ta 2012; Staley 2006). The term “strain” is used in this chapter to refer to a taxo-
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Fig. 6.1 Increasing taxonomic resolution is required to reliably characterize bacteria when mov-
ing from the genus level (e.g., Escherichia) to the subspecies (e.g., K-12) level. Well-described and
effective methods exist for many applications at the genus and species levels, while strain-level
applications require additional methodological development and optimization

nomic level more specific and exclusive than species, which includes all subspecies
taxa (Fig. 6.1).

Traditionally, methods to type bacteria are classified into two groups: pheno-
typing and genotyping. Bacterial phenotypes can be determined by assessing the
morphology of bacterial colonies on solid media surfaces, gram staining, biochemi-
cal/metabolic patterns, immunology-based methods, and antibiotic susceptibility.
These methods often do not provide enough information to differentiate closely
related strains. Discrimination of strains based on comparison of genetic variation
is widely used. Bacteria can be classified using DNA fingerprinting, DNA sequence
information, and microarrays (Li et al. 2009). DNA fingerprint-based methods ana-
lyze patterns of DNA bands (fragments) which are generated by digestion of ge-
nomic DNA using restriction enzymes, amplification of DNA, or by a combination
of both. Such methods include pulsed-field gel electrophoresis (PFGE; Spanu et al.
2014), restriction fragment length polymorphism (RFLP; Perez-Boto et al. 2014),
repetitive sequencing-based polymerase chain reaction (rep-PCR; Nucera et al.
2013), multiple-locus variable number tandem repeat analysis (MLVA; Shan et al.
2014), and denaturing/temperature gradient gel electrophoresis (DGGE/TGGE;
Xiao et al. 2014). Each of these genotyping methods can provide quantitative, ac-
curate information about the unknown bacteria; however, they are time consuming,
laborious, and technically demanding. Some methods, such as microarray-based
methods, are also particularly expensive (Li et al. 2009).

For more than two decades, matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS) has been shown to be a rapid and
effective tool to profile bacteria at the genus and species levels (Dallagassa et al.
2014; Demirev and Fenselau 2008; Freiwald and Sauer 2009; Giebel et al. 2010;
Welker and Moore 2011). The utility of this approach to profile bacteria at the strain
level has not been as clearly demonstrated, in part, because similar bacteria tend
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Fig. 6.2 A generic workflow from cultivation through data analysis to characterize bacteria using
MALDI-TOF MS. At each step of the workflow, different approaches have been employed and can
be optimized to maximize taxonomic resolution

to produce remarkably similar MALDI-TOF profiles that often do not allow facile
differentiation of individual strains from one another. The focus of this chapter is on
recent developments and the state of the science of maximizing the taxonomic reso-
lution of MALDI-TOF MS-enabled characterization of bacteria. In particular, the
chapter focuses on recent approaches employed throughout the MALDI-TOF MS
workflow—from culture conditions, sample preparation, data acquisition, through
data analysis—that affect and can be optimized to enhance the performance of
MALDI-TOF MS-based characterization of bacteria at the strain level (Fig. 6.2).

Overview of MALDI-TOF MS Profiling of Bacteria

Mass spectrometry was first used for microbial characterization by Anhalt and
Fenselau in 1975 (Anhalt and Fenselau 1975). By directly inserting lyophilized
cells into a double-focusing mass spectrometer (CEC 21-110), Staphylococcus epi-
dermidis and Staphylococcus aureus produced distinguishable mass profiles. MAL-
DI-MS was first introduced for analysis of high mass peptides and proteins in the
late 1980s (Karas et al. 1987). A few years later, protein profiles of lysed and intact
bacterial cells, for example Escherichia coli, were analyzed by MALDI-TOF MS
(Cain et al. 1994; Holland et al. 1996). Results showed that bacteria could be easily
distinguished based on these “fingerprint” mass spectra. Since that seminal work, a
staggering number and diversity of medically and environmentally relevant bacteria
have been profiled using MALDI-TOF MS (e.g., Dallagassa et al. 2014; Ge et al.
2014; Giebel et al. 2008).

Library-Based Approaches
The most commonly employed approach to characterizing bacteria using MALDI-

TOF MS involves comparing mass spectra of unknown bacteria to spectra in da-
tabases that contain spectra of known reference bacteria (Fig. 6.3a). This library-
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Fig. 6.3 MALDI-TOF MS-enabled characterization of unknown bacterium using a library-based
approaches and b bioinformatics-based approaches

based strategy is popular because of its ease of use and the high speed of data
collection (Chiu 2014; Fenselau 2013; Sandrin et al. 2013) . The reproducibility of
mass spectra of unknown bacteria must be assessed before matched to mass spec-
tra in the databases, and high reproducibility is critically important, particularly in
strain-level applications.

Typically, bacteria are streaked onto agar plates (Grosse-Herrenthey et al. 2008;
Pennanec et al. 2010; Stets et al. 2013; Wang et al. 2014) or grown in liquid broth
(Han et al. 2014; Wensing et al. 2010; Xiao et al. 2014b). After harvesting from
broth or agar media, bacterial cells are inactivated and prepared for MALDI analy-
sis (Freiwald and Sauer 2009). Both intact cells (Han et al. 2014; Niyompanich
et al. 2014; Wang et al. 2014) and cell protein extracts (Goncalves et al. 2014;
Kopcakova et al. 2014; Stets et al. 2013) have been widely used. In the intact cell
approach, cells are often directly mixed with MALDI matrix, such as sinapinic acid
or alpha-cyano-4-hydroxycinnamic acid, and the cell-matrix mixtures are deposited
onto the target for analysis (AlMasoud et al. 2014; Helmel et al. 2014). Cultures/cell
suspensions have also been applied directly to the MALDI target plate and overlaid
with matrix (Carbonnelle et al. 2007; Christner et al. 2014; Han et al. 2014). In pro-
tein extract-based approaches, cells are lysed using either physical (Fujinami et al.
2011; Sun et al. 2006; Teramoto et al. 2007a) or chemical (AlMasoud et al. 2014;
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Wieme et al. 2014b; Zhang et al. 2014b) methods to release the contents of the cells
into the supernatant. The supernatant containing the extracted proteins is then ei-
ther overlaid (Wenning et al. 2014; Wieme et al. 2014b) or mixed (AlMasoud et al.
2014) with MALDI matrix and deposited onto the target. Excellent and comprehen-
sive reviews of various sample preparation methods (Sedo et al. 2011a) as well as a
detailed protocol for sample preparation for profiling bacteria using MALDI-TOF
MS (Freiwald and Sauer 2009) are available.

Reference spectra are generally collected using the linear detector of the MAL-
DI TOF MS. Both automatic data acquisition using software (e.g., AutoXecute in
Bruker’s FlexControl software) to control the mass spectrometer (Eddabra et al.
2012; Schumaker et al. 2012; Zhang et al. 2014a) and manual data acquisition (Khot
et al. 2012; Schumaker et al. 2012) have been used to collect spectra. Automated
data acquisition can enhance the high-throughput nature of MALDI profiling, while
manual data acquisition has been shown to yield mass spectra with higher quality
and reproducibility. Typically, spectra are collected over a mass range from 2 to
20 kDa (Salaun et al. 2010; Stets et al. 2013; Thevenon et al. 2012), while broader
mass ranges, for example, 1 Da—100 kDa (Jackson et al. 2005) and 1 Da-20 kDa
(Hettick et al. 2006), and narrower mass ranges such as 500 Da—10 kDa (Keys et al.
2004; Rajakaruna et al. 2009) and 7—10 kDa (Sauer and Kliem 2010) have also
been employed. In automatic data acquisition, users must specify threshold values
of several instrument operation parameters, including minimum base peak intensity,
resolution, signal-to-noise ratio, and the number of peaks accumulated. These op-
eration parameters can be optimized to increase the quality and reproducibility of
the resulting mass spectra (Zhang et al. 2014a). After collecting mass spectra from a
large collection of bacterial strains, the spectra are processed and analyzed to obtain
information (e.g., similarity coefficients and potential biomarker peaks) to charac-
terize unknown bacteria. A reference spectrum of a species is generated by summa-
rizing the processed spectra of technical and/or biological replicates of the species.
The mass spectra of unknown bacteria are then compared with the reference spectra
for characterization using a variety of metrics, including manufacturer-defined al-
gorithms (e.g., BioTyper scores), Pearson product-moment correlation coefficients,
and jackknife values, which are described more fully later in this chapter.

Bioinformatics-Enabled Approaches

In contrast to library-based approaches which typically do not involve identifi-
cation of the biological nature/origin of particular peaks, bioinformatics-enabled
approaches identify peaks in MALDI profiles to characterize unknown bacteria
(Fig. 6.3b). Bioinformatics-enabled approaches are commonly applied to bacteria
with sequenced genomes. Two methods have been used in bioinformatics-enabled
approaches: bottom-up and top-down methods. Bottom-up methods involve diges-
tion of proteins using enzymes, such as trypsin, prior to MS analysis. The enzymes
cleave at well-defined sites (e.g., after every arginine and lysine, in the case of
tryptic digestion) of the proteins to create complex peptide mixtures. Peptides in
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the mixtures can be subjected to collision-induced dissociation (CID) to generate
fragments, and the masses of the fragments can be determined. The masses of the
peptide fragments are used to identify the proteins by searching databases (e.g.,
NCBI). The identified proteins are used as biomarkers to identify bacteria (Fenselau
et al. 2007; Pribil et al. 2005; Russell et al. 2007). In contrast, top-down methods in-
troduce intact (undigested) proteins into the mass spectrometer. The intact proteins
are fragmented into smaller peptides in tandem mass spectrometry (MS/MS). The
experimental MS/MS spectra are compared with in silico-generated MS/MS spectra
from protein sequences in proteome databases for rapid identification of bacteria
(Demirev et al. 2005; Wynne et al. 2009). Top-down methods have also been suc-
cessfully applied to distinguish a pathogenic E. coli strain (O157:H7) from the non-
pathogenic strains (non-O157:H7) (Fagerquist et al. 2010). Spectral reproducibility
of bioinformatics-enabled approaches is not critical as long as the ions of biomark-
ers are consistent with the sequences in the database. Thus, bioinformatics-enabled
approaches do not require rigorously standardized protocols across laboratories to
the extent required by library-based approaches. However, bioinformatics-enabled
approaches are rarely applied to microorganisms that do not have fully sequenced
genomes and readily available protein/peptide databases.

Successes at the Genus and Species Levels

Genus- and species-level characterization of bacteria using MALDI-TOF MS with
library-based and/or bioinformatics-enabled methods has been successfully applied
in many areas. For example, in clinical microbiology, MALDI-TOF MS has been
used to identify pathogens directly from monomicrobial positive blood cultures
(Klein et al. 2012; Martinez et al. 2014; Rodriguez-Sanchez et al. 2014) and urine
samples (Ferreira et al. 2010b; Rossello et al. 2014; Wang et al. 2013) . Correct
identification rates at the genus and species levels shown in these studies range from
98 % (Martinez et al. 2014) down to 70% (Klein et al. 2012). Gram-negative bac-
teria have been reported to be more readily identified correctly than Gram-positive
bacteria (Klein et al. 2012). Schrottner et al. (2014) reported that MALDI-TOF
MS can distinguish between two opportunistic pathogens, Myroides odoratus and
Myroides odoratiminus at the species level, and results were comparable to those
obtained with 16S rDNA sequencing. Zhang et al. (2014b) used MALDI-TOF MS
to identify Lactobacilli isolated from saliva samples of adults with dental caries.
Results showed that 88.6 % of Lactobacillis isolates and 95.5 % of non-Lactobacil-
lis isolates were correctly identified at the genus level using MALDI-TOF MS.
These rates were comparable to those obtained using 16S rDNA sequencing (Zhang
et al. 2014b). Hsueh et al. (2014) showed that Acinetobacter species isolated from
blood samples could be correctly identified using MALDI with commercially avail-
able software (Bruker’s Biotyper). The correct identification rate for various Aci-
netobacter species ranged from 98.6 % down to 72.4% (Hsueh et al. 2014). Both
library-based (Ilina et al. 2010) and bioinformatics-enabled methods (Xiao et al.
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2014c) have been successfully applied to identify the etiologic agent of stomach
ulcers, Helicobacter pylori, a Gram-negative, microaerophilic bacterium with high
genetic variability. Furthermore, differentiation between Streptococcus pneumo-
nia and some closely related species, such as, Streptococcus pseudopneumoniae,
Streptococcus mitis and Streptococcus ordis, is difficult and misidentifications oc-
cur with routinely employed molecular methods (Werno et al. 2012). MALDI-TOF
MS has been reported to facilitate identification of 75 % of Streptococcus isolates at
the genus and species levels (Wessels et al. 2012). Werno et al. (2012) suggest that
rigorous examination of the mass peak profiles can enhance the ability of MALDI-
TOF MS to distinguish Streptococcus pneumonia from nonpneumococcal isolates .
MALDI-TOF MS is not only applicable to aerobic bacteria, but also applied to an-
aerobic bacteria. Zarate et al. (2014) used MALDI-TOF MS to identify 106 clinical
isolates of anaerobic bacteria. The correct identification rate at the genus and spe-
cies levels was 95.3 %, comparable to that obtained using conventional biochemical
tests . The possibility of using MALDI to identify and type anaerobic bacteria has
been reviewed recently (Nagy 2014).

Recently, MALDI-TOF MS has been employed in food microbiology. Entero-
coccus species are considered to be secondary contaminants of food and often play
roles in food spoilage. Some closely related enterococcal species are difficult to
discriminate using 16S rDNA sequencing, while one study has shown that Entero-
coccus can be rapidly identified at the species level using MALDI-TOF MS (Quin-
tela-Baluja et al. 2013). Other food-borne pathogens and spoilage bacteria, such as
Arcobacter spp., Helicobacter spp., Campylobacter spp., Lactobacillus spp., Pedio-
coccus spp., Leuconostoc spp., Streptococcus spp., Clostridium spp., and Staphy-
lococcus spp., have also been identified at the species level using library-based
MALDI-TOF MS methods (Alispahic et al. 2010 Bohme et al. 2011a; Bohme et al.
2011b; Han et al. 2014; Kern et al. 2013; Regecova et al. 2014; Wieme et al. 2014b).
Some Bacillus species are pathogens or spoilage agents in food products. MALDI-
TOF MS was shown to be more effective than 16S rDNA sequencing to differ-
entiate Bacillus subtilis and Bacillus cereus from Bacillus amyloliquefaciens and
Bacillus thuringiensis (Fernandez-No et al. 2013). Acetic acid bacteria are involved
in the industrial production of vinegar. Andrés-Barrao et al. (2013) characterized
64 strains of acetic acid bacteria belonging to the genera Acetobacter, Glucono-
bacter; and Gluconacetobacter using MALDI-TOF MS with the SARAMIS™ soft-
ware package (Spectral Archive and Microbial Identification System; Anagnostec
Gmbh, Germany). Results showed that these acetic acid bacteria could be rapidly
and reliably identified using fingerprint mass spectra (Andres-Barrao et al. 2013).
Bohme et al. (2013) used two technologies, 16S rDNA sequencing and MALDI-
TOF MS, to identify pathogens in seafood. DNA sequencing identified only 50 %
of the strains at the species level and performed relatively poorly with regard to
identification of members of the Pseudomonas and Bacillus genera. In contrast,
MALDI-TOF MS facilitated correct identification of 76 % of the isolated strains
and showed a higher rate of correct classification of members of the Pseudomonas
and Bacillus genera.
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In addition to the applications in clinical and food microbiology, MALDI-TOF
MS has been used to characterize culturable bacterial populations isolated from
various environments, including laboratory mice and rats (Goto et al. 2012), horse
semen samples (Masarikova et al. 2014), human feces (Samb-Ba et al. 2014), air
(Setlhare et al. 2014), as well as recombinant bacteria (Xiao et al. 2014a). All of
these studies suggest that MALDI-TOF MS is a rapid, reliable, and alternative
method for characterizing bacteria particularly at the genus and species levels.

Strain-Level Characterization: Successes, Challenges, and
Strategies

MALDI-TOF MS has shown promise at the strain level. For example, Christner
et al. (2014) used MALDI-TOF MS to type 294 E. coli isolates collected during
a large outbreak in northern Germany. Strain-specific biomarker peaks were re-
ported, and 99 % of the E. coli strains were correctly identified using strain-specific
biomarkers (Christner et al. 2014). Similarly, Schafer et al. (2014) used MALDI to
identify ERIC-genotypes of Paenibacillus larvae strains. P. larvae is the causative
agent of American foulbrood disease in honeybees. Results showed that with a ref-
erence database, ERIC I and II types of P. larvae strains could be unambiguously
identified. In the food industry, Lactobacillus brevis strains exhibit varying beer-
spoiling abilities. Kern et al. (2014) showed that strain-level identification of 17
Lactobacillus brevis strains was achieved in 90 % of 204 spectra (Kern et al. 2014a).

The MALDI-TOF MS fingerprint technique also shows promise in tracking
strains isolated from different environmental sources. Siegrist et al. (2007) showed
that a limited number of environmental E. coli strains could be grouped according
to the source from which they were isolated. Similarly, Niyompanich et al. (2014)
showed that 6 out of 11 clinical and environmental Burkholderia pseudomallei
strains were grouped correctly according to their respective sources . Strain-level
characterization has also been demonstrated for Propionibacterium acnes (Nagy
et al. 2013) and Bacteroides fragilius (Nagy et al. 2011). Fujinami et al. (2011)
reported using MALDI-TOF MS to successfully discriminate 23 Legionella pneu-
mophila strains . In addition, MALDI-TOF MS has been used to detect antibiotic re-
sistance associated with identified strains, which is extensively reviewed elsewhere
in this book (Chapter(s) XX).

While successes using MALDI-TOF at the strain level have been described,
characterization at this level faces many more challenges than applications at higher
taxonomic ranks. For example, Zeller-Peronnet et al. (2013) studied the discrimi-
natory power of MALDI-TOF MS to differentiate 24 strains within Leuconostoc
mesenteroides and Leuconostoc pseudomesenteroides species. Results showed that,
although individual species could be readily identified, only half of the strains could
be correctly identified to the strain level, suggesting that the discriminatory power of
MALDI might not be adequate for characterization of these two species at the strain
level (Zeller-Peronnet et al. 2013). Several studies have explored whether MALDI-
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TOF MS can differentiate MRSA from methicillin-sensitive Staphylococcus aureus
ones (MSSA), but there is limited consensus (Bernardo et al. 2002; Jackson et al.
2005; Lasch et al. 2014; Majcherczyk et al. 2006; Walker et al. 2002). Conflict-
ing results may be because of low quality and reproducibility of the fingerprint
mass spectra. In addition, cultivation conditions and sample preparation methods
have also been suggested to affect strain-level differentiation (Goldstein et al. 2013;
Balazova et al. 2014a). Besides Staphylococcus aureus, MALDI-TOF MS has also
showed insufficient discriminatory power for typing strains of other bacteria. Lasch
et al. (2014) reported that MALDI could not reliably differentiate Enterococcus
faecium strains based on clonal complexes and multilocus sequence types. Kern
et al. (2014) reported that when highly similar strains of the beer-spoilage bacterium
Pectinatus frisingensis were incorporated for analysis using MALDI, the correct
identification rate for P, frisingensis at the strain level decreased from 73 % (using a
relatively diverse set of strains) to 60 % (including those that were highly similar to
one another; Kern et al. 2014b) . A more comprehensive review of reports on bacte-
rial strain categorization, differentiation, and identification using MALDI-TOF MS
is available (Sandrin et al. 2013).

Commercially Available Software

In library-based approaches, bacterial characterization requires comparison of mass
spectra of unknowns with those of reference spectra of known bacteria. Though vi-
sual inspection can sometimes provide a qualitative assessment of the similarity be-
tween mass spectra at the genus and possibly the species levels, software algorithms
have been developed to provide more objective and quantitative assessments. Such
tools are critically important at the strain level, where spectra of closely related
strains are often extraordinarily similar, and reliable discrimination requires sensi-
tive and repeatable measures. Many software solutions, such as custom R packages,
Microsoft Excel (Microsoft Corporation, Redmond, WA), MATLAB (MathWorks,
Matick, MA), and BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium),
have been applied to enhance analysis (Croxatto et al. 2012; Pavlovic et al. 2013;
Sandrin et al. 2013).

Currently, two of the most frequently used commercially available software
packages are BioTyper (Bruker Daltonics, Billerica, MA, USA) and SARAMIS
(bioM¢érieux, SA, Marcyl’Etoile, France). BioTyper is commonly used in the clini-
cal setting with the MicroFlex LT mass spectrometer (Bruker Daltonics; Billerica
MA, USA). SARAMIS is offered by bioMérieux and is routinely used with the
Vitek MS system (bioMérieux SA; Marcyl’Etoile, France). Both BioTyper and
SARAMIS provide a database environment and spectrum comparison algorithm
that allows for quantitative comparison and identification of bacteria within the
database. These two software packages also allow users to build custom databases,
in which spectra acquired in-house can be added to the database. For quantitative
comparison, both BioTyper and SARAMIS require summarization of mass spectra
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of biological and/or technical replicates of bacteria. The resulting composite mass
spectra are called main spectral projections (MSPs) in BioTyper and a SuperSpec-
trum™ in SARAMIS.

BioTyper and SARAMIS have been most commonly used to identify bacteria at
the genus and species levels. BioTyper uses a score-based classification system for
bacterial identification, while SARAMIS uses a percentage-based method. These
algorithms are described more fully later in this chapter. In addition, studies have
suggested that BioTyper has similar (Mather et al. 2014) or superior (Chen et al.
2013) abilities to SARAMIS with regard to identification at the genus and species
levels. With regard to the strain-level characterization, BioTyper has been suggested
to be useful in characterizing bacteria at the strain level, but typically with the assis-
tance of additional software, such as ClinProTools (Bruker Daltonics) and R. Ayya-
durai et al. (2010) reported that, with assistance of ClinProTools, three biotypes of
Yersinia pestis strains could be differentiated. Nakano et al. (2014) used three Clin-
ProTools models to differentiate vanA-positive Enterococcus faecium from vanA-
negative Enterococcus faecium with MALDI and BioTyper. All three ClinProTools
models yielded > 90 % recognition capability . Karger et al. (2011) used BioTyper
with the R-package caMassClass to filter out some peaks, and this data-reduction
strategy enhanced categorization of strains of Shiga toxin-producing E.coli . Strain-
level applications of SARAMIS have not been frequently reported in the literature.

Assessing Strain-Level Performance

Objectives

Strain-level characterization often entails one or more three distinct objectives: (1)
strain categorization, (2) strain differentiation, and (3) strain identification (Fig. 6.4).
These three objectives often require different levels of taxonomic resolution. Strain
categorization involves grouping bacterial strains that share a particular trait, such
as their origin (Dubois et al. 2010; Siegrist et al. 2007), antibiotic resistance (Shah
et al. 2011; Wolters et al. 2011), pathogenicity (Stephan et al. 2011), and/or as dif-
ferent subspecies/biotypes (Ayyadurai et al. 2010; Lundquist et al. 2005; Zautner
et al. 2013). Strain categorization does not typically involve discriminating single
strains. In contrast, strain differentiation requires distinguishing single strains and
thus higher taxonomic resolution. Many studies have reported that bacterial strains,
of both medical and environmental relevance, can be differentiated based on the
presence and/or absence of one or more strain-specific biomarker peaks (Donohue
et al. 2006; Everley et al. 2008; Ghyselinck et al. 2011; Majcherczyk et al. 2006;
Ruelle et al. 2004; Zautner et al. 2013) or by cluster analysis (Balazova et al. 2014b;
Holland et al. 2014a). Among these three objectives, strain identification requires
the highest taxonomic resolution. When comparing with a reference library, strains
often cannot be confidently identified based on the presence of only one or a few
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Fig. 6.4 Objectives of strain-level applications of MALDI-TOF MS-enabled characterization of
bacteria have included categorization (a), differentiation (b), and identification (c¢). The requisite
level of taxonomic resolution tends to increase as one progresses from efforts to categorizing
strains to identifying individual strains. (Adapted from Sandrin et al. 2013, copyright John Wiley
& Sons)

biomarker peaks. Analysis of the entire spectrum (Holland et al. 2014b) with rigor-
ous analytical tools, such as those in R, ClinProTools, and BioTyper software (Na-
kano et al. 2014), is often required to obtain reliable strain identification.

Reproducibility

Closely related strains of bacteria yield highly similar mass spectra (Fig. 6.5). To re-
liably characterize strains, the reproducibility of replicated mass spectra of the same
strain must be quantified before conducting further analysis. Here, reproducibility
refers to how similar replicate spectra of the same strain are to one another based on
comparing peak presence/absence and/or peak intensity. Reproducibility (similar-
ity) between replicates of the same strain must exceed the similarity of mass profiles
of closely related bacterial strains. Several previous studies have examined repro-
ducibility based primarily on visual inspection of spectra (Arnold and Reilly 1998;
Jackson et al. 2005), while more recently, studies have quantified reproducibility
more rigorously using software packages described previously. The coefficient of
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Fig. 6.5 Bacteria of the same species tend to produce similar MALDI-TOF spectra. Four environ-
mental isolates of Escherichia coli yielded MALDI spectra that were particularly similar within a
single environmental source (i.e., duck or human origin), but adequately distinct across different
sources to allow characterization of isolates based upon source. (Adapted from Siegrist et al. 2007,
with permission from Elsevier)
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variation of each mass signal of replicate spectra has been used to quantify the
reproducibility of replicate spectra (Freiwald and Sauer 2009). Chen et al. (2008)
combined analysis of variance and principal component analysis (ANOVA—PCA)
to quantify the reproducibility of replicate spectra . Toh-Boyo et al. (2012) reported
using ANOVA, PCA, and multivariate ANOVA (MANOVA) to assess reproducibil-
ity . The curve-based Pearson correlation coefficient has also been used to measure
reproducibility (Giebel et al. 2010; Schumaker et al. 2012; Zhang et al. 2014a).
Binary coefficients (which do not include peak intensity measurements), including
the Dice similarity coefficient (Ziegler et al. 2012) and Jaccard index (Erler et al.
2014), have also been used. As detailed below, both experimental and data analysis
factors have been reported to affect the reproducibility of replicate spectra.

Group Separation/Performance Metrics

Score

BioTyper (Bruker Daltonics, Billerica, MA, USA) and SARAMIS (bioMérieux,
SA, Marcyl’Etoile, France) are the most commonly used software and database
packages for bacterial identification at the genus and species levels. Both use a
score/percentage-based method to assess performance. BioTyper compares patterns
of peaks of unknowns with reference spectra based on peak position, peak intensity,
and peak frequencies. A log score is obtained for each comparison using a man-
ufacturer-defined algorithm. The manufacturer proposes that a score>2 indicates
species identification; a score between 1.7 and 1.9 indicates genus identification,
and a score < 1.7 indicates no identification. Similar to BioTyper, SARAMIS uses
a confidence percentage for genus and species identifications. Genus-level identi-
fication is acceptable when the confidence percentage ranges from 98% to 90 %.
Species identification is acceptable when the confidence percentage is > 98 %.
Identification is not acceptable when the confidence percentage is < 90% (Chen
et al. 2013). With regard to the Sepsityper™ kit (Bruker Daltonics; Billerica, MA,
USA) to directly identify bacteria from positive blood cultures, the score cutoff is
1.8 for identification at species level and 1.6 for that at the genus level (Nonnemann
et al. 2013).

Reliable identification of aerobic and anaerobic bacteria at the genus and species
levels using BioTyper scores has been reported in many studies (Balada-Llasat et al.
2013; Coltella et al. 2013; Ferreira et al. 2010a; Hsueh et al. 2014; Ikryannikova
et al. 2013; Lacroix et al. 2014; Mather et al. 2014; Sanchez-Juanes et al. 2013;
Schulthess et al. 2014). The correct identification rate at the genus and species lev-
els ranges from 100 % (Ikryannikova et al. 2013; Sanchez-Juanes et al. 2013) down
to 72% (Hsueh et al. 2014). Furthermore, some studies have suggested that reduc-
ing the species cutoff, for example, from 2.0 to 1.7 (Mather et al. 2014; Pereyre
et al. 2013; Schulthess et al. 2014), and from 1.8 to 1.5 for positive blood cultures
using Sepsityper™ kit (Nonnemann et al. 2013), can increase species identifica-
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tion rates for some species. However, unreliable and/or no identification for some
bacterial species, such as Nocardia spp. (except for N. nova and N. otitidiscav-
iarum), Tsukamurella spp., Gordonia spp., and Avibacterium spp. (except for A.
paragallinarum), using BioTyper scores has also been reported (Alispahic et al.
2014; Hsueh et al. 2014).

Jackknife/Bootstrapping/Threshold Cutoffs

The jackknife test has also been used to evaluate the performance of MALDI. The
principle of the jackknife test is to take out one entry from a group (e.g., genus,
species, and/or strains) and to identify this entry against different groups (Johnson
and Wichern 2007). The procedure is repeated for all entries in this group, and the
percentage of correct group identifications is used to assess the accuracy of MALDI
for characterization of the group. The jackknife test has been used to evaluate the
accuracy of bacteria identification at the species (De Bruyne et al. 2011) and strain
levels (Goldstein et al. 2013). Besides the jackknife statistic, bootstrapping has also
been used to estimate the performance of classification models of isolates. For ex-
ample, AlMasoud et al. (2014) used PCA and support vector machines (SVM) to
supervise peak classification of a peak table matrix containing 243 unique peaks for
characterizing Bacillus spp. The SVM models were validated by using a bootstrap
replacement procedure coupled with cross-validation for selection of model param-
eters. Classification accuracies at the Bacillus species level reached about 90 % us-
ing the validated SVM models.

Culture Conditions

A variety of media, including solid agar (e.g., Grosse-Herrenthey et al. 2008; Pen-
nanec et al. 2010) and liquid broth (e.g., Wensing et al. 2010), have been used to
support the growth of bacteria to be characterized by MALDI. Mass spectra of bac-
teria consist of peaks mainly derived from ribosomal proteins and other abundant
proteins (Ryzhov and Fenselau 2001; Teramoto et al. 2007b). Ribosomal proteins
are highly conserved and are not expected to be affected by culture conditions (Ar-
nold and Reilly 1999). Several studies have also shown that a core set of species-
specific peaks are constantly observed regardless of the media used (De Bruyne
et al. 2011; Grosse-Herrenthey et al. 2008; Hsu and Burnham 2014; Kern et al.
2013; Lartigue et al. 2009; Sauer et al. 2008); however, culture conditions can influ-
ence the expression pattern of other proteins (Valentine et al. 2005). Thus, media
effects have been widely reported (Horneffer et al. 2004; Moura et al. 2008; Ruelle
et al. 2004; Walker et al. 2002), though some studies have suggested that the effects
are subtle and do not affect the overall ability of MALDI to characterize bacteria
(Bernardo et al. 2002; Dieckmann et al. 2008; Kern et al. 2013; Vargha et al. 2006).
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Taken together, these results indicate that medium effects at the strain level may be
more pronounced and significant than at higher taxonomic ranks.

Medium Type

Several studies have shown that medium components can affect the rate of success-
ful identification of many bacteria. For example, Anderson et al. (2012) reported
that the correct identification rate at the genus level for bacteria grown on differ-
ent types of agars varied for Pseudomonas, Staphylococcus, and enteric isolates.
The effect was most pronounced for Staphylococcus isolates, varying from 75 %
on colistin-nalidixic acid agar to 95% on blood agar and mannitol salt agar (An-
derson et al. 2012). Variations have been reported with other Staphylococci using
different media (Rajakaruna et al. 2009; Walker et al. 2002). Similarly, results from
one study suggested that changing the medium could improve differentiation be-
tween closely related members of the family Enterobacteriaceae (Keys et al. 2004).
Ford and Burnham (2013) grew 24 enteric Gram-negative bacteria (EGNB) and 25
non-glucose-fermenting/fastidious Gram-negative bacteria (NFGNB) on different
types of agars. Results showed that the rate of successful identification on EGNB
at the species level was approximately 20 % less than on other types of agars. For
NFGNB, rates of correct identification at the species level varied from less than
60% on OFPBL agar to 90% on sheep blood agar, and one misidentification was
observed for bacteria grown on MacConkey agar (Ford and Burnham 2013).

With regard to subspecies and strain-level characterization, a few studies have re-
ported that medium components do not affect the strain-level resolution (Bernardo
et al. 2002; Dieckmann et al. 2008; Vargha et al. 2006). However, other studies have
reported that medium composition significantly affects strain-level performance.
Sedo et al. (2013) anaerobically cultivated strains from six Lactobacillus species in
two kinds of liquid media, De Man-Rogosa-Sharpe broth and anaerobe basal broth,
and on blood agar plates. No obvious effect of medium type on species-level resolu-
tion was observed, but some closely related strains could be distinguished only with a
specific cultivation medium. Wieme et al. (2014a) studied effects of five different cul-
ture media on the differentiation of 25 strains of acetic acid bacteria, including Acefo-
bacter, Gluconacetobacter, and Gluconobacter strains, at the species and strain levels.
For each strain grown on a particular medium type, a single composite mass spectrum
was obtained. Results showed that culture media did not affect species-level differ-
entiation, but strongly affected the number of shared strain-specific peak classes in
the composite mass spectra of the same strain grown on different media, in particular
when the culture media did not sustain optimal growth. Balazova et al. (2014) tested
the effects of four culture media on the discriminatory power of MALDI to charac-
terize 10 strains belonging to Mycobacterium phlei and Mycobacterium smegmatis
(Balazova et al. 2014a). The successful identification rate calculated from Biotyper
score cutoffs was similar for all the four media at the genus level, but twofold higher
for one preferable medium over the others at the species level (Balazova et al. 2014a).
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Medium type has also affected strain-level differentiation and identification. The
influence seems specific for particular species and strains. For example, Sedo et al.
(2013) examined the influence of growth conditions on strain differentiation within
the Lactobacillus acidophilus group (17 strains representing six different species
from the Lactobacillus acidophilus group). Results showed that two Lactobacillus
acidophilus strains could be distinguished after cultivation on blood agar, but could
not be distinguished when grown on other kinds of media, while other Lactobacillus
acidophilus stains could be distinguished regardless of medium types. Baldzova et al.
(2014) reported that, generally, M7H9 medium generated a higher correct identifica-
tion rate than Herrold's egg yolk medium (HEYM) medium for characterizing My-
cobacterium strains. The effect was even more significant for Mycobacterium phlei
strains. For example, 89 % of Mycobacterium phlei strains were correctly identified
using M7H9 medium, while only 50 % of Mycobacterium phlei strains were correctly
identified using HEYM medium. With regard to Mycobacterium smegmatis strains,
HEYM medium showed a lightly better identification result (60%) than M7H9 me-
dium (52 %; Balazova et al. 2014a). These studies clearly showed that medium type
has the potential to affect MALDI-TOF MS profiles, but the effects may be bacterium
specific. To maximize taxonomic resolution, especially at the strain level, the poten-
tial effects should be thoroughly investigated. Databases containing multiple refer-
ence strains grown on different culture media may need to be established.

Medium Form (Broth/Agar)

Besides the components in the medium, medium form (agar or broth) has also been
investigated with regard to potential effects on the taxonomic resolution of MALDI-
TOF MS. At the species level, Lotz et al. (2010) cultivated 311 Mycobacterium strains
both on agar plate and in liquid broth. Using an intact cell preparation method, correct
identification rates were 97 % for solid media and only 77% for liquid media. The
low identification rate for liquid media was suggested to be because of the failures
of spectrum acquisition (Lotz et al. 2010). Balada-Llasat et al. (2013) cultured 178
mycobacterial isolates using both solid and liquid media. Using a protein extraction-
based sample preparation method, 93.8 % of the isolates were identified correctly at
the species level with both forms of media, suggesting that medium forms may not af-
fect MALDI resolution at the species level. At the strain level, though, Goldstein et al.
(2013) cultured MRSA and MSSA on both solid agar plates and broth media. Re-
sults showed that liquid media generated higher jackknife values when differentiating
MRSA from MSSA, suggesting that culture in liquid media enhances the discrimina-
tory power of MALDI. The higher discriminatory power may be because of the more
homogeneous populations of cells synchronized in their growth phase in the broth
cultures, whereas on an agar plate, colonies consist of older, senescent cells in the
center and newer, more actively growing cells at the perimeter (Sandrin et al. 2013) .
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Sample Preparation

As comprehensively reviewed by Sedo et al. (2011), a myriad of diverse sample
preparation techniques have been used to profile bacteria with MALDI. These
diverse techniques can be classified into two types: intact cell-based and protein
extract-based methods. Intact cell-based methods involve deposition of cells or cell
suspensions onto the MALDI target, while protein extract-based methods involve
deposition of cell extracts onto the MALDI target. While intact cell-based methods
do not involve intentional extraction of cell materials, the chemicals added may still
cause cell degradation. Intact-cell based methods are simpler and more rapid than
cell protein extract-based methods, because they do not require additional steps
to break cells and extract proteins (Sauer et al. 2008). Sample preparation meth-
ods have been suggested to affect the taxonomic resolution of MALDI-based ap-
proaches to bacterial characterization (Sedo et al. 2011). For example, Zampieri
et al. (2013) used both intact cell-based and protein extraction-based methods to
identify 11 bacteria isolated from bovine semen at the genus and species levels.
The intact cell-based method resulted in correct identification of nine bacteria at
the genus and species levels, while a protein extraction-based method afforded
correct identification of all 11 bacteria at the genus and species levels (Zampieri
et al. 2013). Therefore, many studies have explored multiple preparation methods
to maximize the taxonomic resolution of MALDI profiling (e.g., Dieckmann et al.
2008; Ruelle et al. 2004; Williams et al. 2003). Interestingly, commercially avail-
able platforms have been applied using different sample preparation approaches.
For example, Lohmann et al. (2013) used a cell extract-based sample preparation
approach with Bruker’s BioTyper, but an intact cell-based approach with bioMéri-
eux’s SARAMIS.

Intact Cells

Generally, cells have been directly deposited onto MALDI targets in two ways.
Some studies have described placement of cell suspensions/colonies directly on the
MALDI targets and subsequently overlaid matrix solutions which usually contain
TFA and ACN (Carbonnelle et al. 2007; Christner et al. 2014; Han et al. 2014; Jack-
son et al. 2005; Walker et al. 2002). Other studies have reported mixing cell suspen-
sions with matrix solutions prior to deposition onto the MALDI target (AlMasoud
et al. 2014; Arnold and Reilly 1998; Dickinson et al. 2004; Donohue et al. 2006;
Helmel et al. 2014; Moura et al. 2008; Ryzhov et al. 2000; Welham et al. 1998).
Both “overlaid” and “premixed” approaches of intact cell-based sample prepara-
tion have afforded strain-level resolution (Kuehl et al. 2011; Zautner et al. 2013);
however, only a few studies have directly compared the effects of these two de-
position approaches on the taxonomic resolution of MALDI profiling of bacteria.
Jackson et al. (2005) compared the performance of MALDI to profile MRSA at the
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stain level by directly depositing MRSA colonies from agar plates with directly
depositing MRSA cell suspensions onto the target plate. Results indicated that di-
rectly deposited colonies yielded higher quality spectra and higher reproducibility
than deposited cell suspensions (Jackson et al. 2005). Kuehl et al. (2011) applied
three techniques, including premixed, overlaid (ethanol added as an organic modi-
fier), and a sandwich method with cells placed between two layers of matrix, for
applying samples to the MALDI target. Results showed that the sandwich method
generated the highest quality mass spectra when characterizing Enterococcus fae-
calis (Kuehl et al. 2011). Toh-Boyo et al. (2012) compared the reproducibility of
the mass spectra resulting from laser sampling at different regions within a single
target well (intrasample) and between target wells (intersample) using both over-
laid and premixed pipet-based deposition methods with three different matrices .
The authors observed that the crystalline morphology of the sample on the target
greatly influenced intrasample reproducibility (Fig. 6.6a). Samples deposited using
the pipet-based premixed method yielded less variability between spots for a single
sample than the pipet-based overlay method (Fig. 6.6b). More recently, AlMasoud
et al. (2014) reported similar results showing that a premixed deposition method
worked best for typing Bacillus and Brevibacillus species over the other three depo-
sition methods, including (1) overlaying matrix onto protein extracts, (2) overlaying
protein extracts onto matrix, and (3) a sandwich method in which protein extracts
were situated between two layers of matrix .

Protein Extracts

Similar to intact cell-based methods, several protocols have been described to ex-
tract proteins from cells. The most commonly used protein extraction method is an
ethanol-formic extraction, in which a crude protein extraction is performed in a mi-
crocentrifuge tube (e.g., Freiwald and Sauer 2009). In addition, plate-based formic
acid extraction has also been described (e.g., Schulthess et al. 2014).

Several studies have suggested that protein extraction-based methods afford
higher taxonomic resolution than intact cell-based methods. For example, Schul-
thess et al. (2014) compared three sample preparation methods for identification of
190 Gram-positive rods including 64 species from 21 genera. Results showed that
species-level identification rates were higher with a plate-based formic acid ex-
traction and an ethanol-formic acid extraction than with an intact cell-based direct
smear method. Rates of correct identification were 68.4 % with plate-based formic
acid extraction, 71.6 % with ethanol-formic acid extraction, and 63.7 % with a direct
smear method.
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Fig. 6.6 MALDI-TOF spectra from a single sample in a single MALDI target well yielded distinct
spectra (a). Similarly, the mode of application of sample to the MALDI target plate affected spec-
tra (b). These findings underscore the need to (i) ensure sample preparation techniques maximize
sample homogeneity on the target plate and (ii) ensure standardized sample deposition proto-
cols are followed when using library-based MALDI-TOF-based approaches at the strain level.
(Adapted from Toh-Boyo et al. 2012, copyright American Chemical Society)

Pretreatment to Enhance Taxonomic Resolution

Several pretreatments have been used to increase the discriminatory power of li-
brary-based MALDI fingerprint approaches. Horneffer et al. (2004) used wet-heat
treatment to extract additional analytes that facilitated strain-level resolution of B.
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subtilis and B. cereus. Enzymatic pretreatment has also been used to facilitate more
complete extraction of cell contents. Two of the most commonly used enzymes
are trypsin (Balazova et al. 2014b; Krasny et al. 2014; Krishnamurthy et al. 1996)
and lysozyme (Giebel et al. 2008; Vargha et al. 2006). Balazova et al. (2014) used
trypsin to digest cells of S. aureus, Staphylococcus haemolyticus, and B. subtilis and
applied a 2-min microwave irradiation after digestion. Strain-level differentiation
was achieved for S. aureus and S. haemolyticus, and improved for B. subtilis based
on ecotypes. An increase in the number of strain-specific peaks was also observed
when using this microwave-assisted tryptic digestion sample preparation method
(Balazovaetal. 2014b). Abdelhamid et al. (2014) used a preconcentration technique,
ultrasound-enhanced surfactant-assisted dispersive liquid-liquid microextraction
(UESA-DLLME) technique, with Pseudomonas aeruginosa and S. aureus. This
method improved the number of biomarker peaks and identification. Nanoparti-
cles, for example, zinc oxide nanoparticles modified with polymethyl methacrylate,
have also been synthesized for extracting bacteria from aqueous samples, which en-
hanced the sensitivity and quality of MALDI-MS spectra for characterizing bacteria
such as S. aureus and P. aeruginosa (Gedda et al. 2014). Modification of the surface
of the MALDI target has also been applied to enhance characterization of bacteria.
For example, Hasan et al. (2014) and Gopal et al. (2013) demonstrated that using
titanium chips as MALDI target and with appropriate surface pretreatments (using
heat treatment at different temperatures), the chips could selectively capture either
P aeruginosa or S. aureus, leading to an improvement in spectrum quality for these
two bacteria. Such modifications might be applied in the future to enhance strain-
level characterization.

Data Acquisition

Modern MALDI TOF mass spectrometers can be operated with software that fa-
cilitates completely the automatic acquisition of spectra. User-defined parameters
influence laser power, peak evaluation strategies, mass spectra accumulation, and
laser movement on each sample. While convenient and supportive of high through-
put applications, automation has been shown to affect performance. In particular,
the mode of data acquisition (i.e., automated (Eddabra et al. 2012; Khot et al. 2012)
or manual (Khot et al. 2012; Schumaker et al. 2012) data acquisition) may affect
the taxonomic resolution of MALDI-TOF MS profiling technique. Schumaker
et al. (2012) rigorously examined the effects of data acquisition modes on spectrum
quality and reproducibility. Results suggested that manual data acquisition yielded
more reproducible and higher quality mass spectra. Similar results were reported by
Balazova et al. (2014).

Though manual data acquisition yielded more reproducible spectra, automated
data acquisition is still desirable when there is a large quantity of analyses to per-
form, especially in clinical labs. Recent work in our lab showed that automated data
acquisition can be optimized to yield spectra with reproducibility comparable to
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Fig. 6.7 A designed experiments approach to optimization of automated acquisition of MALDI
spectra increased the reproducibility of spectra obtained from Pseudomonas aeruginosa (a), Kleb-
siella pneumoniae (b), and Serratia marcescens (¢). (Adapted from Zhang et al. 2014a, creative
commons attribution PLOS)

those obtained manually using a statistical design of experiments approach (Zhang
et al. 2014a). Results showed that the reproducibility of replicate P. aeruginosa
spectra increased from 90% to 97 % by optimizing the automated data acquisition
conditions. Similar results were reported for Klebsiella pneumonia (94 % before
optimization vs. 98 % after optimization) and Serratia marcescens (85% before
optimization vs. 94 % after optimization; Zhang et al. 2014a) (Fig. 6.7).
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Fig. 6.8 Raw MALDI spectra are typically subjected to multiple data preprocessing (a) as well as
postprocessing and model validation (b) steps. No standard workflow has been widely adopted, in
spite of the fact that modifications to many steps may affect performance of the method, particu-
larly when applied at the strain level

Data Analysis

Generally, the workflow to analyze bacteria using MALDI-TOF MS includes pre-
processing, postprocessing, and model validation (Fig. 6.8). The objective of pre-
processing is to reduce noise in the spectra. A variety of software has been used
to preprocess raw mass spectra, such as FlexAnalysis (Bruker Daltonik, GmbH,
Germany; Schrodl et al. 2012), BioNumerics (Applied Maths; Kittler et al. 2014;
Wieme et al. 2014a), and DataExplorer software (Applied Biosystems, Foster City,
CA, USA; Vanlaere et al. 2008).

Three common steps in the preprocessing procedures are baseline subtraction,
smoothing, and peak detection. For each step, algorithms as well as parameter val-
ues associated with each algorithm can be varied. For example, baseline subtraction
is used to flatten the varying base profile of a spectrum. When using BioNumerics
to preprocess data, baseline subtraction can be conducted using a rolling disk al-
gorithm (Wieme et al. 2014a) with a user-specified radius of the disk. Other base-
line subtraction algorithms include monotone minimum, moving bar, and binning.
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Smoothing is used to average data points with neighboring points as in a time-series
of data to further reduce noise. For smoothing, Savitsky—Golay filters (Wieme et al.
2014a) and Kaiser filters (Kern et al. 2014b) have been used. Peak detection is used
to separate real peaks from false peaks representing noise. A user-defined signal-
to-noise ratio is usually applied for software to automatically pick peaks. Smaller
signal-to-noise ratios may support higher taxonomic resolution when using peak-
picking software which requires the user to specify a minimum signal-to-noise ratio
such as in BioNumerics (Applied Maths; personal communication).

Postprocessing procedures include calculation of similarity coefficients to es-
tablish a set of classes (clusters). In the literature, similarity coefficients of spec-
tra have been calculated in mainly two ways: using binary- and intensity-based
measurements. Binary-based analysis of similarity considers only the presence/
absence of peaks without considering their intensities. Such measurements can be
achieved by calculating Jaccard index (Erler et al. 2014) or the Dice coefficient
(Hazen et al. 2009). In contrast, intensity-based coefficients of similarity consider
both the presence/absence of peaks and the peak intensity. The Pearson correlation
coefficient (Kittler et al. 2014) has been used for intensity-based analysis. With
regard to the dendrogram type, the unweighted pair group method with arithme-
tic mean (UPGMA), average linkage method (Quintela-Baluja et al. 2013), and
single-link agglomerative algorithm (Andres-Barrao et al. 2013) have been used in
MALDI-fingerprint studies. Though various algorithms have been applied to pre-
and postprocessing of mass spectra, few studies have directly compared the effects
of these algorithms on taxonomic resolution. Model validation is used to further
evaluate MALDI performance on group (e.g., genus, species, and strain) separation.
For example, jackknife analysis which reports the percentage of correct and false
identifications has been used to quantify the stability of groups of fingerprints of
MSSA and MRSA (Goldstein et al. 2013). Receiver operating characteristic (ROC)
curves, which illustrates the performance of a binary classification test, were also
used in the literature to evaluate E. coli isolate classification by spectrum similarity
(Christner et al. 2014). In addition, sensitivity (true positive rate) and specificity
(true negative rate) measures, which are also used for validation of the performance
of binary classifications, have been reported (De Bruyne et al. 2011).

Summary

MALDI-TOF MS, shown to be a highly effective tool to characterize bacteria at
the MALDI BioTyper CA System, was recently (November 2013) approved by the
US FDA for the identification of Gram-negative bacterial colonies cultured from
human specimens. Besides applications in clinical laboratories for identification of
Gram-negative bacteria, studies have also shown that MALDI-TOF MS fingerprint-
based methods can successfully characterize Gram-positive bacteria, bacteria iso-
lated from various environments, and, in some cases, characterize bacteria at the
subspecies and strain levels. Rapid innovation and advances in this area increase
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the likelihood that strain-level applications will receive similar regulatory approval
in the future.

Strain-level characterization using MALDI-TOF MS has included three objec-
tives: strain categorization, strain differentiation, and strain identification. The taxo-
nomic resolution reported for each objective has varied considerably. Generally,
strain identification requires the highest taxonomic resolution, while strain catego-
rization requires relatively low resolution. Factors, such as culture media, sample
preparation method, data acquisition, and data analysis, have been shown to af-
fect the limits of taxonomic resolution achieved. Many efforts have been made to
increase taxonomic resolution. Different sample preparation methods and sample
deposition have been compared with regard to their effects on taxonomic resolu-
tion. Treatments of samples, such as using enzymes to help break cell walls or using
microwave radiation to help extract proteins, have also been employed. In addition,
several novel approaches have been developed to increase the taxonomic resolution
of MALDI-TOF MS fingerprint-based methods, including stable isotope-dependent
methods that are described in more detail elsewhere in this book.

Overall, MALDI-TOF profiling of bacteria has shown remarkable promise at
the genus, species, and strain levels for various bacteria; however, the limits of
taxonomic resolution of this technique may impede its broader implementation.
Additional efforts to maximize the taxonomic resolution of this method by optimiz-
ing experimental conditions—from culture condition through data analysis—are
warranted.
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Chapter 7

Modulation of the Discriminatory Power of
MALDI-TOF MS Profiling for Distinguishing
Between Closely Related Bacterial Strains

Ondrej Sedo and Zbynék Zdrahal

Introduction

Sample preparation protocols that are recommended by the two main providers
of commercially available systems (Biotyper from Bruker and VITEK-MS from
Biomérieux) rely on alpha-cyano-4-hydroxycinnamic acid (CHCA) as a univer-
sal matrix for all types of bacteria, yeasts, and fungi (Maier and Kostrzewa 2007,
Bizzini and Greub 2010; Martiny et al. 2012). Several different sample preparation
protocols for matrix-assisted laser desorption/ionization-time-of-flight mass spec-
trometry (MALDI-TOF MS) profiling of bacteria have been proposed (reviewed
by Sedo et al. 2011). Many of these provide even better mass resolution, signal-
to-noise ratio, more peaks in the high-mass range, and other improved mass spec-
tral features compared with the manufacturer-recommended preparation protocols
using CHCA; however, robustness of the standard method and the possibility of
automatic mass spectral acquisition are two fundamental aspects of method appli-
cability in routine clinical laboratory practice. These positive features mostly stem
from the formation of a highly homogeneous layer of small crystals of CHCA. As a
consequence, other factors affecting mass spectral quality, such as growth medium,
amount of cells mounted on the MALDI target, unmanageable degrees of instability
or differences in performance between MALDI-TOF MS systems, have only a mi-
nor influence and do not need to be considered when identification to the bacterial
species level is required. An acceptable number of species-specific signals eclipse
the low number of peaks or their changed relative intensities that result from these
factors (Mazzeo et al. 2005; Valentine et al. 2005; Grosse-Herrenthey et al. 2008;
Moura et al. 2008; Ilina et al. 2010).

In contrast, at the level of subspecies or individual strains, accurate discrim-
ination is usually dependent on a significantly lower number of specific signals
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(Krishnamurthy et al. 1996; Lynn et al. 1999; Fedele et al. 1999). This fact in-
creases demands on the reproducibility of sample preparation methods and analyti-
cal procedures. At the subspecies and strain levels, users have encountered limits
in the discriminatory power of MALDI-TOF MS profiling more often than at the
genus/species level. In our laboratory, we have already faced various issues where
MALDI-TOF MS profiling analysis, conducted under a common sample prepara-
tion protocol (Freiwald and Sauer 2009), yielded insufficient output; possibilities
of modulating the discriminatory power of the method were therefore examined.
In the first two cases highlighted in this chapter, the influence of cultivation condi-
tions on differentiation between closely related strains of the Lactobacillus aci-
dophilus group and selected Mycobacterium spp. was assessed. The third and the
fourth studies were aimed at developing variants of the standard sample preparation
protocol, which enabled substantial modulation of the discriminatory power of the
method, as demonstrated by distinguishing between closely related species of the
Acinetobacter calcoaceticus—Acinetobacter baumannii complex (ACB complex),
Staphylococcus aureus strains, and Bacillus subtilis ecotypes.

Differentiation Between Strains of L. acidophilus Group
Grown under Different Cultivation Conditions

Background

Although cultivation conditions have a profound influence on the bacterial pro-
teome, MALDI-TOF MS bacterial fingerprints remain, in most cases, largely unaf-
fected by changes in the cultivation medium, time, or temperature (Wunschel et al.
2005; Parisi et al. 2008; Sauer et al. 2008). This is due to the fact that when com-
pounds in a mixture are subjected to MALDI-TOF MS analysis, mutual suppression
of ionization leads to the detection of only a limited set of components. These usu-
ally are not only the most abundant, but also the basic components and compounds
with relatively low molecular weights. In the case of the whole bacterial proteome,
these criteria are mostly fulfilled by ribosomal and DNA-binding proteins that rep-
resent “house-keeping” cellular components present in bacterial cells regardless of
growth stage or cultivation conditions.

The Biotyper system (Bruker Daltonics) reflects this fact by omitting require-
ments for specific cultivation conditions in protocols for successful bacterial identi-
fication to the species level (Maier and Kostrzewa 2007). In the VITEK MS identi-
fication system (Biomérieux), the database overcomes mass spectral variability due
to cultivation conditions by implementing “superspectra,” i.e., consensus spectra
obtained from individual strains cultivated under different conditions, while the
Biotyper database is constructed on the basis of repeated analyses of one culture.
The influence of cultivation conditions on MALDI-TOF mass spectral quality has
already been examined in numerous studies. These demonstrated that bacterial cells
at different growth stages or even cells showing different morphologies exhibited
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practically identical MALDI-TOF MS fingerprints (Lee et al. 2003; Wunschel et al.
2005). Although the repeatable detection of a core set of signals sufficient for cor-
rect bacterial species assignment under different conditions has been reported in
several other papers, there have also been published studies that draw different con-
clusions. Identification success rates to the species level were affected by cultiva-
tion conditions particularly for staphylococci (Anderson et al. 2012), mycobacteria
(Lotz et al. 2010; Balazova et al. 2014a), and bacilli (Ryzhov et al. 2000; Horneffer
et al. 2004). For strain differentiation, comprehensive studies on cultivation condi-
tions have not yet been conducted. For this reason, we carried out a series of analy-
ses of 17 strains from the L. acidophilus group, grown under different cultivation
conditions (Sedo et al. 2013b) . Apart from their close relationships, these strains
were selected due to their different probiotic properties and uses in the dairy indus-
try (Heller 2001; Monteagudo-Mera et al. 2011).

Protocol

Seventeen selected strains, representing six different species, from the L. acidophilus
group (L. acidophilus CCM 4833T and BCCM 8151; L. amylovorus CCM 43807,
CCM 4381, and CCM 4382; L. crispatus CCM 7010T, CCM 7776, and CCM 7777,
L. delbrueckii ssp. bulgaricus CCM 4289, CCM 4290, and CCM 71907; L. helve-
ticus CCM 3806, CCM 4287, and 7193T; L. jensenii CCM 75607, CCM 7653, and
CCM 7778) were involved in this study. All strains were cultivated in triplicate un-
der standard cultivation conditions (at 37 °C De Man-Rogosa-Sharpe/MRS/broth for
24 h). In addition, two other cultivation media (M132, blood agar), two different
cultivation temperatures (22 and 30°C), and two longer cultivation times (2 days,
7 days) were tested on all 17 strains (see Table 7.1). In total, 327 samples were
prepared (due to limited or no growth of some of the strains at low temperatures,
mostly those of L. crispatus, some of the scheduled samples were not available). A
standard extraction protocol adapted from Freiwald and Sauer (2009) was followed
(inactivation by 70 % EtOH, formic acid/acetonitrile extraction and overlaying of the
dried bacterial extract with CHCA solution), while each sample was deposited on

Table 7.1 Seven combinations of cultivation conditions tested on 17 strains

Medium Temperature (°C) | Growth time (days)
MRS 37 1
MRS 30 1
MRS 22 1
MRS 37 2
MRS 37 7
M132 37 1
Blood agar 37 1

MRS De Man-Rogosa-Sharpe
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three wells of the stainless steel MALDI target. Five independent MALDI-TOF mass
spectra, comprising 1000 laser shots each, were acquired from each of the three wells
(15,000 shots per sample in total). Within an individual well, the laser was directed
automatically according to a predefined lattice raster. To assess mutual similarities
between MALDI-TOF MS fingerprints, four different data evaluation methods that
are routinely accessed by MALDI Biotyper and Bruker Daltonics software users
were tested: visual inspection of strain-specific signals, cluster analysis (carried out
within the Biotyper software by using the Pearson’s product moment coefficient as
a measure of similarity and the unweighted pair group average linked method (UP-
GMA) as a grouping method), Biotyper scoring, and Biotyper sub-typing algorithm.

Results

Initially, identification at the species level using the commercially available data-
base was accomplished for all cultivation variants. Practically all strains were as-
signed to the correct species, regardless of the cultivation medium and temperature
used. A score indicating species identification (>2.000) was achieved for 80% of
isolates. Even if the threshold score was not reached, the highest identification score
always belonged to the correct species for 14 % of isolates. The remaining samples
(6%) yielded negative identification outputs, which were usually related to acqui-
sition failures resulting from low quality mass spectral data from 7-day cultures
where cells were difficult to separate from the growth medium.

These results demonstrated the robustness of discrimination between closely re-
lated species of the L. acidophilus group. Proteome changes related to cultivation
conditions (Hussain et al. 2009) did not affect proteins detected in MALDI-TOF
MS “whole cell” fingerprints of these lactobacilli to an extent that might have in-
fluenced their identification scores. However, at the level of strains belonging to
the same species, the situation was found to be different. Six of the 17 tested strains
were found to lack strain-specific peaks in their mass spectra, regardless of the
culture conditions. Identification of strains grown under diverse cultivation con-
ditions using the database of reference spectra created under standard conditions
yielded correct identification results for 73 % of samples; an identification success
rate of greater than 90 % was only achieved for seven of the strains. Interestingly,
employment of the subtyping algorithm (incorporated in the Biotyper software),
which adjusts the statistical weight of signals according to strain specificity, did not
significantly improve the identification success rate at the strain level.

The clearest demonstration of the influence of cultivation conditions on the qual-
ity of MALDI-TOF MS fingerprints was obtained by cluster analysis. As all strains
were cultivated in triplicate, the possibility of their discrimination could be derived
by grouping replicate samples in branches of the dendrograms. Analyses of three L.
Jjensenii strains are shown in Fig. 7.1, where L. jensenii strain CCM 75607 (Fig. 7.1a)
was clearly distinguishable from the remaining two strains regardless of the cultiva-
tion conditions. However, a mixed cluster analysis of samples of L. jensenii strains
CCM 7653 and CCM 7778 indicated that their discrimination was not a straightfor-
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Fig. 7.1 Dendrogram of all analyses of three L. jensenii strains grown under various conditions
(a). Dendrograms demonstrating the ability to distinguish between strains L. jensenii CCM 7653
and CCM 7778 grown b at 37 °C on MRS medium for 1 day, ¢ at 37°C on MRS medium for 2
days, d at 37°C on MRS medium for 7 days, e on M132 medium for 1 day, and f at 37°C on MRS
for various growth times. Three independent cultivations and analyses (marked as “I,” “II”, and
“III"’) were performed
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ward task. Figure 7.1b, ¢, d demonstrates that when cultivation time was the same for
all samples, and MRS agar was used as a cultivation medium, discrimination between
these two strains was possible. However, when cultivation times were different, the
strains remained indistinguishable (Fig. 7.1f). Similarly, when a different cultivation
medium (M132) was used, the strains remained indistinguishable (Fig. 7.1e).

Summary

These experiments showed that proper control over cultivation conditions might
increase the probability of successful strain differentiation. The selection of cultiva-
tion medium, temperature, and cultivation time may serve as factors worth optimiz-
ing for particular strains of interest, since their variation modulates the discrimina-
tory power of the method at the strain level.

The Influence of Cultivation Conditions on Distinguishing
Between Strains of Selected Mycobacterium spp.

Background

Although for most known bacteria, a common sample preparation protocol (Freiwald
and Sauer 2009) routinely yields MALDI-TOF MS fingerprints, mycobacteria have
been shown to be different. Because of specific properties of the mycobacterial cell
wall, which is stabilized by peptidoglycans esterified with mycolic acids, both the in-
activation of cells using 70 % ethanol, or protein extraction by the matrix solution or
a formic acid/acetonitrile mixture, do not lead to satisfactory results. For that reason,
both main providers of the commercially available systems have introduced alterna-
tive sample preparation protocols recommended for MALDI-TOF MS profiling of
mycobacteria; these involve cell inactivation and disruption by heat and micro-bead
treatment. Nevertheless, even after following these recommendations, we have not
achieved positive identification outputs, and a large proportion of samples did not
yield MALDI-TOF mass spectral signals at all. For that reason, we conducted a
comprehensive study on selected rapidly growing Mycobacterium spp. to establish
a reliable protocol for their analysis and discrimination, including differentiation be-
tween strains belonging to the same Mycobacterium spp. (Balazova et al. 2014a).

Protocol

The protocol for mycobacterial sample preparation, as recommended by Bruker
Daltonics (Timke and Kostrzewa 2011), involves cell inactivation by heat treat-
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ment (30 min at 95°C and cell disruption by zirconia/silica microbeads), and this
was followed. Initial selection of cultivation conditions was carried out using two
strains (Mycobacterium phlei DSM 43239 and M. smegmatis CAPM 5040) grown
in triplicate in four different cultivation media: Middlebrook 7H9 broth (M7H9)
with OADC medium enrichment (oleic acid—albumin—dextrose—catalase), Mid-
dlebrook 7H10 (M7H10) with OADC medium enrichment, Herrold’s egg yolk
medium (HEYM), and Lesslie (L) medium (Stonebrink with methyl violet). The
strains were grown over five different cultivation times (3, 5, 7, 10, and 12 days).
Ultimately, only a limited range of cultivation conditions (HEYM and M7H9 me-
dia with cultivation times of 3, 5, and 7 days) were applied for three strains of M.
phlei (CCM 5639, DSM 43214, and DSM 43239) and seven strains of M. smegma-
tis (CCM 2300, CCM 4622, CCM 1693, DSM 43059, DSM 43286, DSM 43756,
and CAPM 5040). Each sample was deposited on three wells of the stainless steel
MALDI target. Five independent MALDI-TOF mass spectra, comprising 1000 la-
ser shots each, were acquired from each of the three wells (15,000 shots per sample
in total). Within an individual well, the laser was directed automatically according
to a predefined lattice raster. The species identification was accomplished by using
default settings of the Biotyper software and strain discrimination was carried out
within the Biotyper software by using the Pearson’s product moment coefficient as
a measure of similarity and the UPGMA as a grouping method.

Results

In the case of the two initially selected mycobacterial strains, signal quality appropri-
ate for automatic mass spectral acquisition was obtained for only 30% of samples.
In the remaining cases, some signals were obtained by manual laser navigation over
the sample spots, although this approach is not appropriate for clinical laboratories
that are dependent on validated automatic data acquisition. The limited mass spec-
tral quality and striking differences between spectra obtained after cultivation on
different media (for comparison see Fig. 7.2) strongly influenced the identification
success rate. When the mass spectra were compared with the commercially available
extension of the Biotyper database (this database version contains reference spectra
for mycobacteria prepared according to their recommended protocol), the identifica-
tion success rate varied notably, as demonstrated in Table 7.2. Interestingly, the best
conditions for automatic mass spectral acquisition significantly differed from those
optimized for identification at the species level; this makes it difficult to select one
medium overall for the best analytical output. The influence of cultivation time (3—7
days) on acquisition and identification success rates was not so prominent, as the
influence of cultivation medium. However, similar to our previous study with lac-
tobacilli (Sedo et al. 2013b), strains analyzed after long cultivation periods (10 and
12 days) yielded lower quality MALDI-TOF mass spectral data because complete
separation of bacterial cells from the cultivation medium was not achievable caused
by firm attachment of the cells to the medium.
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Fig. 7.2 Comparison between MALDI-TOF mass spectra and Biotyper log (scores) of Mycobac-
terium phlei DSM 43239 cultivated for 10 days on different media

Table 7.2 The influence of culture media on the possibility of automatic mass spectra acquisi-
tion and on the identification to genus/species level (the success rate in %; sum of results from
triplicate samples of M. phlei DSM 43239 and M. smegmatis CAPM 5040 cultivated for 3, 5, 7,
10, and 12 days)

Medium | Automatic acquisition (%) | Identification at genus level | Identification at species
(%) level (%)

M7H9 70 47 17

M7H10 |30 33 7

L 0 33 13

HEYM |20 60 47

HEYM Herrold’s egg yolk medium

Cultivation conditions also influenced the potential to distinguish between in-
dividual strains of the same species. The dendrograms in Fig. 7.3 demonstrate that
although M. phlei strains cultivated on M7H9 did not yield spectra enabling their
discrimination, after being cultured on HEYM medium, the strains were distinguish-
able by cluster analysis. This fact was derived from grouping of three triplicates of
DSM 43239 samples prepared at monthly intervals. On the other hand, M. smegmatis
strains remained indistinguishable regardless of the cultivation medium (not shown).

Summary

The selection of a proper cultivation medium can serve as a tool to increase the
discriminatory power of the method for mycobacteria at the strain level. Optimiza-
tion of the sample preparation protocol for distinguishing between selected groups
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Fig. 7.3. Dendrogram calculated on the basis of cluster analysis of MALDI-TOF mass spectra of
three Mycobacterium phlei strains analyzed after 5 days of growth. Repeated analyses of strains
are marked as “I,” “IL,” and “III”” and cultivation terms as “T1,” “T2,” and “T3”

of strains of interest may be complicated by the need to identify conditions that are
simultaneously suitable for automatic mass spectral acquisition and for identifica-
tion at the genus/species level.

Modulation of the Discriminatory Power Using
an Alternative Matrix Solution

Background

Apart from an overall satisfactory performance of the method, some studies also
highlighted problematic groups of closely related species, the identification of
which was confounded by ambiguous or incorrect results (Bizzini and Greub 2010;
Carbonnelle et al. 2011). One of these groups, the ACB complex, contains species
significantly differing in their clinical impact. Recent studies (Alvarez-Buylla et al.
2012; Espinal et al. 2012; Sousa et al. 2014) pointed out difficulties in discrimina-
tion, especially between A. baumannii and A. nosocomialis. For that reason, we
aimed at developing an alternative sample preparation procedure that would modu-
late the discriminatory power of MALDI-TOF MS profiling to improve differentia-
tion between strains of the ACB complex (Sedo et al. 2013a).

Protocol

Asetof 105 well-characterized strains of the ACB complex (32 4. baumannii strains,
29 A. nosocomialis strains, 22 A. pittii strains, and 22 A. calcoaceticus strains) was
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selected for the purpose of this study. These strains were prepared according to two
sample preparation protocols differing in the composition of the matrix solution (a
saturated solution of CHCA in water:acetonitrile:trifluoroacetic acid, 47.5:50:2.5,
v/v vs. 12.5 mg. ml™! ferulic acid in water:acetonitrile:formic acid, 50:33:17, v/v).
For both protocols, all other steps were carried out as recommended by Bruker
Daltonics for the standard sample preparation including inactivation by vortexing
in 70 % ethanol for 30 s and acetonitrile/formic acid extraction (Freiwald and Sauer
2009). Each sample was deposited on three wells of the stainless steel MALDI
target. Five independent MALDI-TOF mass spectra, comprising 1000 laser shots
each, were acquired from each of the three wells (15,000 shots per sample in total).
In the case of sample prepared with CHCA, the laser was directed automatically
according to a predefined lattice raster, whereas the signals were acquired manually
in the case of sample prepared with ferulic acid. The species identification was ac-
complished by using default settings of the Biotyper software. Cluster analysis was
carried out within the Biotyper software by using the Pearson’s product moment
coefficient as a measure of similarity and the UPGMA as a grouping method.

Results

Limits in discrimination between A. baumannii and A. nosocomialis stem from
detection of an insufficient number of species-specific peaks. While strains of A.
baumannii yielded one such signal at 5748 Da, A. nosocomialis strains provided no
species-specific signals that would allow their discrimination from 4. baumannii.
As aresult, some of the strains belonging to these two species were not separated by
cluster analysis correctly (Fig. 7.4). Similarly, when applying the Biotyper scoring
algorithm, 31 % of the tested A. nosocomialis strains were identified incorrectly as
A. baumannii. The main criterion for selecting a suitable alternative sample prepa-
ration method was the detection of the highest number of signals that were dif-
ferent from those obtained using the standard sample preparation protocol. This
was expected to increase the probability of detection of species-specific signals. As
described in several papers, changes in mass spectral quality can be achieved by
changing the matrix compound, matrix/sample solution, sample deposition method,
or by treating the bacterial cells with various physical methods (Sedo et al. 2011) .
As the most effective way, we adapted a protocol derived from the work of Madon-
na et al. (2000). The increased acidity of the solvent substantially changed the ion-
ization properties of ferulic acid, yielding 10 peaks in consensus with the standard
sample preparation protocol and providing 62 new signals of A. baumanii NIPH
5017 proteins, especially in the higher mass range. As shown in Fig. 7.5, mass spec-
tra obtained by the alternative sample preparation protocol contained seven signals
allowing discrimination between A. baumannii and A. nosocomialis strains. Im-
provement in the discriminatory power was reflected by cluster analysis, grouping
all strains of the ACB complex to species-specific branches. The scoring algorithm
also yielded correct identification results against a simple database of the ACB
complex type strains analyzed using the alternative sample preparation protocol.
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Fig. 7.4 Standard sample preparation protocol: MALDI-TOF mass spectra of Acinetobacter
baumannii and Acinetobacter nosocomialis strains with one highlighted species-specific signal.
Dendrograms constructed on the basis of the MALDI-TOF mass spectra of the strains of the ACB
complex

Summary

The use of a highly acidified solution of ferulic acid as a MALDI matrix resulted
in substantial modulation of the discriminatory power of MALDI-TOF MS profil-
ing, which enabled successful discrimination of closely related species within the
ACB complex. This alternative method can serve as a second method of choice for
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Fig. 7.5 Alternative sample preparation protocol: MALDI-TOF mass spectra of Acinetobacter-
baumannii and Acinetobacter nosocomialis strains with highlighted species-specific signals. Den-
drograms constructed on the basis of the MALDI-TOF mass spectra of the strains of the ACB
complex

problematic cases where detection of an insufficient number of signals fails to dis-
tinguish between strains of interest. Limitations of the proposed alternative protocol
include the failure to automatically acquire mass spectra. Due to non-homogeneous
and irregular crystallization of ferulic acid, practically no valuable data were obtain-
able in the automatic acquisition mode. The need to construct an additional database
of reference spectra is another item connected to the alternative protocol inevitably.
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Modulation of the Discriminatory Power Using
Microwave-Assisted Proteolysis

Background

Limitations in the discriminatory power of MALDI-TOF MS profiling in its standard
arrangement demand the development of alternative approaches. Apart from modula-
tion of the discriminatory power, new methodological variants should not change the
routine workflow significantly in order to minimize efforts required for their intro-
duction to laboratory practice. An interesting methodical variant was based on diges-
tion of cellular material by trypsin, which would enable detection of different proteins
from those obtained by the “whole-cell” approach (Warscheid and Fenselau 2003).
However, the time required for proteolysis by trypsin significantly decreases analyti-
cal throughput. For this reason, we examined whether acceleration of this process by
microwaves may be a simple and rapid methodological variant that may be useful in
distinguishing between closely related bacterial strains (Balazova et al. 2014b).

Protocol

For an initial examination of the method, including repeated analyses at weekly inter-
vals, and performing the reaction in three different commercially available microwave
ovens, six S. aureus (SA) strains (CCM 885T, CCM 1484, CCM 2022, CCM 2107,
CCM 2351, and CCM 2352) were cultivated in triplicate. The method was finally tested
to distinguish between 13 strains of B. subtilis ecotype PE10 and 15 strains of B. sub-
tilis ecotype PE15. The bacterial cells were inactivated using 70 % ethanol (1-day cul-
tures were used to minimize the probability of sporulation of bacilli) and subsequently
treated by microwave-assisted digestion with trypsin for 2 min. The MALDI-TOF MS
analysis was conducted in the same way as in the standard sample preparation protocol
(Freiwald and Sauer 2009) with the only change being an extension of the mass range of
recorded spectra to lower m/z values. Each sample was deposited on the stainless steel
MALDI target and three independent MALDI-TOF mass spectra, comprising 1000 la-
ser shots each, were acquired from each of the sample. Within an individual well, the
laser was directed automatically according to a predefined lattice raster. The cluster
analysis was carried out within the Biotyper software by using the Pearson’s product
moment coefficient as a measure of similarity and the UPGMA as a grouping method.

Results

Although the MALDI-TOF MS profiles obtained using the standard method did not
distinguish between three of the six S. aureus strains, microwave-assisted tryptic di-
gestion resulted in clear separation of the strains, as determined by cluster analysis
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Fig. 7.6 Dendrograms calculated on the basis of cluster analysis of MALDI-TOF mass spectra
of six Staphylococcus aureus strains analyzed in triplicate (marked as “I,” “II,” and “III"”’) using a
standard sample preparation protocol and b microwave-assisted digestion

(Fig. 7.6). The repeatability of the method was confirmed by two subsequent analy-
ses conducted at weekly intervals and the robustness was verified by independent
digestions in three different microwave ovens (data not shown). The discriminatory
power, similarly to the previous example concerning acinetobacters, was strongly
correlated with detection of specific signals. While the standard sample prepara-
tion method yielded only two strain-specific signals, seven strain-specific signals,
accompanied by numerous repeatable differences in the relative intensity of other
peaks, were obtained after digestion. Figure 7.7 compares discrimination between
two B. subtilis ecotypes using the standard sample preparation protocol and the
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Fig. 7.7 Dendrograms calculated on the basis of cluster analysis of MALDI-TOF mass spectra of
28 Bacillus subtilis strains of two ecotypes (PE10 and PE32) using a standard sample preparation
protocol and b microwave-assisted digestion
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novel approach involving microwave-assisted trypsin digestion. While the stan-
dard protocol resulted in practically no clustering of the strains into any reasonable
groups, clusters based on the MALDI-TOF mass spectra after digestion indicated
the formation of two main clusters related to the ecotypes. Only six out of the 28
strains show incorrect positions in the dendrogram. The specificity of the method
could even be demonstrated visually by detection of an ecotype-specific signal at
4087 Da, which was observed in 10 of ecotype PE10 strains and none of the ecotype
PE32 strains. No ecotype-specific signals were found in the spectra of undigested
cellular extracts obtained using the standard protocol.

Summary

Microwave-assisted tryptic digestion represents a simple methodological variant
that is accessible for routine MALDI-TOF MS profiling users. As the analysis was
carried out using CHCA as a matrix, automatic mass spectral acquisition, which
was not applicable for the previous alternative protocol employing acidified ferulic
acid, was possible in this case.

Conclusions

We have described approaches that modulate the discriminatory power of MAL-
DI-TOF MS profiling in distinguishing between closely related bacterial strains.
Cultivation conditions certainly play a prominent role in strain discrimination, and
their proper selection and control may greatly contribute to the performance of the
method. For cases concerning insufficient numbers of specific signals from strains
of interest, two simple variants of the standard sample preparation protocol led to
an improvement in the discriminatory power. None of the described methods could
be considered as a universal tool for strain differentiation. However, these relatively
simple methods could substantially improve the discriminatory power of MALDI
MS profiling for particular sets of bacterial strains, enabling their use in a wide
range of industrial and biotechnological applications where strain differentiation
within defined sets is required.
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Introduction

The past two decades have witnessed dramatic progress in the way microorgan-
isms are identified. New spectrometry- and spectroscopy-based methods have been
developed that allowed for rapid, reliable, and cost-effective differentiation, iden-
tification, and classification of microorganisms. For instance, techniques such as
Raman and infrared (IR) spectroscopy (Helm et al. 1991; Schmitt et al. 1998; Goo-
dacre et al. 1998; Maquelin et al. 2000; Rdsch et al. 2005), pyrolysis MS (John
and Catherine 1975; Goodacre 1994), and matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF MS) (Fenselau 1994; Claydon
et al. 1996; Holland et al. 1996; Krishnamurthy et al. 1996; Cain et al. 1994) have
considerably enhanced the reliability and accelerated the speed of microbial diag-
nostics. In particular, MALDI-TOF MS has been increasingly used to support mi-
crobial identification in clinical routine diagnostics (Maier et al. 2006; Dieckmann
et al. 2008; Seng et al. 2009), in biodefense (Lasch et al. 2009, 2010; Elhanany
et al. 2001), or in food safety applications (Wenning et al. 2014; Quintela-Baluja
et al. 2013; Bohme et al. 2013). The MALDI-TOF MS methodology is based on
the reproducible detection of protein mass patterns obtained from whole cells, cell
lysates, or crude bacterial extracts (Lay 2001). Microbial MALDI-TOF mass spec-
tra can be regarded as snapshots of the protein composition of the strains under
study. Many of the mass spectral signals have been assigned as high-abundance
proteins with housekeeping functions, such as basic ribosomal proteins or nucleic
acid-binding proteins (Ryzhov and Fenselau 2001; Pineda et al. 2003; Dieckmann
et al. 2008). These proteins are highly conserved and consistently expressed under
nearly all growth conditions; they can be thus regarded as robust biomarker candi-
dates of the organisms studied.

For microbial identification, the mass spectra can be analyzed in two princi-
pally different ways: database- or library-based methods compare mass peak tables
from unknown bacterial strains by matching them against libraries with validated
microbial reference spectra (Holland et al. 1996; Arnold and Reilly 1998). Today,
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library-based methods are more frequently utilized; such methods do not require the
precise knowledge of biomarker identities (Sandrin et al. 2013). On the contrary,
bioinformatics-enabled methods which often rely on the information revealed by
peak/protein identification and sequence database searches (Demirev et al. 2005),
or alternatively on the comparison of the experimental mass peak patterns with pro-
tein masses predicted from microbial genomes (Demirev et al. 1999; Pineda et al.
2000), are more rarely used. It is however widely accepted that both approaches
allow accurate typing of microorganisms at the genus and also at the species level.
In addition, there is a growing body of evidence which indicates the potential of
MALDI-TOF MS for microbial characterization below the species level. It is, how-
ever, not the goal of this mini-review to summarize, or to evaluate, the current state
of knowledge in this field of research; for this purpose the reader is referred to the
excellent review of Sandrin et al. (2013) and to other chapters of this textbook.
Within the framework of this mini-review we want to outline especially the expe-
riences our groups have gained when applying MALDI-TOF MS to characterize
microorganisms below the species level. The strategy in our studies on subspecies
differentiation consisted primarily in not to compromise—whenever possible—the
simplicity and the speed advantage of the MALDI-TOF MS technique. Therefore,
our activities did not involve complex technical changes or major modifications
of the sample preparation methods that are known to increase the data richness of
the mass spectral profiles. On the basis of existing and widely used standard proto-
cols, it should rather be systematically investigated whether further improvements
of the taxonomic resolution are achievable by (1) extension of the spectral database
through a better, that is, more comprehensive, and more representative strain selec-
tion; (2) cautious optimization of existing sample preparation and data acquisition
protocols; (3) rigorous standardization; and (iv) utilization of an optimized data
analysis pipeline that involves advanced methods of spectral preprocessing, feature
selection, and supervised methods of multivariate classification analysis. Based on
the examples of three important pathogens, Staphylococcus aureus, Enterococcus
faecium, and Bacillus cereus sensu lato (s.1.), we will illustrate our point of view re-
garding the perspectives and the limitations of the MALDI-TOF MS-based method
for microbial typing.

Materials and Methods

Sample Preparation

It is generally accepted that cultivation conditions such as growth time, growth
temperature, the composition of the culture medium, or the presence/absence of
oxygen, or CO, may exert a noticeable influence on the protein expression of the
microorganisms under study (Anderson et al. 2012; Balazova et al. 2014; Goldstein
et al. 2013; Keys et al. 2004; Valentine et al. 2005; Sedo et al. 2013; Sandrin et al.
2013). Moreover, sample preparation and instrument-specific factors may also af-
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fect the mass spectral profiles. Interestingly, however, variation of cultivation con-
ditions and data acquisition parameters or the lack of standardized sample prepara-
tion protocols lead to changes of only a part of the mass signals: a large fraction of
the signals present in microbial mass spectra remains more or less stable when cul-
tivation conditions are changed and sample preparation or measurement protocols
are varied (Valentine et al. 2005; Brandt 2006; Wieme et al. 2013). The molecular
identities of these invariant mass peaks have been assigned by systematic investiga-
tions. It could be established that many of these consistently observed signals arise
from a family of small basic proteins of the ribosomal subunits. Ribosomal proteins
can be consistently observed in all bacterial life-forms which is key to the stability
and robustness of the MALDI-TOF MS profiling technique. On the contrary, it has
been often stated, that the variable part of the mass signals is not critical for micro-
bial identification at the genus or the species level. Therefore, the methodology for
identifying microbial species can be generally regarded as a relatively robust tech-
nology. Below the species level, however, this statement is no longer accurate. The
accuracy of the MALDI-TOF MS methodology for identification and differentia-
tion at the subspecies level is significantly affected if cultivation conditions, sample
preparation, and measurement parameters are not rigorously standardized (Sauer
et al. 2008). As this study was not primarily concerned with species identification,
but with differentiation and identification at the subspecies level, it was thus vital
to pay special attention on standardization and cautious optimization of the whole
MALDI-TOF MS workflow.

Bacterial strains of S. aureus and E. faecium were prepared by growing each
strain by two passages under aerobic conditions. Cells were cultured on Caso agar
(Merck) for 24 h at 37°C. For microbial sample preparation, a modification of
the trifluoroacetic acid (TFA) (Lasch et al. 2008) inactivation protocol for highly
pathogenic microorganisms was used (for details, see Lasch et al. 2014) Microbial
sample solutions were mixed 1:1 (v/v) with a concentrated HCCA solution (12 mg/
mL) which was prepared by dissolving HCCA in TA2, a 2:1 (v/v) mixture of 100 %
acetonitrile and 0.3 % TFA. From these mixtures a volume of 2 pl was spotted on
steel sample targets before the measurements. For each microbial strain, biological
replicate spectra were collected from ideally three individual microbial cultures.

Bacillus strains were grown under aerobic conditions on in-house prepared LB
agar plates by two passages for 24 h at 37°C. Cells were then harvested and an
equivalent of three full blue plastic loops (approx. 4 mg) was added to sterile water
(see Lasch et al. 2009 for details). Further steps of microbial sample preparation
were the same as those used for S. aureus and E. faecium.

MALDI-TOF Mass Spectrometry

Microbial mass spectra were acquired from samples prepared on stainless steel
targets using an Autoflex I mass spectrometer from Bruker Daltonics. The mass
spectrometer was equipped with a slightly defocused nitrogen laser (A=337 nm)
and controlled by the FlexControl 3.0 data acquisition software from Bruker. Spec-
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tra were acquired in the manual mode of operation. Pulse ion extraction time was
varied between 200 and 300 ns while the sampling rate was set to 0.5 GHz. Mass
spectral measurements were carried out in the linear measurement mode using an
acceleration voltage of 20.00 (ion source 1) and 18.25 (ion source 2) kV. Lens volt-
age was 6.50 kV. Spectra were stored in the range between m/z 2000 and 20,000
whereas the majority of the mass signals was observed in the m/z mass range be-
tween 2000 and 12,000. For calibration we used Bruker’s protein calibration stan-
dard T (measurements before 2011), or the Escherichia coli DSM 3871 reference
strain. For calibration with E. coli the doubly charged 50S ribosomal protein L29
(RL29; m/z 3637.8; [M+2H]*"), RL36 (m/z 4365.3, [M+H]"), RS22 (m/z 5096.8,
[M+H]"), RL34 (m/z 5381.4, [M+H]"), RL33meth (m/z 6255.6, [M+H]"), RL32
(m/z 6316.2, [M+H]"), RL30 (m/z 6411.6, M+H]"), RL35 (m/z 7158.8, [M+H]"),
RL29 (m/z 7274.5, [M+H]"), RL31 (m/z 7872.1, [M+H]"), RS21 (m/z 8369.8,
[M+H]"), DNA-binding protein HU-beta (m/z 9226.6, [M+H]"), and RS20 (m/z
9536.3, [M+H]") were used as external calibrants enabling a mass accuracy of ap-
proximately 300 ppm. For each MALDI-TOF mass spectrum at least 600 individual
laser shots were co-added in order to achieve a high spectral signal-to-noise ratio
(SNR).

Data Analysis

Microbial MALDI-TOF mass spectra are complex signals which can carry an enor-
mous amount of information. Mass spectra of microorganisms may contain several
dozens of mass peaks; a comprehensive analysis involves several distinct analysis
steps: spectral preprocessing and peak detection followed by the classification/iden-
tification analysis procedure in the strict sense.

Preprocessing The main goals of spectral preprocessing can be summarized as fol-
lows: (1) improvement of the robustness and accuracy of subsequent classification
analysis, (2) improved interpretability, (3) detection and removal of outliers and
trends, and (4) reduction of the dimensionality of subsequent data-mining tasks.
This step often involves the removal of irrelevant and/or redundant information by
feature selection (Lasch 2012).

Within the context of subspecies identification, we found that a specifically de-
signed preprocessing workflow with routine tests for spectral quality, smoothing,
baseline correction, and intensity normalization are key to all subsequent analysis
steps.

The quality of microbial mass spectra was assessed visually immediately after
data acquisition with regard to the following criteria: first and foremost, the SNR and
the presence of a sufficient number of mass peaks were evaluated. Further quality
criteria were a flat spectral baseline and the absence of interfering, or confounding,
mass peaks from plasticizers and other synthetic polymer additives. Outliers, that
is, spectra failing to meet one or more of the quality requirements were not accepted
for subsequent analyses. The remaining spectra were de-noised in the following by
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applying a Savitzky—Golay smoothing filter with 17-25 smoothing points (Savitzky
and Golay 1964). The next preprocessing step, baseline correction, is aimed at flat-
tening the spectral baseline. Most baseline correction procedures have in common
that an estimate of a background is subtracted from the unprocessed spectrum lead-
ing to a better interpretable signal (Shin et al. 2010; Williams et al. 2005; Lasch and
Naumann 2011). Normalization as the final step of spectral preprocessing enables
comparison of MS intensity values, which is considered essential for producing
so-called pseudo-gel views (see below). When analyzing microbial MALDI-TOF
mass spectra we found vector normalization (also called 2-norm) particularly well
suited. The result of vector normalization is a spectrum in which the sum of the
squared intensities over all m/z values is a constant.

Peak Detection Peak detection can be regarded as an integral part of the spectral
preprocessing pipeline. Any peak detection procedure is a specific form of feature
selection, during which mass spectra are reduced to peak tables. In this way a sig-
nificant data reduction, by a factor of 100 or even more, is achieved, which con-
siderably facilitates further analysis of the microbial mass spectra. The scientific
literature contains a number of references to studies in which peak detection meth-
ods are suggested (Yang et al. 2009; Yu et al. 2006; Kempka et al. 2004; Renard
et al. 2008). However, due to practical aspects, such as the availability of software
implementations, these rather complex peak detection algorithms are utilized only
rarely. In most of the studies dealing with microbial identification, peak detection is
carried out using standard procedures implemented in commercial software prod-
ucts (e.g., Flex Analysis from Bruker Daltonics). In general we found that peak
detection methods such as centroid, snap, or sum (MALDI BioTyper 3.0 User Man-
ual 2012) usually performed reasonably well.

In addition to commercial software products we also took advantage of custom
designed software (MicrobeMS; Lasch 2015) for the evaluation of our microbial
mass spectra. MicrobeMS is Matlab-based and involves a specifically optimized
peak detection routine. One of the key features of peak detection in MicrobeMS is
a sigmoid intensity threshold function which was introduced to model the m/z de-
pendence of the analytical sensitivity of MALDI-TOF MS. This threshold function
defines intensity thresholds at each m/z value. In the MicrobeMS implementation,
an intensity threshold at low m/z values is larger than at high m/z values. Another
feature of the MicrobeMS peak detection routine allows to precisely define the
number of resulting peaks per spectrum. This particular feature makes peak detec-
tion partially independent from the SNR which turned out to be extremely useful for
subsequent classification analysis.

Data Visualization When dealing with large spectral databases which may some-
time comprise hundreds of individual mass spectra, data inspection and data assess-
ment cannot be done anymore by manual screening of all individual mass spectra.
In such instances simulated pseudo-gel views are useful means for visual analyses.
Pseudo-gel views allow comparing multiple groups of spectra and are obtained
from preprocessed mass spectra by converting spectral intensities into color or gray
scales. In a gel view representation color or gray intensities are plotted as a function
of the m/z values and the spectra index.
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Identification of Taxon-Specific Biomarkers Experiences from our work and those
of others strongly suggest that efficient strategies for identification of taxon-spe-
cific biomarkers should ideally involve measurements of a representative num-
ber of strains per taxonomic unit (Lasch and Naumann 2011). This is particularly
important for accurate identification at and below the species level. To differentiate
microorganisms below the species level, MALDI-TOF MS characterization should
be ideally carried out by repetitive measurements from an adequate number of inde-
pendent microbial cultures per strain. Therefore, the current experimental workflow
at the Robert Koch-Institute (RKI) encompasses measurements of four technical
replicate spectra per each individual culture, that is, per biological replicate. Since
we normally generate three independent cultures per strain subsequent statistical
analyses can be carried out on the basis of at least 12 spectra per strain. In this way
it is assured that the mass spectral database contains sufficient information with
respect to repeatability and reproducibility. The expanded number of spectra serves
as an improved basis for systematic statistical analyses to identify taxon-specific
microbial biomarkers.

Systematic searches for taxon-specific biomarkers involved a series of indepen-
dent (unpaired) #-tests. In these #-test series, null hypotheses HO are verified which
assume that the means of two normally distributed populations are equal. For test-
ing these hypotheses we usually subdivided a given microbial database into two dis-
tinct categories, for example into “strain A” and “strain B.”. Then, the discrimina-
tive power of each spectral feature is assessed by an independent (unpaired) z-test.
In this way, the number of t-tests to be performed equals the number of features in
the data set after preprocessing and peak detection. Each #-test provided a p value
which can be considered a statistical measure of the distinctness of the features
found in categories A and B at the given m/z values. A p value of one confirms the
null hypothesis (equal class means) while small p values cast doubt on the HO hy-
pothesis. The p values can be plotted in an inverted logarithmic scale as a function
of the m/z values. These plots are easy to interpret: the higher the —log(p) value, the
higher the discriminative potential of the spectral feature under investigation (Lasch
and Naumann 2011). In the original scientific publications and within the context of
the present mini-review, p value plots were extensively used to statistically assess
the discriminative potential of mass spectral biomarker candidates.

Classification Analysis Identification and differentiation of microbial strains, spe-
cies, and genera is commonly performed by pattern matching (Sauer and Kliem
2010). In MS-based microbial identification, pattern matching usually involves
application of tailored methods that compare peak tables extracted from experimen-
tal mass spectra with reference peak tables of a commercial or dedicated database.
A reference peak list, also called main spectral projection (MSP, BioTyper Bruker
Daltonics), or SuperSpectrum™ (VITEK-MS, bioMérieux), is obtained from a rep-
resentative number of spectra per taxonomic unit and contains not only intensity
values and the m/z positions of relevant signals, but also the relative frequency of
these mass peaks. As it is beyond the scope of this mini-review to cover all aspects
of peak-matching algorithms implemented in the commercial software products we
refer the readers to the respective software manuals (MALDI BioTyper 3.0 User
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Manual 2012; VITEK® MS User Manual 2011). In the context of the present mini-
review, we wish to focus, however, on the description of multilayer perceptron arti-
ficial neural networks (MLP-ANN). These types of networks are powerful tools to
solve complex classification problems when “strong,” that is, highly sensitive/spe-
cific biomarkers are absent and were found particularly useful for rapid, efficient,
and reliable MS-based differentiation, identification, and classification of microor-
ganisms (Lasch et al. 2009; 2010).

MLP-ANNSs have been known since a long time as computational models to
model complex relationships between inputs and outputs and to find patterns
(Marques de Sa 2001). The MLP class of neural networks requires a set of training
samples which are ideally representative for the given categories. To avoid overfit-
ting and for assessing the robustness of ANN class assignment, the ANN analysis
workflow includes procedures of training, internal validation, and (external) testing.
Training and internal validation requires sets of spectra for which the class mem-
bership is known. During network training, the model performance is determined
on the basis of errors between the obtained outputs and desired target values of
both the training and the internal validation data sets. At the training stage ANN
performance can be optimized by modifying the way of preprocessing, adding or
eliminating spectral features, or changing the network’s architecture. When training
is completed the performance of the ANN classifier can be tested using an external
validation data subset.

One of the constraints which limited broad application of neural networks in
microbial MALDI-TOF MS is the usually large number of categories, that is, of
taxonomic units (species, strains) to be identified. Furthermore, as training and vali-
dation of ANNSs necessitates relatively large sample numbers, ANN model develop-
ment for clinical microbiology often demands a lengthy and tedious training pro-
cess. A popular approach to reduce time and efforts when designing neural network
models for multiclass classification problems is the use of modular (hierarchical)
ANN classification schemes (Auda and Kamel 1998; Udelhoven et al. 2000). Ap-
plication of modular ANN classifiers involves compilation and linkage of small and
flexible network modules specifically designed for specialized classification tasks.
These individual ANNs can be trained and validated independently. The hierarchy
of classifiers can be changed to perform additional or to adapt existing classification
tasks. The primary advantage of modular ANN models lies in the fact that indi-
vidual ANNs can be specifically optimized to accurately identify members of only
a few—sometimes only two—classes (Udelhoven et al. 2000).

Staphylococcus Aureus

Population Structure and Typing of S. aureus (Clonal
Complexes)

Staphylococcus aureus is a common colonizer of the interior nares of humans and
animals and thus primarily a commensal bacterium. Due to their wide range of
putative virulence factors, isolates of S. aureus can, under certain preconditions,
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cause a variety of infections, from mild skin and soft tissue infections to severe and
life-threatening invasive infections. A number of clinical progressions are directly
linked to the expression of certain factors and/or toxins during different phases of
an infection. The diagnostic recognition of these factors is an important measure in
proposing infection progression and evaluating treatment options. Classically, these
factors are assessed in specialized diagnostic laboratories by polymerase chain re-
action (PCR) from microbial DNA or by specific enzyme-linked immunosorbent
assay (ELISA)-based tests (for toxic shock syndrome toxin TSST, exfoliative toxins
EntA/B, etc.). It is known that a number of these factors are accumulated in certain
clonal lineages of S. aureus allowing a postulation of a distinct strain type from
specific virulence gene patterns and vice versa (Robert et al. 2011).

Isolates of S. aureus have gained major medical importance as multidrug-/meth-
icillin-resistant variants called MRSA. Methicillin-resistant Staphylococcus aureus
(MRSA) derive from susceptible progenitors by acquisition of a mobile resistance
gene cassette called SCCmec harboring a mecA gene complex (Hiramatsu et al.
2013). The mecA gene encodes an alternative penicillin-binding protein PBP2A
which, when expressed, confers resistance to all beta-lactam antibiotics (except
the new group V cephalosporins, ceftaroline and ceftobiprole (File et al. 2012)).
Molecular typing methods such as multilocus sequence typing (MLST) and subse-
quent bioinformatics data analysis with software programs such as eBURST allow
differentiation of MRSA/S. aureus isolates into clonal complexes (CC; Harmsen
et al. 2003; Strommenger et al. 2008). Such analyses revealed that the population
structure of MRSA is dominated by a small number of successful MRSA clones/CC
which were identified all over the world (CC/ST22, CC/ST239, CC/ST8) (Grund-
mann et al. 2010). Molecular typing of MRSA/S. aureus by variability of a DNA
sequence motif in a protein A gene sequence (spa) has turned into a frontline tool
for typing and has substituted previously prominent techniques such as macror-
estriction analysis in pulsed-field gel electrophoresis (PFGE) (Strommenger et al.
2008). The repeat region of the spa gene used for typing varies in the composition
and the number of repeats. An assessment of these differences is used by a typing
software called StaphType (Ridom, Miinster, Germany) introducing a common no-
menclature and allowing to deduce strain relatedness by a comparison of the DNA
sequence and the repeat numbers (BURP—based on repeat pattern; Mellmann et al.
2007). Results of spa typing and MLST were mainly congruent allowing to deduce
the MLST type or at least the CC from the corresponding spa type (Strommenger
et al. 2008; Harmsen et al. 2003).

Over the past years MALDI-TOF MS has largely changed the process and work-
flow of bacterial diagnostics. This has raised the question to what extent the quality
of routinely determined MALDI-TOF MS spectra allows a differentiation below the
S. aureus species level and extraction of additional clinically relevant information
on pathogenicity and resistance. To determine the species and assess the previously
mentioned markers for pathogenicity, antibiotic resistance, and/or clonal related-
ness by a single common approach such as MALDI-TOF MS, seemed a reasonable
goal attainable by this technique.
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MS Biomarkers for Strain or CC Allocation of S. aureus/MRSA

It is beyond doubt that isolates of the species S. aureus could be identified and dif-
ferentiated from other, coagulase-negative staphylococci on the basis of their MAL-
DI-TOF MS patterns (Moon et al. 2013; Schulthess et al. 2013) (cf. also Fig. 8.1). A
few publications and presentations at conferences postulated to differentiate MRSA
or S. aureus below the species level into clonal types and complexes (types and CC
mainly based on MLST or spa) (Josten et al. 2013; Wolters et al. 2011). S. aureus
isolates from different types or groups could be differentiated by single discriminat-
ing peaks (i.e., putative biomarkers), or by analyzing/comparing complete MALDI-
TOF MS spectra.

In a previous study, our group investigated 59 diverse S. aureus strains, mainly
MRSA, representing all major European hospital-associated strain types (clonal
complexes: CC5, CC8, CC22, CC30, CC45, and CC398; Lasch et al. 2014). Sample
preparation was carried out by the TFA sample preparation/inactivation protocol
(Lasch et al. 2008). MALDI-TOF MS spectra were acquired from three indepen-
dent replicates. MS data evaluation included manual peak inspection as well as
unsupervised hierarchical cluster analysis (UHCA) and supervised ANN analysis
(see Table 8.1 for the results of ANN classification). Furthermore, using statistical
methods for MS biomarker identification we confirmed a number of m/z peaks de-
scribed in previous publications but failed to identify biomarkers allowing a 100 %
reliable differentiation of distinct lineages, CC, or spa types (Lasch et al. 2014). In
one of the previous studies, Josten and coworkers described specifically identifying
mass signals in spectra of distinct clonal lineages of S. aureus (Josten et al. 2013).
Experimental data were convincing since the authors performed additional experi-
ments to confirm the validity of the biomarkers such as by (1) analyzing mutants
lacking the corresponding markers, (2) expression of antisense RNA that resulted
in a knockdown of the gene of interest, and (3) tandem MALDI-TOF/TOF MS
analyses. The sensitivity and specificity of the biomarkers proposed by Josten et al.
was tested for certain clonal lineages of S. aureus on our strain collection (Lasch
et al. 2014). It turned out that none of the suggested biomarkers allowed a 100 %
accurate identification/discrimination of distinct clonal groups—a fact which was
already admitted for most of the biomarkers by Josten et al. (2013). However, a
few marker peaks revealed a comparably good sensitivity and/or specificity; for
instance, the protein SA2420.1 at m/z 3891 turned out to be adequately sensitive
and specific for clonal complex CC5 isolates under the conditions and the strain
collections tested (see Fig. 8.2). Also for CCS isolates, we reached an acceptable
level of discrimination by the neural network approach (cf. Table 8.1 and Lasch
et al. 2014). Boggs and coworkers also investigated CC8 isolates and postulated
to identify isolates of the community-acquired (CA)-MRSA “USA300” subclone
by a genetic algorithm model that was based on peak intensity values using the
ClinProTools software provided by Bruker Daltonik (Bremen/Germany) (Boggs
et al. 2012). USA300 is a prominent CA-MRSA clone appearing in the USA, Asia,
and Europe which is—according to recent studies—the most prevalent ambulatory-
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Fig. 8.1 a MALDI-TOF mass spectra of S. aureus 08-02874 (CC45, t004, hospital-acquired
MRSA) and b the strain S. epidermidis DSM 1798 in the mass range of m/z 2000—12,000. Repro-
duced from Lasch et al. (2014) with permission

acquired pathogen in invasive skin and soft tissue infection in certain regions in the
USA (Blanco et al. 2011; O’Hara et al. 2012; Nimmo 2012). USA300 contains, in
addition to its methicillin resistance, some virulence properties, such as the ability
to produce a Panton-Valentine Leukocidin (PVL) and enhanced levels of phenol-
soluble modulins (PSM). This and the so-called arginine catabolic mobile element
(ACME) which is involved in detoxifying harmful host-derived polyamines have
considerably increased the CA-MRSA’s pathogenicity and the strength of corre-

Table 8.1 Typing of S. aureus using MALDI-TOF mass spectra and a hierarchical artificial neural
network (ANN): overview of the ANN classification results of the external test data set with spec-
tra from S. aureus. The MALDI-TOF-MS-based classification was established by teaching a hier-
archical ANN model with mass spectra of S. aureus from six clonal complexes. With the exception
of CCS8, the data indicated no reliable differentiation between spectra from the individual clonal
complexes of S. aureus. Reproduced from Lasch et al. (2014) with permission

Clonal complex | Number of | Number of cor- | Number of wrongly | True positive rate
spectra rectly classified | or not classified (%)
spectra spectra
CC5 20 16 4 80
CC8 22 20 2 91
CC22 14 6 8 43
CC30 9 7 2 78
CC45 10 4 6 40
CC398 13 9 4 69
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Fig. 8.2 Pseudo-gel view produced from mass spectra of 59 S. aureus, mainly MRSA (lines
1-116) and of S. epidermidis (lines 117—123) in the mass range of m/z 2000—12,000. Non-copy
isolates from different clonal complexes CC22, CC30, CC398, CC45, CC5, and CC8 were
included. MLST types were inferred from spa types; t0332, t019, and t021 depict corresponding
spa types (see Lasch et al. 2014 for details). Reproduced from Lasch et al. (2014) with permission

sponding infections in otherwise immunocompetent patients (Otto 2013). Boggs
and coworkers suggested in their article three mass peaks (m/z 5932, 6423, 6592)
to be lineage-specific for USA300 and classified 197 of 224 tested S. aureus strains
correctly (USA300 vs. non-USA300). Specificity was 89 %, and sensitivity was
87%. However, the diversity of the non-USA300 group was not described in de-
tails; isolates were mainly typed by PFGE and grouped accordingly. Nevertheless,
the m/z peak at 6592 was especially linked to our CC8 isolates and mainly absent in
non-CC8 isolates (Lasch et al. 2014) (see also Fig. 8.2). Our own strain collection
contained only a few CC8 strains and even less USA300 isolates to confirm or dis-
prove this suggested lineage-specific peak also for the European USA300 variants.

MS Biomarkers for Predicting Virulence Genes and Methicillin
Resistance of S. aureus/MRSA

Several studies hypothesized the prediction of distinct virulence markers from
MALDI-TOF MS spectra such as TSST or PVL (Gagnaire et al. 2012; Bittar et al.
2009). Later studies challenged earlier attempts which aimed at identifying bio-
marker peaks for these distinct toxins and virulence markers. The suggested marker
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Fig. 8.3 a Pseudo-gel view produced from spectra of the RKI’s S. aureus strain collection with
108 spectra of MRSA (lines 1-108) and 18 spectra of MSSA isolates (lines 109-126). b Detail
of panel (a) in the m/z region 3700-3920 at an increased contrast. ¢ Respective detail of (a) in
the m/z region between 5600 and 5800. Low-intensity peaks at m/z 3784 and 5700 do not allow
discrimination between MRSA and MSSA strains (see arrows in panels (b) and (c), see also text
and Wang et al. (2013))

peaks for instance for TSST and PVL were not exclusively prevalent in all positive
strains (tested by PCR and/or by specific antibodies) and absent in negative ones
when tested on a larger, more comprehensive strain collection (Josten et al. 2013;
Szabados et al. 2011; Dauwalder et al. 2010).

Data and studies describing the capability of MALDI-TOF MS to predict methi-
cillin resistance in S. aureus are contradictory. A few publications postulated dis-
criminating MRSA from MSSA isolates on the basis of supposed mecA/PBP2a
peaks in MALDI-TOF MS spectra (Du et al. 2002; Wang et al. 2013). In our pre-
vious study, we also examined the question of whether methicillin resistance is
associated with specific marker peaks absent in spectra of methicillin-susceptible
strains (Lasch et al. 2014). We could not identify differences between our MRSA
(n=55) and MSSA strains (n=6, low p values of the ¢-tests which did not support
groupings, data not shown) and could not confirm marker peaks at m/z 3784 and
5700 postulated by other authors to be specific for MRSA (Wang et al. 2013)(see
also Fig. 8.3). A recent analysis of an isogenic strain pair differing only in mecA
but showing identical MALDI-TOF MS spectra also disproved the hypothesis that
methicillin resistance in MRSA is identifiable by MALDI-TOF MS (Szabados et al.
2012). In recognizing these difficulties MALDI-TOF MS experts have already
started using alternative approaches in measuring antibiotic resistance, for instance,
using stable isotopes (Jung et al. 2014; Kostrzewa et al. 2013).

In general, size and composition of many strain collections varied widely in the
studies investigating performance of MALDI-TOF MS for typing and strain char-
acterization. In some of these studies, alternative or standard typing methods were
lacking making it impossible to compare groups determined by MALDI-TOF MS
spectra with groups based on MLST, spa, or PFGE typing. Despite major efforts
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in standardizing cultivation, sample preparation, and analyses, the results of all the
studies available so far suggest that sufficiently sensitive and specific biomarkers
for S. aureus, clonal lineages, or types are an exception rather than a rule; however,
in the case of potentially recent clonal types such as CC8/”USA300” an acceptable
level of typing/discriminatory quality might be achievable.

Enterococcus faecium

Population Structure and Typing of E. faecium

Of the two medically important enterococcal species only E. faecium has shown a
tendency toward increasing multidrug and vancomycin resistance. This and a grow-
ing number of infections with resistant strains of E. faecium have led to increased
efforts to improve the diagnostics of E. faecium. The increasing number of infec-
tions with vancomycin-resistant E. faecium strains (VREfm) is primarily related to
hospital-associated strains of E. faecium (Lester et al. 2008; Top et al. 2008; de Regt
et al. 2012; Weisser et al. 2012): such strains are more often multiresistant and ex-
hibit an enhanced spreading potential within the nosocomial setting (van Schaik and
Willems 2010; Willems and van Schaik 2009; Willems et al. 2012). Ampicillin and
high-level ciprofloxacin resistance are phenotypic markers for these hospital strain
types (Galloway-Pena et al. 2009; Leavis et al. 2006; Lester et al. 2008; Werner
et al. 2010; Zhang et al. 2012). In addition, hospital strains differ from colonizing
variants by a specific core genome as assessed by MLST, previously designated as
“clonal complex CC17,” and an additional accessory genome of several 100 kb in-
cluding a pathogenicity island, other genomic islands, prophages, and several plas-
mids encoding virulence genes, metabolic properties, and resistance determinants
(de Been et al. 2013; Zhang et al. 2013; van Schaik and Willems 2010; van Schaik
etal. 2010; Werner et al. 2011; Laverde Gomez et al. 2011; Freitas et al. 2010; Le-
breton et al. 2013; Gilmore et al. 2013; Heikens et al. 2008). This is in contrast to
E. faecalis where a differentiation between colonizing and hospital strain variants
is much less determined by differences in the genome content (Kuch et al. 2012;
Tedim et al. 2014; Ruiz-Garbajosa et al. 2006; Zischka et al. 2015; Mikalsen et al.
2015). One of the working hypotheses suggests that the mentioned genomic dif-
ferences between commensal and hospital-associated E. faecium strains result in
specific protein peak patterns, for instance, derived from expressed genes linked to
the accessory genome in hospital-associated variants (or by differences in the core
genome). To test this hypothesis, we investigated in a previous study (Lasch et al.
2014) a diversity of well-characterized E. faecium strains from different animal
species, food products, and human sources. Our aim was to investigate the potential
of MALDI-TOF MS for differentiating hospital-associated (previously designated
“CC17”) and commensal (“non-CC17”) strains of E. faecium.



8 Discriminatory Power of MALDI-TOF Mass Spectrometry ... 217

MS Biomarkers for Strain or CC Allocation of E. faecium and
Prediction of Vancomycin Resistance

In our previous study, we analyzed 112 well-characterized E. faecium isolates in-
cluding vanA- and vanB-type VREfm. The analysis of MALDI-TOF MS spectra
of all 112 isolates involved examinations of pseudo-gel views. The pseudo-gel
view of Fig. 8.4 displayed the mass spectra from enterococci in the mass range of
m/z 4000-9500 from commensal (“non-CC17”) and hospital strains of E. faecium
(“CC17”). It demonstrated consistent and reproducible peak patterns for all isolates
of E. faecium, but noticeable and evident differences between the two major groups
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Fig. 8.4 a Gel view representation obtained from mass spectra of E. faecium (lines 1-266) and
from spectra of E. casseliflavus (lines 267-269), E. durans (270-275), E. faecalis (276-302 and
318-322), E. gallinarum (303-305), and E. hirae (306-317). Spectral intensities from prepro-
cessed MALDI-TOF mass spectra were gray scaled and plotted against the m/z values. b Peak
frequency chart derived on the basis of peak tables with 15 peaks per spectrum obtained from
266 spectra of E. faecium isolates. The peak frequency curve was calculated by plotting n+/n as a
function of the mass/charge ratio m/z. The variable n+denotes the number of spectra for which a
peak was found at the respective m/z position. The symbol » indicates the total number of spectra
(n=266). Red arrows denote selected biomarker peaks identified for commensal (“non-CC17”)
and hospital-associated (“CC17”) strains of E. faecium (see, Lasch et al. 2014, for further details).
Reproduced from Lasch et al. (2014) with permissions
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Fig. 8.5 Identification of the most discriminative mass spectral features between commensal

“non-CC17”) and hospital-associated (“CC17”) strains of E. faecium. For this purpose, univariate
t-tests were carried out on the basis of altogether 266 mass spectra from which peak tables with 50
entries per mass spectrum were extracted. Independent #-tests were systematically carried out for
each m/z region (width of 700 ppm). The p values of the #-tests were plotted against the centers of
the m/z regions. Small p values cast doubt on the null-hypothesis of equal class means. Note the
inverse logarithmic scaling. Reproduced from Lasch et al. (2014), with permission

of commensal and hospital strains were not found. The relative frequency of the
m/z peaks in spectra of E. faecium is shown in Fig. 8.4b. This chart was derived
from peak tables of E. faecium spectra which each contained the 15 most intense
peaks of a given spectrum. Among these peaks, the following most prevalent peaks
were identified at m/z 4428 (100% frequency), 7289 (97 %), 5354 (97 %), 3645
(95%), and 6512 (91%) (cf. Fig. 8.4b). Systematic statistical investigations for
biomarkers with a discriminating potential between hospital-associated (“CC17”)
and commensal (“non-CC17”) strains of E. faecium were carried out by a series of
independent t-tests. These tests were carried out based on peak tables containing 50
peaks per spectrum (Lasch et al. 2014). The m/z dependence of the p values of the
t-tests revealed putative biomarkers at m/z 7690, 2868, 8983, 3885, and 4493 (sce
Fig. 8.5). All these peaks have in common (1) a relatively low intensity (cf. Fig. 8.4,
red arrows) and (2) an only limited discriminative potential as indicated by the low
—log(p) values (Lasch et al. 2014).

Unsupervised hierarchical cluster analysis (UHCA) was carried out using all
spectra of E. faecium and two additional spectra of preparations from E. casseli-
flavus and E. faecalis. Cluster analysis demonstrated notable differences between
mass spectra of E. faecium and the other enterococcal species and, in addition to
that, the presence of three clusters formed by spectra of E. faecium (Lasch et al.
2014). Among them, two large clusters were found dominated either by spectra
from commensal “non-CC17,” or by hospital-associated ”CC17” strains, respec-
tively. These results documented that identification of hospital-associated E. faeci-
um by MALDI-TOF MS could, in principle, be achieved, but cluster differentiation
required rigorous standardization and reached only a limited specificity. Further-
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more, the data suggested that further sub-differentiation, such as into various MLST
types or CC, is not feasible.

In two recent articles, authors aimed at discriminating between vancomycin-sus-
ceptible and vancomycin-resistant strains of £. faecium (VSEfm vs. VREfm) using
MALDI-TOF MS spectral analyses and thus postulated to discriminate within the
group of hospital-associated strains of E. faecium (Griffin et al. 2012; Nakano et al.
2014). Griffin and coworkers described MALDI-TOF MS as a suitable method for
outbreak analysis of VRE isolates and for differentiating between vanA and vanB
genotypes (Griffin et al. 2012). Comparisons between spectra of vanAd-positive and
vanB-positive isolates revealed a discriminating biomarker peak at m/z 5095 which
was found in the examined vanB-positive, but not in vanB-negative strains. Another
peak at m/z 6603 was claimed to be sensitive and specific for vanB-isolates of
VRE and was thus suggested for discrimination from vanA4-positive VREfm (Grif-
fin et al. 2012). It must be noted, however, that MALDI-TOF MS cluster forma-
tion and differentiation was not compared to classical typing results from MLST
or multiple-locus variable number tandem repeat analysis (MLVA). Furthermore,
typing by PFGE was only performed for some of the isolates (but not shown). In
the second study Nakano et al. investigated vanA-positive E. faecium and VSEfm
strains from routine surveillance by MALDI-TOF MS and used three ClinProTools
models for differentiation between the corresponding spectra yielding >90% of
“recognition capability” (= sensitivity) and “cross-validation” (= specificity) (Na-
kano et al. 2014). The putative marker peaks described by Nakano et al. (m/z 3184,
5702, 7415, 7445, 12,662) were also different from Griffin et al.

In our recent study, we were unable to confirm the postulated genotype specific-
ity of the peaks at m/z 5095 and m/z 6603: mass spectra available to our groups did
not reveal evidences for the specificity of these biomarkers (see Fig. 8.6). While it
seems that the peak at m/z 6603 is more frequently present in vanB-positive iso-
lates, we have observed a large number of strains from VSEfm and vanA-positive
strains which also exhibit this particular signal (see Fig. 8.6). Furthermore, the sig-
nal at m/z 5095 was found in only two out of 65 isolates: strain VREfm UW 1983
(vanA+) and VREfm UW 5662 (vanB+, see Fig. 8.6). We interpret the discrepan-
cies between our experimental observations and published data as a result of a very
different strain collection. Obviously, a broad and comprehensive strain collection
in terms of human and animal sources, different geographical origin, etc., plays a
decisive role (Lasch et al. 2014).

We also systematically compared MALDI-TOF mass spectra of two pairs of
isogenic E. faecium strains which had received conjugative vanA plasmids (Wer-
ner et al. 2011) or conjugative vanB transposons. For pair 1 the recipient strain
and all transconjugants (n=9) showed highly monomorphic MALDI patterns with
slight but strain-specific differences independent from vanAd or vanB gene acquisi-
tion (data not shown). These and similar findings for pair 2 further support our
suggestion that vanA- and/or vanB-type resistance is not predictable from MALDI-
TOF MS spectra. We postulate that differences identified within the corresponding
spectra of VSEfm and VREfm strains described in previous studies were due to the
observation of covariates in the strain selections examined, that is, strain-specific
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Fig. 8.6 Pseudo-gel view produced from 195 mass spectra of E. faecium, among them are 29
strains of VSEfm (lines 1-87) and 36 strains of VREfm (lines 88—195). Among the VREfm strains
30 were of the vanA4 (lines 88—177) and 6 of the vanB type (lines 178—195). The figure demon-
strates the absence of vanA and vanB marker peaks postulated by Griffin et al. (2012) in the mass
spectra of the RKI strain collection. Arrows at m/z 5095 and 6603 denote the position of the pro-
posed marker peaks

marker peaks of the different VSEfm and VREfm strains which are independent
of the van genotype. In addition, we would like to stress two more facts. Marker
proteins encoded by the corresponding resistance genotypes would in general be
too large to be directly detected by MALDI-TOF MS in the given m/z window.
For example, the molecular mass of the VanA ligase protein is 40 kDa, whereas a
typical microbial MALDI-TOF spectrum is recorded in the mass range between
m/z 2000 and 20,000. Other proteins are membrane bound and are thus often hard
to ionize (e.g., the VanS sensor protein). Furthermore, the resistance genotype is
generally inducible by vancomycin exposure; otherwise, the resistance phenotype
is expressed at a very basic level. To our knowledge, such inducing growth condi-
tions were not considered in the studies carried out so far. It is conceivable that this
mechanism allows differentiation between sensitive and resistant strains of certain
microbial species.

In summary, we must conclude that the expectation to measure differences en-
coded by the core and accessory genome of commensal vs. hospital isolates of E.
Jfaecium by MALDI-TOF MS analyses using standard diagnostic protocols for sam-
ple preparation is not generally achievable. Recent experimental data suggest that
individual strains of E. faecium might produce specific and stable MALDI-TOF
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MS peak patterns which could, in principle, be used for strain typing. However, we
have shown that the majority of E. faecium strains showed highly similar patterns
indistinguishable by the standard MALDI-TOF MS spectral analysis pipeline for
diagnostic purposes. According to our own experiences and the experimental data
shown, vancomycin resistance prediction does not seem possible using the standard
methodology of MALDI-TOF MS.

Differentiation of Bacillus anthracis, Bacillus cereus sensu
stricto and Bacillus thuringiensis

The so-called B. cereus group occupies an important place within the genus Bacil-
lus. Apart from B. cereus, after which this group has been named, the B. cereus
group comprises five additional species: B. anthracis, B. thuringiensis, B. mycoides,
B. pseudomycoides, and B. weihenstephanensis (Vilas-Boas et al. 2007). While B.
cereus sensu stricto (s.s.) is ubiquitous in nature and clinically relevant because of
its association with food poisoning (Rasko et al. 2005; Granum and Lund 1997), B.
thuringiensis is known as a producer of a parasporal toxin which is effective against
a variety of insect larvae (Vilas-Boas et al. 2007; Schnepf et al. 1998; Hill et al.
2004). The monophyletic B. anthracis is the causative agent of anthrax, which can
be lethal to humans and animals. B. anthracis is considered a potential biological
weapon; in 2001 letters containing anthrax spores were mailed to US senators and
news media offices causing illness in 22 persons and leading to 5 casualties (Bartlett
et al. 2002; Kennedy 2001). It has been postulated that phenotype and pathogenic-
ity factors of the latter three species are often plasmid encoded. For example, fully
virulent B. anthracis strains harbor two plasmids, pXO1 and pXO2, which encode
the toxin plasmid, pXO1 (Okinaka et al. 1999), and the capsule plasmid, pXO2
(Makino et al. 1989).

Several studies have suggested that B. cereus in the strict sense, Bacillus cereus
s.s., B. anthracis, and B. thuringiensis represent one single species, designated B.
cereus s.1. (Helgason et al. 2000; Bavykin et al. 2004; Daffonchio et al. 2000). Other
authors do not support this opinion as they obtained sufficient genetic discrimina-
tion between these three classical species (Radnedge et al. 2003; Chang et al. 2003;
Kolsto et al. 2009). There is still some controversy among microbiologists regard-
ing this taxonomic question. Conclusive clarification is additionally complicated
by the recent detection of mosaic strains. For example, Leendertz and coworkers
described Bacillus isolates from a new west and central African habitat which were
responsible for the death of wild great apes in Cote d’Ivoire and Cameroon (Leen-
dertz et al. 2006; Leendertz et al. 2004). These strains share some genetic properties
of B. cereus s.s. and B. anthracis (Klee et al. 2006; Leendertz et al. 2006) and have
recently been designated as B. cereus biovar anthracis (Klee et al. 2010).

The differentiation and identification of Bacillus species by MALDI-TOF MS
has been the subject of many studies, and there are multiple pieces of evidence
that MALDI-TOF MS can be successfully employed to identify species such as B.
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anthracis (Callahan et al. 2008; Castanha et al. 2006, 2007; Elhanany et al. 2001;
Hathout et al. 1999, 2003; Ryzhov et al. 2000; Lasch et al. 2009), B. subtilis, or B.
licheniformis (Fernandez-No et al. 2013). For example, Ryzhov et al. (2000) and
Demirev et al. (2001) could identify members of the small, acid-soluble protein
(SASP) family as mass spectral biomarker candidates which were later found sensi-
tive and specific for Bacillus species such as B. anthracis (B-SASP @ m/z 6679)
or B. subtilis (y-SASP @ m/z 9137.5). SASPs are known as proteins present in
endospores of various Bacillus species in very high concentrations, up to 20% of
the total spore core protein content (Moeller et al. 2009). During the germination
of spores SASPs serve as amino acid resources (Setlow 1988); furthermore, SASPs
have been shown to confer resistance to UV radiation, heat, peroxides, and other
harsh treatments (Moeller et al. 2009; Setlow 1988).

Today, MS-based identification works sufficiently well for most of the relevant
Bacillus species. For example, the commercial BioTyper database with mass spec-
tral data of clinically important microbial strains (Maier et al. 2006) (Bruker Dal-
tonics) currently comprises entries from a total of 106 different species from the ge-
nus Bacillus (BioTyper database version v4.0.0.1; 4613-5627). We generally found
that this high degree of coverage allows successful differentiation and identification
of the majority of the known Bacillus species; however, sub-differentiation of B. ce-
reus s.l. into the classical species of B. anthracis, B. cereus s.s., and B. thuringiensis
still constitutes a significant challenge not only because of the close phylogenetic
relationships but also because of the lack of spectral entries from highly pathogenic
B. anthracis strains in Bruker’s standard BioTyper database.

In a study published in 2009 which involved MALDI-TOF MS on 374 strains
from Bacillus and related genera, including 102 strains of B. anthracis and 121
strains of B. cereus s.s., we were able to identify B. cereus group-specific as well as
B. anthracis-specific biomarker candidates that allowed rapid, sensitive, and reli-
able identification (Lasch et al. 2009). For example, B. cereus group-specific sig-
nals were detected at m/z 5171, 5886, and 7368, whereas mass spectra of B. anthra-
cis exhibited specifically identifying biomarkers at m/z 4606, 5413, and 6679. Even
at the time of publication, it was found, however, that the concept of the existence
of exclusive MS biomarkers for B. anthracis was not tenable: in our publication,
we have pointed out that the statistically most significant marker of B. anthracis,
the B-SASP peak at m/z 6679, was observable also in two strains of B. cereus s.s.
(B. cereus B292 and B248; strain B248 is identical with B. cereus DSM 8438).
Moreover, in further studies we detected even more strains, among them are B.
cereus BW-B and B. cereus biovar anthracis, which also exhibited the postulated
B. anthracis-specific B-SASP signal (see Fig. 8.7). Although it was discovered later
that our findings on strain B. cereus B292 were not reproducible, probably because
of mistaken identity (unpublished data, personal communication with W. Beyer and
M. Dybwad), the presence of a B-SASP-signal at m/z 6679 in spectra of selected
non-B. anthracis strains is backed by observations of other authors (Callahan et al.
2008, 2009; Dybwad et al. 2013; Chenau et al. 2013). For example, Dybwad et al.
observed this signal when studying B. cereus DSM 8438, B. thuringiensis BGSC
4CCl, and B. cereus R3 (Dybwad et al. 2013). As an illustration, Fig. 8.8 shows the
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Fig. 8.7 MALDI-TOF mass spectra of B. cereus biovar anthracis (Klee et al. 2010) isolated from
great apes that died from an anthrax-like disease (upper panel) and of the B. cereus strain BW-B
(lower panel). The preprocessed spectra of both strains exhibit SASP spore marker peaks (SASP:
small acid-soluble proteins) at m/z 6679 (B-SASP), 6835 (a-SASP), and 7082 (a/B-SASP) indi-
cated by red numbers. The B-SASP peak at m/z 6679 has been previously described as a potential
biomarker candidate that is specific for B. anthracis due to the consistent observation of one or
two amino acid substitutions in the B-SASP of B. cereus sensu stricto (s.s.) and B. thuringiensis
(Castanha et al. 2006). The observation of a B-SASP at m/z 6679 in strains of B. cereus s.s. sug-
gests that the specificity of this biomarker for B. anthracis is below 100%. AU arbitrary units, *
SASP peaks from doubly charged species

pseudo-gel view representation of the B. cereus s.1. database currently available to
the authors of this study. The figure clearly demonstrates for most of the spectra the
B. cereus group-specific signals at m/z 5171, 5886, and 7368. Furthermore, SASP
spore marker peaks are discernible at m/z 6679, 6695, and 6711 (B-SASP), m/z
6835 (0-SASP) and at 7082 (a/B-SASP). The gel view illustrates also the presence
of the B. anthracis-specific signal at m/z 6679 in spectra of selected strains of B.
cereus s.s. such as B. cereus DSM 8438 and of B. cereus biovar anthracis (see ar-
rows 1 and 2, respectively).

While SASP signals can be used as sensitive indicators for the presence of spores,
the second important B. anthracis biomarker at m/z 5413 can be detected also when
spores are absent (Lasch et al. 2009), cf. Fig. 8.8. Using nHPLC-MS/MS tech-
niques, the signal at m/z 5413 has been assigned as a putative uncharacterized pro-
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Fig. 8.8 Pseudo-gel view of mass spectra from B. cereus sensu lato (s.l.) in the diagnostically
relevant mass range of m/z 5000-8000. Mass spectra of the three classical species B. anthracis,
B. cereus sensu strict, (s.s.), and B. thuringiensis consistently exhibit marker peaks at m/z 5171,
5886, 6263, 6835, 7082, 7368, and 7782. The peak at m/z 6679 has been suggested as a biomarker
specific for B. anthracis; however, there are a few strains of B. cereus in which the postulated
biomarker was also observed (arrows I and 2, see also the text for details)

tein Q81U79 in the B. anthracis strain Ames Ancestor (cf. UniProtKB/Swiss-Prot
database). Interestingly, a blast search of Q81U79 demonstrated 100% sequence
identity with putatively uncharacterized proteins of at least 85 different strains of B.
anthracis, B. cereus s.s., and B. thuringiensis (unpublished data). Moreover, experi-
mental data acquired in the laboratory of the authors, and those of others, (Lasch
et al. 2015) consistently revealed the presence of this specific biomarker in many
strains of B. cereus s.s. and B. thuringiensis. Thus, experimental evidences as well
as protein sequence data argue against a specific signal for B. anthracis at m/z
5413. On the other hand, as the gel view in Fig. 8.8 clearly suggests about the spe-
cies specificity of this signal, we believe that further investigations are required to
clarify the taxonomic significance of the mass peak at m/z 5413.

In summary, we have demonstrated that differentiation and unequivocal identi-
fication of taxonomically closely related species within B. cereus s.1. by MALDI-
TOF MS constitutes a considerable challenge. Although data from a number of
laboratories have raised reasonable doubts on the validity of originally postulated
mass spectral biomarkers for B. anthracis, it has been demonstrated that advanced
methods of multivariate pattern recognition such as neural network analyses (Lasch
etal. 2009), or decision-tree techniques optimized on the basis of similarity-grouped
reference libraries (Dybwad et al. 2013), represent appropriate data analysis tools
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for reliable identification of B. anthracis. These findings indicate that MALDI-TOF
MS can be used for reliable and statistically accurate (95 %) differentiation of the
monophyletic species of B. anthracis from other members of B. cereus s.l. How-
ever, at this stage, it is not clear whether and how the two other species of B. cereus
s.l., B. cereus s.s., and B. thuringiensis can be differentiated by MALDI-TOF MS.
Our own preliminary investigations carried out on an only limited number of strains
from B. thuringiensis (11 strains) suggested that both species are difficult to dif-
ferentiate. However, further studies on a larger and a more representative strain
collection are required to finally answer this question.

Summary and Outlook

In the context of the present mini-review, we have discussed the challenges and
opportunities associated with the application of MALDI-TOF MS as a routine ap-
plication in clinical/microbiological diagnostics for bacterial strain typing below
the species level. Based on three examples of important bacterial pathogens, S.
aureus, E. faecium, and Bacillus cereus s. 1., we have explored the strengths and
weaknesses of this evolving technique. It was found that the taxonomic resolution
of MALDI-TOF MS is limited which often prevents reliable strain categorization
or strain identification/typing. Only in selected cases we were able to detect mass
spectral biomarkers and fingerprints that allowed for reliable microbial typing and
strain differentiation. It was found that typing below the species level requires rig-
orous standardization, high spectral quality and the application of adequate sample
processing methods, spectra acquisition procedures, and an optimized data analysis
pipeline that includes multivariate fingerprinting approaches. However, these con-
ditions cannot be expected in a routine setting. Therefore, future efforts to increase
the taxonomic resolution should involve the application of alternative MS technolo-
gies, ideally in combination with sample preprocessing methods, such as separation
techniques. It is hoped that this will open new avenues to improve the taxonomic
resolution of MS-based technologies.
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Chapter 9

MALDI-TOF MS as a Novel Tool for
Dereplication and Characterization of
Microbiota in Bacterial Diversity Studies

Freek Spitaels, Anneleen D. Wieme and Peter Vandamme

An Introduction to Dereplication in Bacterial Diversity
Studies

Determining the number and identity of all cultivable species of an ecosystem and,
if possible, distinguishing among different strains of each of these species is a major
challenge in bacterial diversity studies. A main reason for this is that there are no
comprehensive databases that allow rapid, affordable, and accurate species-level
identification of large numbers of isolates, irrespective of their origin. This is even
more true for the recognition of different strains within a species. Publicly available
16S rRNA gene sequence databases cover (virtually) the entire known bacterial
species diversity, but this gene lacks resolution to allow differentiation between
closely related species, let alone strains belonging to the same species (Vandamme
et al. 1996). Accurate species-level identification of numerous isolates obtained in
the frame of biodiversity studies is therefore either not attempted, or it is based on
polyphasic approaches in which methods with different taxonomic resolution, cost,
and workload are applied sequentially to examine different subsets of isolates in a
stepwise manner. Very often such a procedure involves first a “dereplication” step
in which all isolates are examined to group those that represent the same taxon in a
rapid and cost-effective manner. Dereplication is thus the assessment of novelty and
aims to reduce a (large) number of isolates to a smaller, nonredundant set for fur-
ther, more labor-intensive identification. It involves a rapid and affordable screen-
ing of all isolates to recognize and eliminate those that represent the same taxon.
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In a second step, representative isolates of these unidentified taxa are selected for
further identification. The latter very often consists of determining the 16S rRNA
gene sequence of these representative isolates to generate a tentative identification
or to reveal the genera or species clusters the unknowns belong to. Especially the
universal polymerase chain reaction (PCR) primers and the near-complete public
database render this “16S rRNA approach” very appealing and very commonly
more accurate identification is not required. However, 16S rRNA gene sequence
analysis may be complemented by the application of validated methods that can
be used for accurate species-level identification of the bacteria concerned (Prakash
et al. 2007; Russo et al. 2010; Vandamme et al. 1996; Vandamme and Peeters 2014).
For instance, until recently, many studies of fermented food ecosystems such as co-
coa, sourdough, and others applied repetitive element (rep) primed PCR to group all
isolates in a first step after which representative strains were selected and analyzed
by partial 16S rRNA gene sequence analysis to obtain a tentative identification;
members of the lactic acid bacteria (LAB) were subsequently accurately identified
to the species level through sequence analysis of protein-encoding genes such as
pheS, rpoA, and atpA using LAB-specific PCR primers. The latter was feasible and
scientifically correct, because earlier taxonomic studies had generated PCR prim-
ers and pheS, rpoA, and atpA sequences of taxonomic reference strains of all LAB
species and demonstrated that comparative sequencing of these housekeeping genes
indeed allowed accurate species-level identification of LAB isolates, whereas com-
parative 16S rRNA gene sequence analysis did not (De Bruyne et al. 2007, 2008;
Naser et al. 2005, 2007). The identification results of these representative strains are
then extrapolated to all members of the same taxon (Doan et al. 2012; Papalexan-
dratou et al. 2011; Scheirlinck et al. 2008).

The differentiation of genetically different strains belonging to the same species
is mostly referred to as “typing” and is commonly done in medical microbiology,
for instance, to reveal the epidemiology of outbreak strains, or in food microbiol-
ogy in the frame of source tracking. Ideally, the dereplication method applied in
diversity studies is universally applicable so that prior knowledge of the micro-
organisms present in a sample is not needed, and it has a resolution that allows
to distinguish species and strains simultaneously. This ideal method has not yet
been discovered. Several dereplication techniques have been described and include
cellular fatty acid methyl ester analysis and (GTG),-PCR fingerprinting (Coorev-
its et al. 2008; De Clerck and De Vos 2002; De Vuyst et al. 2008; Faimali et al.
2010; Gevers et al. 2001; Ishii and Sadowsky 2009; Vandecandelaere et al. 2010;
Versalovic et al. 1994). After identification of representative strains of the clusters
delineated by dereplication, a cumulative database can be constructed which will
allow to compare profiles generated in subsequent dereplication studies with those
delineated and identified earlier. As a result, a growing dereplication database will
increasingly allow identification as well, and further polyphasic identification ef-
forts can be limited to those representative strains with patterns not observed earlier.
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The Use of MALDI-TOF MS for Dereplication in
Environmental Microbiology

To understand the taxonomic resolution of a dereplication method used is key to
knowing how useful it is in diversity studies. For more than a decade, (GTG),-PCR
fingerprinting has been used as a dereplication standard for many bacteria. This
method can be used for both species- and strain-level differentiation, but it does not
consistently differentiate all strains in a species (De Vuyst et al. 2008; Svec et al.
2005). It also suffers from limited long-term reproducibility of PCR fingerprints
and has a limited throughput capacity (Gevers et al. 2001; Ghyselinck et al. 2011).
The introduction of matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) in diagnostic microbiology provided a technically
appealing alternative. Indeed, sample preparation can be as simple as the deposi-
tion of (inactivated) biological material on a ground steel plate and the addition of
a suitable matrix. Furthermore, universal sample preparation methods preclude the
need for prior knowledge of the identity of the isolates studied and allow analysis of
both bacteria and yeasts. Moreover, provided sample preparation is properly stan-
dardized, the spectra are highly reproducible (Freiwald and Sauer 2009) and enable
the creation of a mass spectral database that can be shared between users. The con-
sumable cost is low, the generation of the mass spectra is fast, and the preparation
and deposition of the samples can be automated (Cherkaoui et al. 2010; Seng et al.
2009)—all of these contribute to an impressive and affordable throughput capacity.
Today, MALDI-TOF MS has primarily been used as a dereplication tool aim-
ing at grouping isolates at the species level. Similarity values used for delineating
groups of spectra are mostly generated using algorithms based on the presence or
absence of peaks (e.g., the Jaccard or Dice coefficient), or taking peak intensity into
account (e.g., Pearson product-moment correlation coefficient). Alternatively, spec-
tra can be analyzed using a curve-based algorithm without prior peak picking, using
the Pearson product-moment correlation coefficient. Finally, more advanced simi-
larity coefficients that yield normalized similarity values can be used, such as corre-
lation coefficient index analysis (Koubek et al. 2012). The delineation of individual
clusters can be based on visual inspection of the tree topology, preset cluster cutoff
values, or calculated cluster cutoff values. These cluster cutoff values are similarity
levels that are used as thresholds below which the spectra are regarded as belong-
ing to different clusters, and therefore they are expected to represent different spe-
cies. Preset cluster cutoff values are mostly derived from preliminary experiments
and are used as a rule of thumb for the cluster delineation. Follow-up experiments
performed on representative isolates of each cluster must yield the species-level
identification of all isolates (see above) and will intrinsically confirm or contradict
the validity of the cutoff values used. Calculated cluster cutoff values are mostly
obtained through the analysis of a limited set of technical and biological replicates,
and through the analysis of taxonomically well-characterized reference strains of
some species. The latter will allow to quantitate the variance of similarity between
spectra of different strains of those species. The degree of variance is however often
species dependent and the delineation of clusters is very often based on results of
preceding experiments, trial and error, and personal expertise (see below).
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MALDI-TOF MS was first used as a dereplication tool in a study of bacterial
isolates from marine sponges, in which mass spectra that shared five of the most
intense peaks were grouped together (Dieckmann et al. 2005). Subsequent analyses
of the isolates by partial 16S rRNA gene sequence analysis revealed a congruence
between the obtained MALDI-TOF MS groups and the tentative identifications
based on partial 16S rRNA gene sequences (Dieckmann et al. 2005). Ichiki et al.
(2008) used MALDI-TOF MS to delineate groups of bacteria that were able to
degrade alkylphenol polyethoxylate. The isolates were studied using PCR-restric-
tion fragment length polymorphism (RFLP), MALDI-TOF MS, and gyrB sequence
analysis. The latter two methods yielded the same results and grouped isolates on
the basis of their ability to degrade this compound (Ichiki et al. 2008). MALDI-
TOF MS was also used for the dereplication of halophilic prokaryotes from solar
saltern sediments (Munoz et al. 2011). In this study, the mass spectra were clustered
and divided into groups delineated using the peak-based Jaccard algorithm (Munoz
etal. 2011). Some representative strains were selected for 16S rRNA gene sequence
analysis and DNA-DNA hybridization experiments which demonstrated that the
groups delineated consisted of isolates representing a single species (Munoz et al.
2011). Yet, random amplified polymorphic DNA (RAPD) typing revealed that such
isolates could represent genetically distinct strains (Munoz et al. 2011). Similarly,
MALDI-TOF MS was also used as a species-level dereplication tool in a study aim-
ing to isolate soil and endophytic Burkholderia caledonica isolates (Verstraete et al.
2014). Field isolates were dereplicated by means of MALDI-TOF MS, after which
clusters representing B. caledonica were identified by sequence analysis of the recA
gene of representative isolates (Verstraete et al. 2014).

The use of a preset cutoff value was also applied to nine isolates from polychlo-
rinated biphenyl (PCB)-contaminated sediment (Koubek et al. 2012). The MALDI-
TOF mass spectra were subjected to a correlation coefficient index analysis and the
cluster cutoff was adopted from previous tests and set at 0.6 (Koubek et al. 2012).
Isolates were investigated using a commercial biochemical test kit, MALDI-TOF
MS, and 16S rRNA gene sequence analysis, of which the latter two resulted in
the same number of taxonomical units delineated in the sample analyzed (Koubek
et al. 2012). Similarly, bacterial isolates were screened using MALDI-TOF MS for
novel carotenoids with UVA-blue light absorbing properties (Stafsnes et al. 2013).
The mass spectral clusters were delineated using a preset distance cutoff value of
500, although the authors noticed that not all species were delineated appropriately
(Stafsnes et al. 2013). Cluster delineation was evaluated by comparison with the
results of the pigment profiles and the inclusion of previously identified strains
(Stafsnes et al. 2013). A preset distance cutoff value of 500 was used as a rule of
thumb in other studies as well (Kopcakova et al. 2014). This cutoff value was,
however, determined for the delineation of MALDI-TOF mass spectra of Erwinia
species (Sauer et al. 2008), and it seems not appropriate to use the same value with-
out reevaluation for other groups of bacteria as species-level cutoff values can vary,
depending on the identity of the isolates studied (Christensen et al. 2012; Stafsnes
et al. 2013; Wang et al. 2012).
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In contrast, a carefully determined cluster cutoff value was used by Ghyselinck
et al. (2011), who were the first to report a detailed comparison of the taxonomic
resolution of MALDI-TOF MS and (GTG),-PCR fingerprinting in a study of potato
rhizosphere isolates. They aimed to distinguish between strains rather than species
and based the cluster delineation upon the reproducibility of both techniques by
analyzing some of the isolates in triplicate (Ghyselinck et al. 2011). The technical
variance of the triplicate measurements was then used for the calculation of the
most appropriate cutoff level (Ghyselinck et al. 2011).

The Use of MALDI-TOF MS for Dereplication in Food
Microbiology

In food microbiology, dereplication of both bacterial and yeast isolates has been
reported but the taxonomic resolution aimed at was primarily species-level differ-
entiation. Doan et al. (2012) compared (GTG),-PCR and MALDI-TOF MS for the
dereplication of LAB isolates from Vietnamese fermented meat and used pheS se-
quence analysis for accurate species-level identification of representative strains.
Although the dendrograms based on the (GTG),-PCR and MALDI-TOF MS fin-
gerprints were not identical, both methods yielded the same species-level identi-
fication for all 119 isolates studied. These authors further confirmed the potential
of MALDI-TOF MS as a dereplication tool by analyzing the LAB diversity of a
fermented mustard sample and by again using pheS sequence analysis as an identi-
fication method (Doan et al. 2012). They also analyzed the LAB diversity of Viet-
namese fermented mustard, beet, and eggplant using the same approach (Nguyen
et al. 2013). Similarly, MALDI-TOF MS was applied for the dereplication of 348
beer spoilage isolates obtained from multiple types of beer cultivated onto different
growth media and in different growth conditions (Wieme et al. 2014b). All isolates
were subsequently identified at the species level using sequence analysis of various
protein-encoding genes.

Spitaels and coworkers used MALDI-TOF MS as a dereplication tool for yeast
and bacterial isolates in their studies of traditional lambic beer, an acidic beverage
which is the result of a spontaneous fermentation that lasts for up to 3 years (Spit-
aels et al. 2014c). A total of over 2000 bacterial and yeast isolates, taken from con-
secutive samples during the first 2 years of fermentation, were dereplicated using
a cumulative, purpose-built database. MALDI-TOF MS clusters were delineated
visually, and representative isolates of each cluster were identified using sequence
analysis of 16S rRNA (bacteria), 26S rRNA (yeasts), and/or housekeeping genes
(both groups). The combination of MALDI-TOF MS-based dereplication coupled
to sequence analysis-based identification was paramount for the thorough charac-
terization of the microbial community during this long fermentation process. The
same approach was applied on industrially produced lambic beer fermentations of
which over 1300 bacterial and yeast isolates were dereplicated and/or identified us-
ing MALDI-TOF MS (Spitaels et al. 2015). The resulting mass spectra were used
for the construction of a mass spectral database that is now used for the identifica-
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tion of numerous bacterial and yeast isolates from other traditional acidic Belgian
beers (unpublished data). The long-term application of this method demonstrated
that isolates with highly similar mass spectra and therefore grouping in one cluster
consistently represented the same species, but it also revealed that very distinct
clusters may also represent the same species. The latter was mostly due to genuine
differences between mass spectra and therefore revealed differences between strains
of the same species, but it was occasionally caused by varying quality of the spectra.

MALDI-TOF MS Can Combine Dereplication and
Identification

We mentioned earlier that the use of MALDI-TOF MS as a dereplication tool in
biodiversity studies coupled to accurate species-level identification by means of
validated taxonomic methods increasingly facilitates direct identification through
MALDI-TOF MS and therefore increasingly precludes the need for further poly-
phasic identification. This is especially true when using commercial MALDI-TOF
MS instruments and databases to which the mass spectra of unknowns are matched
(Clark et al. 2013; Croxatto et al. 2012). Most of the recent biodiversity studies have
been performed using instruments with commercial identification databases that
can be extended in-house with mass spectra of organisms that are not in the database
because they lack clinical or pharmaceutical interest (Calderaro et al. 2013, 2014;
Christensen et al. 2012; Edouard et al. 2012; Ferreira et al. 2011; Kopcakova et al.
2014; Vavrova et al. 2014). MALDI-TOF MS therefore has the technical capacity to
simplify dereplication and identification dramatically (Bille et al. 2012; Seng et al.
2009), and recent biodiversity studies that use MALDI-TOF MS are increasingly
skipping the dereplication step (Dec et al. 2014; Egert et al. 2014; Ferreira et al.
2011; Uhlik et al. 2011; Vavrova et al. 2014). In such studies, mass spectra of iso-
lates that cannot be identified directly can be clustered and representative isolates
can be chosen for further polyphasic identification (Dubourg et al. 2014; Kopcako-
va et al. 2014; Plenz et al. 2014). With this approach, the cost of additional sequenc-
ing is minimized, and unreliable identifications caused by poor-quality mass spectra
can be detected. This way, the mass spectral database can be further completed and
application-specific databases can be constructed (Campos et al. 2010; Plenz et al.
2014; Wieme et al. 2014b).

To facilitate direct and accurate species-level identification, it is important to have
an exhaustive reference database containing high-quality mass spectra generated from
a sufficient number of reference strains of the same species, grown on multiple media
and in different growth conditions (Bille et al. 2012; Seng et al. 2009). The number
of shared peaks appeared to decrease with an increasing number of strains per species
examined, and a growth medium-dependent species-specific core set of peaks and
therefore peptides has been reported (Wieme et al. 2014a). For instance, the core set
of peaks of two Lactobacillus malefermentans strains reported earlier (Wieme 2014)
was reduced considerably through the acquisition and analysis of three additional
L. malefermentans strains (Fig. 9.1). This confirmed that the intraspecies diversity
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Fig. 9.1 The decrease in shared peak classes among summary spectra (SSPs; theoretical spectra
that are generated by peak matching of multiple spectra per strain and that include only peaks that
are present in all individual spectra, binned in peak classes) generated from 7 L. brevis strains
grown on MRS (a), 13 L. paracasei strains grown on MRS (b), and 2 (dotted curve) and 5 (full
curve) L. malefermentans strains grown on MRS (¢). The number of shared peak classes is plotted
as a function of the number of strain-specific SSPs sequentially added. Squares represent the aver-
age of shared peak classes per sequential addition of a strain-specific SSP. MRS de Man, Rogosa,
and Sharpe medium

should be properly represented in an identification database before a reasonably ac-
curate representation of the core peptides can be obtained (Lartigue et al. 2009). An
inadequate representation of the intraspecies diversity in a MALDI-TOF MS identifi-
cation database may be the cause of misidentification or lack of discriminatory power
in some groups of microorganisms (Seng et al. 2009; Wieme et al. 2014a).

Detection of Taxonomic Novelty

To date, only a fraction of the bacterial diversity has been taxonomically character-
ized and only about 11,000 species are given formal binomial names; hence, the
isolation of novel bacteria in the frame of bacterial diversity studies is fairly com-
mon (Tamames and Rossell6-Moéra 2012; Vandamme and Peeters 2014; Yarza et al.
2014). The absence of matching mass spectra in a MALDI-TOF MS identification
database might point to a missing organism in the database as discussed above, but
might also reveal that an isolate represents a novel species. MALDI-TOF MS has
aided in the detection and description of several new species in a range of genera
(Kadri et al. 2014; Korczak et al. 2014; Li et al. 2014; Snauwaert et al. 2013; Spit-
aels et al. 2014a, b), and mass spectral data are increasingly added to novel species
descriptions (Li et al. 2014; Spitaels et al. 2014a, b). Alternatively, spectra can be
made available in public online repositories, such as Spectra, an initiative of the
public health agency of Sweden (http://spectra.folkhalsomyndigheten.se), Spec-
traBank (Bohme et al. 2012), or via a private laboratory database shared online
(Mishra et al. 2012; Djelouad;ji et al. 2012). When using commercial MALDI-TOF
MS identification systems such novel species cannot be detected when solely look-
ing at the identification scores that are produced; the raw spectral data as well as the
clustering of these mass spectra should be carefully analyzed (Srinivas et al. 2014).
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Furthermore, MALDI-TOF MS not only facilitates the detection of novel species
but also can reveal taxonomic anomalies (Wieme et al. 2014b). The clustering of
the Pediococcus lolii type strain among Pediococcus acidilactici strains suggested
that it might have been misclassified (Wieme et al. 2012). The latter was indeed
confirmed by using a polyphasic taxonomic analysis which demonstrated that both
organisms represented the same species (Wieme et al. 2012). Similarly, Buddruhs
et al. (2013) used MALDI-TOF MS in a polyphasic study to prove that strain DSM
17395 did not correspond with the type strain of Phaeobacter gallaeciensis.

MALDI-TOF MS As a Dereplication Tool in Culturomics

The potential of MALDI-TOF MS as a dereplication tool is maximally exploited in so-
called culturomics studies. Culturomics is a term used for the exhaustive application of
many culture media and growth conditions for a maximal recovery of cultivable micro-
organisms from a biological sample (Lagier et al. 2012). Although metagenomics (per-
formed by either shotgun sequencing or target enrichment strategy) is a well-established
cultivation-independent technique for characterizing the microbial diversity in samples
(Gilbert and Dupont 2011), it is increasingly recognized that it has pitfalls too, as rare
community members may remain undetected and sequence data generated prove insuf-
ficient for identification (Dubourg et al. 2013b; Lagier et al. 2012). There is a renewed
interest in cultivation-dependent analyses of microbial diversity to complement other
“omics” studies (Lagier et al. 2012). Culturomics approaches aimed at isolating the
whole microbial community used more than 200 isolation conditions (Dubourg et al.
2013a, b, 2014; Lagier et al. 2012) and yielded several thousands of isolates. This huge
number of isolates necessitated the application of a fast and cost-effective dereplica-
tion and identification technique to rapidly process these isolates in order to reduce the
risk of losing part of the isolates and therefore valuable resources and information. The
dereplication and subsequent identification of all isolates is a limiting factor in these
studies, rather than the number of bacterial species that can be cultivated (Lagier et al.
2012). Not surprisingly, MALDI-TOF MS is currently used in such culturomics stud-
ies (Bittar et al. 2014; Dubourg et al. 2013a, b, 2014; Lagier et al. 2012). Since these
studies addressed the microbial diversity of the human gut microbiome, the databases
of commercial MALDI-TOF MS systems were fairly complete and many isolates were
identified during dereplication (Samb-Ba et al. 2014). Unidentified isolates have been
subjected to 16S rRNA gene sequence analysis, which revealed the presence of many
novel species (Dubourg et al. 2013b).

The Influence of Experimental Factors on MALDI-TOF
Mass Spectra Generated

Reproducibility is a major factor to consider when characterizing microorganisms
using MALDI-TOF MS (Carbonnelle et al. 2011; Hinse et al. 2011; Welker 2011).
Therefore, standardized growth conditions (e.g., culture medium, incubation time)
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Fig. 9.2 Pediococcus acidilactici strain LMG 25667 grown on a commonly used growth medium
for the detection of beer spoilage bacteria, known as “Nachweismedium fiir bierschadliche Bak-
terien” (panel 1), on de Man, Rogosa, and Sharpe medium (panel 2), and Raka-Ray medium
(panel 3). Spectra were visualized using the free mMass software. (Strohalm et al. 2010)

and optimized data acquisition for the generation of mass spectra have been rec-
ommended (Hazen et al. 2009; Sedo et al. 2011; Seibold et al. 2010; Siegrist et al.
2007; Williams et al. 2003). Yet, in biodiversity studies, multiple selective and non-
selective isolation media are commonly used to maximize the isolation of different
microbial populations. In order to use MALDI-TOF MS as an efficient and effective
dereplication tool, the effects of the culture conditions used on the mass spectra gen-
erated should be minimized. The mass spectra of bacteria consist of signals derived
mostly from ribosomal and other abundant proteins (Alispahic et al. 2010; Arnold
et al. 1999; Barbuddhe et al. 2008; Dieckmann et al. 2008; Guo et al. 2009; Ryzhov
and Fenselau 2001; Teramoto et al. 2007; Welker 2011). For ribosomal proteins,
the effect of growth conditions on the mass spectra and therefore the identification
result is expected to be minimal (Cherkaoui et al. 2010; Welker 2011). However,
the growth medium used can influence the expression pattern of other proteins and
hence alter the mass spectrum (Carbonnelle et al. 2011; Dieckmann et al. 2008;
Giebel et al. 2010; Valentine et al. 2005; Walker et al. 2002; Welker 2011). Medium
compounds can interfere with the ionization of the bacterial biomolecules, espe-
cially if the bacterial cells have the tendency to adhere onto the culture medium
surface (Alispahic et al. 2010; Dieckmann et al. 2008; Giebel et al. 2010; Hettick
et al. 2004; Walker et al. 2002) and culture media that do not sustain optimal growth
can strongly affect the mass spectra generated (Wieme et al. 2014a). For instance, a
commonly used growth medium for the detection of beer spoilage bacteria, known
as the “Nachweismedium fiir bierschidliche Bakterien,” did not support the growth
of P. acidilactici strain LMG 25667 very well. Hence, the mass spectra generated
from cells grown on this medium differed considerably from those obtained when
the strain was grown on de Man, Rogosa, and Sharpe medium or Raka-Ray medium
(Fig. 9.2). Besides growth conditions, other experimental factors such as the age of
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the cell culture at the time of analysis, cell concentration, sample treatment, spotting
method, and data acquisition all can contribute to variation in mass spectra and alter
their reproducibility (Arnold et al. 1999; Balazova et al. 2014; Chean et al. 2014;
Chen et al. 2008; Giebel et al. 2010; Goldstein et al. 2013; Hettick et al. 2004; Hol-
land et al. 1996; Horneffer et al. 2004; Hsu and Burnham 2014; Karger et al. 2013;
Lotz et al. 2010; Sedo et al. 2011; Toh-Boyo et al. 2012; Veloo et al. 2014; Williams
et al. 2003; Usbeck et al. 2013). Also, as described earlier, mass spectra may be
compared using either peak- or curve-based algorithm (Croxatto et al. 2012; Welker
2011). With a peak-based algorithm, the presence, and possibly also the intensity,
of specific biomarker peaks in the unknown isolate’s mass spectrum is verified, or
peak lists of mass spectra of different organisms are compared (Barbuddhe et al.
2008; Bohme et al. 2011). A curve-based method considers the complete spectrum,
that is, not only the presence of certain peaks but also the variation in peak signal
intensity, taking into account all data points of the mass spectrum and not only the
data points that describe peaks. The latter approach requires less data processing
and thus allows a higher throughput, but is more prone to experimental variation
(Dieckmann et al. 2005). In dereplication studies, curve-based analysis therefore
introduces more variation into the clustering of isolates.

In general, however, the experimental factors used for the generation of the mass
spectra do not modify the species-level identification of unknown microorganisms,
irrespective of the identification algorithm used (Bille et al. 2012; Conway et al.
2001; De Bruyne et al. 2011; Dieckmann et al. 2008; Grosse-Herrenthey et al. 2008;
Lartigue et al. 2009; McElvania TeKippe et al. 2013; Rezzonico et al. 2010; Seibold
et al. 2010; Valentine et al. 2005; Wieme et al. 2014a). The inclusion of biological
and technical replicates of strains grown at specific culture conditions reduces the
biological or technically induced variations of the mass spectra generated. Com-
mercial MALDI-TOF MS systems use robust algorithms and adequately build the
proprietary database to enable a robust identification under different experimental
conditions. Nonetheless, a drawback of the wide distribution and user-friendly in-
terfaces of commercial databases is that most users report only the output identifica-
tion scores of the mass spectral software, without publishing the mass spectral data
or the parameters applied during mass spectral quality control, thus preventing to
evaluate the quality of the spectra generated.

The culture medium used, in particular, can have a profound effect on the mass
spectra generated as revealed by the presence and varying signal intensities of the
peaks observed (Wieme et al. 2014a). Therefore, strain-level differentiation can
be strongly affected by the growth medium selected as it may be based on minor
discernible mass spectral differences (Sandrin et al. 2013; van Baar 2000; Wieme
et al. 2014a). Consequently, the growth medium used is likely far more important
if strain-level differentiation is aimed at, compared to species-level differentiation
(Sandrin et al. 2013).
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Dereplication at an Infraspecific Level?

The use of MALDI-TOF MS for the dereplication and identification of bacteria and
yeasts is now well established. The resolution of MALDI-TOF MS for the identi-
fication of bacteria and yeasts is comparable or superior to the taxonomic resolu-
tion that can be obtained using rRNA gene sequence analysis (Benagli et al. 2011;
Mellmann et al. 2008). Very commonly, MALDI-TOF MS will allow accurate spe-
cies-level differentiation in groups of bacteria where comparative 16S rRNA gene
sequence analysis lacks taxonomic resolution (Béhme et al. 2013). However, for
some genera, the taxonomic resolution of MALDI-TOF MS is insufficient when
mass spectra are analyzed using conventional identification algorithms only (He
et al. 2010; Tan et al. 2012; Werno et al. 2012). The mass spectra of such species
show too few discriminating peaks to be sufficiently differentiated when using con-
ventional identification algorithms; yet, more rigorous peak analysis can facilitate
species-level identification of some of these bacteria, as was illustrated for Listeria
species (Barbuddhe et al. 2008).

In an ideal scenario, dereplication is not limited to the differentiation and/or
identification of different species in a sample, it also allows to distinguish among
strains of the same species. At present, only a limited number of studies have ad-
dressed strain-level resolution. Some of these studies aimed to distinguish among
subspecies of, for example, Bifidobacterium or Leuconostoc species, but did not
consistently succeed in doing so (Ruiz-Moyano et al. 2012; Pennanec et al. 2010;
Zeller-Péronnet et al. 2013; De Bruyne et al. 2011), a result which may also be
influenced by the data analysis algorithm used. Other studies aimed to distinguish
among strains with or without certain characteristics such as antimicrobial resis-
tance determinants (Wolters et al. 2011) or beer spoilage potential (i.e., their toler-
ance towards iso-alpha acids and capacity to grow in beer; Kern et al. 2014). These
studies also did not prove consistently successful.

The ultimate goal however is genuine strain-level differentiation or typing, as is
aimed at, for instance, when characterizing starter cultures, when source-tracking
contaminants in food microbiology, or when performing epidemiological studies
of outbreak strains. A growing number of studies are addressing this application
of MALDI-TOF MS but commonly report an insufficient resolution. For instance,
Lasch et al. (2014) could not differentiate among several clinical isolates of En-
terococcus faecium and Staphylococcus aureus, whereas Schirmeister et al. (2014)
could not identify reliable biomarker peaks to differentiate among isolates of Vibrio
cholerae. Similarly, MALDI-TOF MS allowed to differentiate only a few p-lactam-
resistant Klebsiella pneumoniae strains (Sachse et al. 2014). However, some other
applications proved feasible. Gluconobacter cerevisiae strains isolated from differ-
ent lambic breweries and from a spoiled yeast starter from a third brewery had dif-
ferent RAPD fingerprints and their MALDI-TOF MS spectra comprised differenti-
ating peaks at 7491, 8102, and 10483 Da (Fig. 9.3; Spitaels et al. 2014b). Similarly,
MALDI-TOF MS was recently used for quality control monitoring of a brewer’s
yeast: the mass spectra allowed to distinguish the brewing yeast from a nonbrewing
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Fig. 9.3 Peaks differentiating G. cerevisiae LMG 27749 (full black line) from G. cerevisiae LMG
27748T (dotted gray line) and G. cerevisiae LMG 27882 (dashed gray line): 7491, 8102, and
10483 Da. Spectra were visualized using the free mMass software. (Strohalm et al. 2010)

wild-type yeast, although both yeasts were identified as Saccharomyces cerevisiae
(Wieme et al. 2014c). Also, Moothoo-Padayachie et al. (2013) optimized and ap-
plied a MALDI-TOF MS protocol for the rapid biotyping of S. cerevisiae strains
applied in different industrial fermentation backgrounds, and Usbeck et al. (2014)
used MALDI-TOF MS for typing commercial yeast starters used in wine fermenta-
tion. The approaches for using MALDI-TOF MS for typing have been reviewed
(Sandrin et al. 2013; Spinali et al. 2014), but strain typing using MALDI-TOF MS
as the sole technique remains difficult, not the least because current algorithms
are designed for the identification of microorganisms, while strain typing requires
more, in depth peak-based analysis of the spectra in which the common peaks with-
in a species can be filtered out (Sandrin et al. 2013; Spinali et al. 2014). The latter
allows to focus on often subtle but reproducible differences in mass spectra of dif-
ferent strains (Giebel et al. 2008; Schumaker et al. 2012; Siegrist et al. 2007). Such
subtle differences should represent genuine and reproducible characteristics of the
mass spectra rather than experimental variation. Hence, it is plausible to assume
that the use of MALDI-TOF MS for the dereplication of both species and strains in
biodiversity studies will not be achieved in a single step. Strain-level identification
may become feasible when isolates picked up from different cultivation media are
reanalyzed after growth in standardized cultivation conditions using biological and
technical replicates and the exclusion of common peaks. Indeed, the mass spectral
reproducibility and quality are equally important to enable accurate and reliable
infraspecific-level discrimination (Goldstein et al. 2013).
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Future Perspectives

MALDI-TOF MS has become a standard method for microbial identification in
clinical laboratories (Croxatto et al. 2012), while in other fields of microbiology, it
is often used as a dereplication tool. Commercial systems with accompanying data-
bases allow the direct identification of isolates during dereplication, but fail to iden-
tify many or most species in diversity studies of food or environmental samples.
Commercial databases will therefore have to be expanded with appropriate numbers
of reference strains to facilitate direct identification of isolates during dereplication
studies of such samples as well. Although the advantages of using MALDI-TOF
MS in other microbiology disciplines are obvious, the initial investment cost for
both instrument and database represents a serious hurdle towards its wider applica-
tion. To maximize the exploitation of the throughput capacity of MALDI-TOF MS
in biodiversity studies, especially those using a culturomics approach, automation
of colony picking, direct smearing or extract preparation, and subsequent MALDI-
TOF MS analysis will be needed. The increased use of MALDI-TOF MS in biodi-
versity studies will lead to more comprehensive databases, which could also benefit
from the inclusion of MALDI-TOF MS data and/or description of specific biomark-
ers in the taxonomic descriptions of novel species (Tindall et al. 2010).

Dereplication of microbial communities to the strain level requires further stud-
ies but may become a two-step procedure that involves the recultivation of all iso-
lates that must be compared in identical cultivation conditions to be able to evaluate
the value of individual peaks as strain markers. There is a need for flexible algo-
rithms that allow to filter out common peaks and focus on differential peaks in the
mass spectra.
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Chapter 10
Bacterial Identification at the Serovar
Level by Top-Down Mass Spectrometry

Melinda A. McFarland, Denis Andrzejewski and John H. Callahan

Introduction

Members of the Salmonella enterica enterica subspecies are the cause of most hu-
man salmonellosis and in the USA, most cases are food-borne. S. enterica enterica
consists of more than 2500 different O and H cell surface antigen combinations,
or serovars (FDA 2012). S. enterica serovar Typhimurium and S. enferica serovar
Heidelberg are among the top ten serovars implicated in food-borne Sa/monella in-
fections (CDC 2014). Although these are distinct serovars, their genomes are 99 %
similar (data not shown). Species- and subspecies-level assays are generally ad-
equate for clinical diagnostics. However, localization of the source of a food-borne
Salmonella contamination requires serovar or strain-level specificity.

Pulsed field gel electrophoresis (PFGE) has become the gold standard for
molecular subtyping of Salmonella, and polymerization chain reaction (PCR)-
based assays built around genomic markers are becoming increasingly popular
(Wattiau et al. 2011). Differentiating between two highly similar serovars such as
S. Typhimurium and S. Heidelberg requires multiple enzymes and relies on match-
ing to a previously validated standard. Detection methods that require selection
of probe-based assays, such as PCR, are limited by probe selection. Changes to
untargeted genes and newly acquired genetic material are likely to be missed. More
recently, approaches based on whole-genome sequencing (WGS) have been used to
address strain identification (Lienau et al. 2011).

Mass spectrometry is a powerful analytical tool that can be used to probe pro-
teins, peptides, lipids, and metabolites produced by bacteria; mass spectrometers
are a ubiquitous, sensitive, specific, and inherently multiplexed platform that can
potentially be used to identify and differentiate bacteria. A nontargeted mass spec-
trometry-based method provides a relatively unbiased snapshot of the expressed
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proteins in a wide range of bacterial samples and is amenable to both screening and
targeted analysis. This facilitates differentiation of closely related bacteria, as well
as the detection of un-sequenced or newly acquired non-synonymous SNPs and
plasmid proteins that may be specific to a given strain.

Mass spectrometry is commonly used to identify proteins from the bottom-up,
using peptides derived from enzymatic digestion of protein lysates (McCormack
et al. 1997). However, the cross genome homology present in bacteria limits the
feasibility of differentiation across closely related isolates by bottom-up peptide-
based analysis. If an MS/MS spectrum is not generated for the SNP (henceforth, this
term will be used to mean non-synonymous or non-silent SNPs)-containing pep-
tide, the presence of that SNP will be missed. If the SNP has not been genomically
sequenced or is not present in the searched database, the biomarker will also go
undetected. The identification of unknown bacterial lysates lacking fully sequenced
genomes may be challenging due to a bias toward those species that are most rep-
resented in the database. Consequently, there is a distinct advantage of using intact
proteins to detect differences induced by non-synonymous SNPs, as the presence
of such mutations would result in measurable differences in the mass of the intact
protein, with no need for a sequenced genome.

Intact protein mass spectrometry of bacterial lysates provides an inherently mul-
tiplexed measurement of the mass of expressed proteins in their intact state, at a
given growth stage (Krishnamurthy and Ross 1996; Fenselau and Demirev 2001;
Conway et al. 2001). This is particularly useful because bacteria exhibit fewer over-
all post-translational modifications (PTMs) and, given a controlled growth state,
minimal PTM variability as compared to mammalian systems. Bacterial proteins
and their modifications are highly conserved across species. Although protein abun-
dances may vary from serovar to serovar, their masses should be highly conserved.
Therefore, for bacterial lysates it is a reasonable assumption that the minimal mass
shifts found between closely related bacteria are the result of SNPs (Wilcox et
al.2001; Dieckmann et al.2008; Arnold and Reilly 1999). These mass-shifted pro-
teins serve as biomarkers for differentiation of bacteria.

Intact protein mass spectrometry has become a commercially available tool for
clinical bacterial differentiation based on the matrix-assisted laser desorption ion-
ization-time of flight (MALDI-TOF) technology (Bizzini and Greub 2010; Clark
2013)-. However, a mass range generally limited to below 15 kDa and a bias toward
ribosomal proteins (Ryzhov and Fenselau 2001) often limit MALDI applications to
species- and subspecies-level identifications. The increased mass range, improved
reproducibility, and greater number of proteins ionized using an electrospray ion-
ization (ESI)-based platform provide access to a more diverse range of proteins and
an increased specificity for differentiation of closely related bacteria (Krishnamur-
thy et al. 1999; Ho and Hsu 2002; Mott et al. 2010). This approach, known as in-
tact protein chromatography electrospray mass spectrometry, has already been used
to identify marker masses that differentiate thermophilic versus non-thermophilic
groups of Cronobacter sakazakii (Williams et al. 2005) to identify proteins char-
acteristic of specific outbreak strains of Vibrio parahaemolyticus (Williams et al.
2004), and to differentiate closely related species within the enterobacteriaceae
family (Mott et al. 2010; Everley et al. 2008).
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The addition of online “top-down” MS/MS fragmentation of the intact proteins
provides identification of the proteins containing measured mass differences (Carg-
ile etal. 2001; Lee et al. 2002; Fagerquist et al. 2006; Wynne et al. 2010; McFarland
et al. 2014). By identifying which of the most highly expressed bacterial proteins
are conserved and which contain amino acid differences, we can differentiate be-
tween samples, validate genomically predicted SNPs for sequenced genomes, and
for un-sequenced species, determine whether a mass shift in a specific protein rep-
resents a novel, and possibly virulent, mutation. This provides a direct link back to
genome-sequencing data, facilitating gene-specific marker and sequence validation
at an expressed protein level.

The combination of intact protein chromatography ESI-MS with top-down mass
spectrometry facilitates the identification of proteins that result from expressed
serovar-specific non-synonymous SNPs. This approach is based on deconvoluted
ESI-MS generated intact protein expression profiles (Williams et al. 2002) to facili-
tate rapid differentiation between samples, combined with top-down identification
of proteins for marker confirmation. Application of this methodology as a screening
method would require sequencing only expression profile masses that show a mass
shift when compared to a reference strain, and such an analysis can be done without
prior selection of biomarker proteins and without a sequenced genome. Knowledge
of which protein sequences are variable across serovars provides a common link to
genome sequencing and phylogenetic strain-typing efforts.

Methods

Bacterial Strains

Salmonella enterica enterica serovar Typhimurium strain LT2 and S. Heidelberg
strain A39 bacterial strains used in the study were obtained from the stock culture
collection of the Food and Drug Administration (FDA)/Center for Food Safety and
Applied Nutrition. Bacteria were grown for 24 h at 37°C on lysogeny broth agar
plates (Teknova, Hollister, CA). For the multi-isolate study, 36 semi-blinded Sal-
monella isolates from food-borne outbreaks investigated by the FDA were cultured
overnight on tryptic soy agar plates. Cell isolates were collected in a 1.5-mL sample
tube and washed twice with sterile water and resuspended in 0.5-mL of 70 % etha-
nol to facilitate sterilization of bacteria (Williams et al. 2003) as well as minimize
protease activity. The approximate cell concentration is 8 x 10'° ¢cfu/mL.

Extraction of Cellular Proteins

The sample tube containing bacterial cells suspended in 70 % ethanol was centri-
fuged at 9800x g for 5 min. The ethanol solution was removed, and 1.0 mL of
a 50:49:1 extraction solution consisting of acetonitrile, high-performance liquid
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chromatography (HPLC)-grade water, and formic acid was added and the tube was
vortexed to resuspend the cells. The 1.0 mL suspension was transferred to a Baro-
cycler® FT500 pulse tube (Pressure Biosciences, Inc., Boston, MA) along with an
additional 0.4 mL of extraction solution and was capped. The Barocycler NEP 3229
was pressure cycled 24 times at 44 °C starting at 35,000 psi for 15 s and then at 0 psi
for 10 s. The pulse tube contents were transferred to a 1.5-mL low-binding sample
tube and centrifuged at 9800 x g for 20 min to pellet the cellular debris. A portion of
the supernatant was transferred to an autosampler tube for LC-MS analysis.

HPLC of Intact Proteins

Intact proteins were separated by reverse-phase HPLC using an Agilent (Palo Alto,
CA) 1100 system fitted with two ProSphere P-HR (W.R. Grace, MD) 2.1 mm
i. d.x15 cm columns connected in series. Two microliters of the protein extract
were injected into the column at an oven temperature of 50 °C and a flow rate of
200 pL/min. Mobile phase A was 95 % HPLC-grade water and mobile phase B was
95 % acetonitrile, both with 5% acetic acid. The gradient was as follows: 0—-5 min
90% A, hold for 1 min, 70 min 50% A, 80 min 10% A, 92 min 10% A, and 94 min
90% A. Identical separation methods were used in-line with both instrument plat-
forms to retain consistent retention times across platforms. For the multi-isolate
study, all conditions were the same, except proteins were separated on a Kinetex
C8 (Phenomenex, Torrance, CA) 1.7 um, 100A, 15 cm column, with mobile phase
A 98% HPLC-grade water and mobile phase B 98 % acetonitrile, both with 2%
formic acid.

LC-MS and Data Analysis

The HPLC was interfaced to a Q-TOF Premier (Waters, Beverly, MA) mass spec-
trometer. The instrument was operated at 3.0 kV capillary voltage, 100°C source
temperature, 150°C desolvation temperature, desolvation gas 600 L/h, and scan-
ning from 550 to 2000 Da in 1.0 s in single reflectron mode. Data were collected
using MassLynx software version 4.1 (Waters, Beverly, MA).

MS Data Analysis

Automated analysis of full-scan (MS) data was performed with ProTrawler6 (pre-
viously named Retana) and custom software (BioAnalyte, Inc., Portland, ME). Its
function is to automatically process sequential complex, multiply charged mass
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spectra obtained during ESI-LC-MS analysis and produce a text file containing
the binned uncharged protein mass, retention time, and intensity of all proteins de-
convoluted from the LC-MS run. A detailed explanation of the approach has been
published (Williams et al. 2002). Briefly, spectra are summed in 30 s windows. In
version 6 of ProTrawler the summed spectrum from each time window is base-
line subtracted and de-noised using the proprietary ReSpect ™ algorithm (Posi-
tive Probability, Shrewsbury, UK). The resultant spectrum is deconvoluted using
maximum entropy deconvolution. After generating a protein mass/abundance list
for each time window, ProTrawler then bins the data for each time window, deter-
mines the time range over which a given mass occurs, and calculates an abundance-
weighted time centroid for the mass, which is used to represent the retention time.
Masses corresponding to multimers and adducts are also removed. Abundances are
then normalized to the summed intensity. The resulting text file contains a cumula-
tive list of all the intact protein masses, abundances, and retention times, of which
the mass and abundance information can be represented graphically as mass versus
intensity, similar to a traditional mass spectrum. The retention time is also included
in the output so that proteins of similar mass can be distinguished based on the
retention time.

Top-Down LC-MS/MS

Online intact protein separation was the same as for the Q-TOF LC-MS (above) for
consistent protein retention times across platforms. For LC-MS/MS the eluent flow
was split to a flow rate of 350 nL/min via the TriVersa NanoMate (Advion BioSci-
ences, Ithaca, NY) chip-based nanospray source and analyzed with a LTQ-Orbitrap
XL (Thermo Fisher, San Jose, CA) mass spectrometer. The instrument was operated
in a top-three data dependent mode, with both MS spectra and collision-induced
dissociation (CID) MS/MS spectra acquired at 60,000 resolving power in the Orbi-
trap. CID collision energy was operated at 15 %. Each MS spectrum was composed
of three microscans, and each MS/MS spectrum was the average of 10 microscans.
To facilitate the analysis of intact proteins, the instrument was operated with the
HCD gas off and the delay before image current detection shortened to 5 ms.

Top-Down Data Analysis

ProSightPC 2.0 (Zamdborg et al. 2007) was used to search MS/MS spectra against
a protein sequence library of UniprotKB Swiss-Prot and TTEMBL protein sequence
entries for the Sa/monella Typhimurium fully sequenced strain LT2 or a custom-
made S. Heidelberg database from fully sequenced strain SL476 (as of the time of
this work a fully sequenced A39 genome was not available). Neutral mass decon-
voluted precursor and fragment mass lists were generated with the Xtract algorithm
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(Thermo Fisher, San Jose, CA) option within ProSightPC 2.0. The precursor mass
tolerance was 1000 Da, and the fragment ion tolerance was 20 ppm for the monoiso-
topic mass. Only disulfide bonds were included as a modification in the primary
search. PTMs were inferred from mass differences relative to the theoretical mass.
Modifications were subsequently validated by manual addition of the proposed
modification followed by re-assignment of fragment ions and rescoring via the se-
quence gazer option in ProSightPC. Modifications were considered valid if there
was an increase in matched fragment ions upon inclusion of the predicted modifi-
cation. A secondary search was also performed that included the most commonly
inferred PTMs as confirmation of the amended modification as the top-scoring
identification. Only proteins identified with ProSight e-values better than 1e™ for a
minimum of three MS/MS spectra were considered valid identifications.

Results and Discussion

The power of intact protein analysis is that the mass of the protein is measured
with functional modifications intact. This is ideally suited for bacterial proteins
because, unlike mammalian systems, bacterial lysates from similar species appear
to exhibit highly reproducible and conserved PTMs under similar growth condi-
tions. Although protein abundances may vary, there should be few differences in
their masses. Therefore, for bacterial lysates grown under the same conditions, it is
reasonable to assume that a small number of mass shifts found across serovars are
SNPs, and novel masses are insertions or proteins that have undergone a significant
change in the expression level. These mass-shifted proteins serve as markers for
differentiation of bacteria at the species, subspecies, and serovar levels.

Intact Protein Expression Profiles

To facilitate nontargeted SNP discovery, the intact accurate mass, retention time,
and relative abundance of proteins from the soluble fraction of bacterial lysates
are measured and compared using LC-MS. Figure 10.1a shows a representative
total ion current chromatogram from a 90-min LC-MS analysis of an intact bacte-
rial protein lysate. Mass spectra were summed in 30-s windows, and each window
was deconvoluted using ProTrawler6 software (Williams et al. 2002). Unlike mass
spectra of peptides, intact proteins produce broad charge state distributions, effec-
tively splitting the ion current generated for a given protein over multiple structural
conformations (Fig. 10.1b). The elution profile of each protein is 1.5 min wide
on average, further distributing the ion current, as well as greatly increasing the
likelihood of multiple co-eluting proteins. Consequently, software is necessary to
deconvolute each spectrum (or summed spectra) (Fig. 10.1c) and merge consecu-
tive abundances into a single protein mass and intensity. The result (Fig. 10.1d)
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Fig. 10.1 Intact protein expression profile generation. ProTrawler software was used to decon-
volute and reconcile all MS scans from the chromatogram into a single mass, retention time, and
abundance profile. a Representative chromatogram from a 90-min LC-MS analysis of a S. enterica
strain LT2 intact protein lysate. b Mass spectra were summed into 30-s bins across the chromato-
gram. ¢ The resultant spectra at each time interval was deconvoluted to produce a series of neutral
mass peak lists consisting of mass, retention time, and intensity. d Bins were merged into a single
profile based on mass and retention time tolerance. The result is an intact protein expression pro-
file that visually simplifies the assessment of protein differences between lysates. (Reprinted with
permission from McFarland et al. 2014. Copyright 2015 American Chemical Society)

is an intact protein expression profile or mass map that represents the masses and
intensities of all proteins detected across the chromatogram. This approach has the
visual simplicity of a MALDI spectrum but with the greater information content
provided by chromatographically resolved ESI spectra. The increase in the number
of detectable masses provided by an extended mass range and improved ionization
of proteins yields a greater capacity for differentiation as compared to MALDI-MS.
The power of our method is the visualization of all proteins detected in an LC-MS
experiment in a single spectrum, thus providing a quicker and more complete as-
sessment of differences when compared to relying solely on LC-MS/MS protein
or peptide identifications to assess changes between samples (Everley et al. 2008).
Intact protein expression profiles facilitate rapid assessment of differential proteins
as possible biomarkers and offer a larger dynamic range as compared to chromato-
graphic alignment alone.

Tracing back to the source of a Sa/monella contamination requires a minimum
of serovar-level differentiation. Serovar differentiation is not currently possible on
commercially available MALDI-based clinical bacterial typing platforms. Salmo-
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nella enterica enterica Typhimurium and Heidelberg are closely related serovars
that have both been implicated in food-based outbreaks (CDC 2014). Recent phy-
logenetic and MLST analysis (Bell et al. 2011) confirm that the chosen strains are
members of two closely related serovars. Figure 10.2 shows a mirrored comparison
of the LC-MS generated intact protein expression profiles of these serovars. Each
profile is the result of deconvolution and binning of mass, abundance, and retention
time from a representative 90-min LC-MS run. As is expected by the extreme ho-
mology across the Salmonella species and the similarity of these two serovars, the
mass maps look nearly identical, with differences occurring in only a small number
of detectable masses.

One can readily observe that the majority of masses detected are conserved
across serovars. The observed mass shifts likely represent protein products of SNP-
containing genes that differentiate S. enterica serovar Typhimurium strain LT2 from
S. Heidelberg strain A39 and are likely biomarkers for serovar identification. No
protein sequencing is required to determine the presence of mass shifts and/or novel
masses, and markers do not need to be known prior to analysis.

Top-Down Protein Identification

It has been previously shown that comparisons of intact protein expression profiles
are sufficient to differentiate two bacterial serovars (Williams et al. 2004, 2005;
Everley et al. 2008). Although the presence of a differential pattern is sufficient for
grouping a serovar with a set of previously run samples, it does not readily facilitate
identification of uncharacterized strains and provides little to link the result with
complementary assays such as targeted PCR probes or genome sequencing. Con-
firmation of the identity of differential masses as orthologs is necessary to validate
the protein as a viable biomarker. The second stage of this method is the addition
of top-down MS/MS identification of proteins to the existing LC-MS separation
method (Fig. 10.2; McFarland et al. 2014). Proteins maintain the same elution pro-
file but now the most abundant proteins are identified. The recent introduction of
faster instruments with improved data-dependent selection increases the number of
proteins identified in a single run.

Protein identifications in Fig. 10.2 are represented by the protein name, as as-
signed for the reference genome of S. Typhimurium strain LT2. A complete list of
identified proteins and a detailed description of PTM assignments can be found
in McFarland et al. (McFarland et al. 2014). Although, in general, the highly con-
served protein sequences of related bacterial strains make strain typing challeng-
ing, it also means that the vast majority of fragment ions match across proteomes.
Searching top-down MS/MS spectra does not require the strict precursor mass accu-
racy of bottom-up proteomics. In this work, the precursor mass error was permitted
to be 1000 Da to account for unpredicted signal peptides and unknown PTMs, such
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Fig. 10.2 Comparison of intact protein expression profiles for S. Typhimurium strain LT2 and S.
Heidelberg strain A39. Profiles for these closely related serovars are similar but a small number
of mass differences are evident. Approximately 80 proteins were subsequently identified by top-
down LC-MS/MS analysis, each with a minimum of three MS/MS spectra and an e-value better
than le™. A subset of identified proteins is labeled with gene names. Proteins containing serovar-
specific SNP-related mass differences are noted and the amino acid substitution shown

as lipidations. A fragment ion mass accuracy requirement of 20 ppm (Meng et al.
2001) provides sufficient specificity to identify sequence tags without an exact
precursor mass. Consequently, one can confidently identify enough fragment ions
to identify MS/MS fragment ion data to a homologous protein while still retaining
the intact mass of the protein. Comparison of the measured intact mass with that of
the identified protein readily determines whether the measured protein contains a
mass shift.

Most observed masses show no discernable mass difference between the two
Salmonella strains analyzed. Because we are able to readily identify the most abun-
dant masses by top-down fragmentation, we can confirm that proteins that do pro-
duce serovar-specific mass shifts between S. Typhimurium and S. Heidelberg are
indeed products of the same gene. Site-specific fragmentation at the SNP site is
not necessary. Because we simultaneously detect the mass of the intact protein and
fragment the intact precursor for identification, we can rely on accurate mass and
retention time profiles to confirm that the identified proteins are related. Alignment
of the in-silico predicted protein sequences can be used to confirm the presence of
an amino acid change resulting from a non-synonymous SNP.
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While a high-throughput top-down approach identifies fewer proteins and SNPs
than a typical bottom-up survey, we gain independence from the need for a strain-
specific sequenced genome. Comparison of intact protein expression profiles by
mass, retention time, and relative abundance is sufficient for determination of
masses that differ across serovars. Reproducible SNP identification in a bottom-up
experiment would require the sequenced genome, such that the novel SNP must be
present in the searched database. Identification of a SNP-containing peptide that is
not in the database would require de-novo sequencing of unassigned peptides. Pep-
tide SNP identification by spectral similarity alignment may be possible, but knowl-
edge of the full degree of genetic drift is difficult without knowledge of the mass of
the intact protein because complete peptide sequence coverage is rarely achieved.
An obvious strength of the intact protein-based methodology presented here is that
any differences as compared to proteins in a reference strain are readily apparent.

Proteogenomics

Maintaining a protein’s intact mass while still being able to identify the protein
to a homologous protein sequence is also advantageous for proteogenomic-based
reconciliation of the mass spectrometric detection of expressed proteins with ge-
nome sequencing data. This provides a direct link to complementary genome-based
methods as well as a mechanism for the detection of genome sequencing errors.
For example, protein ElaB identified in S. Typhimurium strain LT2 has a theoreti-
cal mass of 418 Da greater than its measured mass. The identity of the measured
mass was confirmed by CID fragmentation, with 21 y-ions identified. No b-type
fragment ions were identified, and the measured mass differs from the theoretical
mass as stated (Fig. 10.3a). The assigned e-value of 3.5 ¢° confirms confident
protein identification, and the absence of b-ions points to a mass discrepancy at the
N-terminus. The measured mass of the same protein in S. Heidelberg strain A39
does reconcile with its measured mass (after cleavage of the initiator methionine),
strongly suggesting that the large mass discrepancy is not due to an unpredicted
PTM. Alignment of the S. Typhimurium strain LT2 theoretical protein sequences
with that of the same protein from another sequenced S. Typhimurium strain (strain
U288) shows that the mass discrepancy lies at the translational start site of the pro-
tein (Fig. 10.3b). Confirmation of a sequencing start site error is seen in Fig. 10.3c.
Removal of the erroneous amino acids increases the precursor mass accuracy to
less than 3 ppm and results in the identification of a string of N-terminal containing
b-type fragment ions. Identification of protein sequences combined with an intact
mass measurement provides a unique link to genome sequencing and phylogenetic
stg efforts. As the use of high-throughput genome sequencing annotation pipelines
increases, validation of start site errors will minimize the propagation of start site
errors through multiple genomes.
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Fig. 10.3 Top-down mass spectrometry to verify genome annotation. a The intact mass measured
in S. Typhimurium strain LT2 for SNP-containing protein ElaB does not agree with the theo-
retical mass. Genome sequencing predicts a larger mass difference between serovars than is actu-
ally expressed. Top-down MS/MS identifies the correct protein but no b-type fragment ions are
assigned. b Comparison of the predicted protein sequence for strain LT2 against ElaB sequences
predicted from other strains (here shown for S. Typhimurium strain U288) shows disagreement
at the N-terminus. ¢ Correction of the N-terminal amino acids in the LT2 sequence results in the
additional identification of a substantial sequence tag of b-type ions. (Reprinted with permission
from McFarland et al. 2014. Copyright 2015 American Chemical Society)

Multiplexed Serovar ldentification of Semi-blinded Isolates

To demonstrate the specificity and scalability of intact protein LC-MS expression
profiles for Salmonella serovar identification, the method was applied to a semi-
blinded study of 36 Sa/monella isolates originating from food-borne outbreaks (Mc-
Farland et al. 2014). Study creators established sample relatedness at the serotype,
PFGE, and WGS levels.

Representative LC-MS generated intact protein expression profiles for each se-
rovar are shown in Fig. 10.4. Labeled masses are SNP-containing proteins, SodA,
YfeA, and OmpA. Combinations of these markers were sufficient to correctly iden-
tify the serovar type for all 36 Salmonella isolates, four serovars represented by
nine isolates each. Neither the identity of the isolates nor the differentiating protein
markers were known in advance. Markers were picked from the resultant LC-MS
expression profiles, based on variable masses in abundant proteins. No one marker
was sufficient to differentiate all four serovars. As is expected for blind identifica-
tion, more than one marker is necessary. It is worth noting that top-down identifica-
tions of serovar-specific biomarkers did not need to be performed because protein
identifications were known from previous top-down work on S. Heidelberg and S.
Typhimurium (McFarland et al. 2014) and were confirmed based on the retention
time. Differentiating protein markers were then used to confirm serovar assignments
by comparing the measured masses with in-silico protein sequences from publically
available protein databases, providing a direct link to genome sequencing data.
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Fig. 10.4 Representative LC-MS generated intact protein expression profile for each serovar.
Circled masses are SNP-containing proteins, SodA, YfeA, and OmpA. Combinations of these
markers were sufficient to correctly identify serovar type for all 36 semi-blinded isolates. Markers
did not need to be selected in advance. LC-MS profiles were acquired and markers were chosen
based on the resultant data

LC-MS intact protein expression profiles assigned the correct serovar type for
all 36 isolates, as determined by the study key based on PFGE and WGS of the out-
break samples. Mass and abundance profiles generated from triplicate analysis of
each strain were used for PCA analysis. Each of the 36 isolates clustered into one of
four distinct clusters corresponding to each of the four serovars. Although LC-MS
may not provide the strain-level specificity of WGS, LC-MS should offer the same
level of specificity as any marker-based method but without the need for preselec-
tion of markers. This offers flexibility given that different combinations of markers
will be required depending on the serovar in question.

Conclusion

As the speed of whole genome sequencing increases and its cost decreases, strain-
level bacterial differentiation will be decided at the genome level, rather than by ex-
pressed proteins. While the specificity required for strain-level typing may remain
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the purview of phylogenetics, the use of mass spectrometry to track intact pro-
tein biomarkers at a serovar level would provide a cheaper, inherently multiplexed
screen to determine the value of genetic sequencing. LC-MS/MS analysis not only
supplies the detectable masses that differ between two samples (within the upper
mass limit of the mass spectrometer) but also the identity of those masses. Knowl-
edge of which gene products contain SNPs or which proteins have been newly
transferred to a bacterial strain provides a direct link back to genome sequencing
data, providing gene-specific validation at an expressed protein level.

The rapid rate of bacterial evolution translates to a moving target for strain and
serovar-differentiating SNP-containing proteins. Any method meant to differentiate
across multiple serovars would require a combination of multiple SNP-containing
proteins. The advantage of nontargeted expression profiles generated in the method
presented here is that any unpredicted changes that occur in the most abundant
soluble proteins should be detected. Target marker proteins do not need to be known
before sample analysis.

Identification of SNP-containing proteins becomes much quicker once initial
identification of the most abundant expression profile masses has been established.
Because the majority of the most abundant proteins are conserved across bacte-
rial intact protein expression profiles of Salmonella serovars, it is not necessary to
identify hundreds of proteins in each new isolate. Most abundant masses can be
identified by matching the accurate mass and retention time to existing data from
a reference strain. Only the compounds that exhibit a mass difference as compared
to a standard strain may need to be analyzed by MS/MS for identity confirmation.
This small subset of SNP-containing proteins can then be used to query the rapidly
growing number of bacterial genomes as a gene name and intact mass (or mass dif-
ference) pair. Instead of comparing each new bacterial expression profile to a mass
spectral data repository, we can take advantage of bacterial sequencing and align-
ment efforts and query for only the expressed proteins that show a change in mass.
This targeted analysis would be quicker than whole-genome sequencing and more
likely to detect genetic changes than multiplexed PCR or targeted mass spectrom-
etry alone because the biomarkers do not need to be known in advance.
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Rapid Profiling of Human Pathogenic Bacteria
and Antibiotic Resistance Employing Specific
Tryptic Peptides as Biomarkers

David Drissner, René Brunisholz, Ralph Schlapbach and
Maria-Theresia Gekenidis

Introduction

Identification of human pathogens by matrix-assisted laser desorption/ionization-
time-of-flight (MALDI-TOF) mass spectrometry, based on profiling of mainly
taxonomic relevant ribosomal proteins and comparison to a reference mass spec-
tra database, has developed into a robust cutting-edge diagnostic technology and
has revolutionized work in microbiological laboratories in recent years (Seng et al.
2009). This is due to the high speed of analysis allowing a short time to result
and the streamlined protocol, enabling an accurate and cost-effective identifica-
tion within less than 20 min. Application fields include clinical and veterinary
diagnostics, food safety control, outbreak tracking, environmental microbiology,
biotechnology, and biodefense. A major challenge to MS-based identification has
been to reliably increase the taxonomic resolution to the below-species level. This
challenge originates from the fact that strains of one species exhibit substantial
genetic overlap and thus high protein similarity. Two main approaches have been
applied to resolve mass peak variations below species level: the library-based and
the proteomics-based approach. Within the library-based approach, both sample
pre-treatment and data reduction strategies have been developed. Proteomics-based
approaches comprise bottom-up and top-down characterization of biomarkers ap-
plying large databases available to the public.

The focus of this chapter is on the state of MALDI-TOF- and MALDI-TOF/TOF
MS-based identification of human pathogens below the species level and specifi-
cally on the application of tryptic peptides as a recent development in enhancing the
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discriminatory power for bacterial profiling and determination of bacterial antibi-
otic resistances. Rapid identification at the below-species level is highly important
in identification and diagnosis of pathogens, to determine appropriate drug therapy,
to reliably trace back contamination sources in elucidation of epidemics, to improve
food production and processing, or to develop better clinical practices.

Library-Based Approaches

In library-based approaches, peak lists extracted from a profile mass spectrum of
unknown microorganisms are compared to the peak lists of reference spectra depos-
ited in a database containing a large collection of well-characterized strains. This
approach based on the detection of subtle and reproducible differences in spectra
has been applied in most studies reporting successful profiling of pathogens below
the species level using MALDI-TOF MS (Table 11.1). A comprehensive review on
MALDI-TOF MS profiling of bacteria at the strain level has recently been pub-
lished by Sandrin et al. (2013). The prerequisite for MALDI-TOF MS profiling
is cultivation of pathogens on solid or liquid culture media and subsequently di-
rect smearing of inactivated whole cells onto the MALDI target or short chemical
extraction with formic acid and acetonitrile and spotting of supernatants onto the
MALDI target. In general, the number of proteins detected increases with the level
of separation and fractions collected which helps to increase taxonomic resolution.
In both cases (direct smear or extract), the sample is covered with a standard MAL-
DI matrix, for example, a-cyano-4-hydroxycinnamic acid. Mass spectra are ac-
quired in positive ion mode from random locations on the target spot and comprise
a mass range of 2-20 kDa (Ghyselinck et al. 2011; Ilina et al. 2010), of a broader
(Hettick et al. 2006; Jackson et al. 2005; Teramoto et al. 2009) or narrower mass
range (Keys et al. 2004; Rajakaruna et al. 2009). In particular, ions with high masses
are promising for differentiation in below-species level due to rarity of these ions
and to the absence of background signals in that mass range. Single mass peaks of
spectra in library-based approaches are not given proof of identity; however, most
of the peaks are attributed to basic, abundant, and conserved proteins, in particular
ribosomal proteins (Sauer and Kliem 2010; Fenselau and Demirev 2001) and to a
certain degree to proteins associated with bacterial cell walls (Evason et al. 2001).
Ribosomal proteins comprise approximately 30% of total proteins in a cell being
in the exponential growth phase. Success in identification below the species level
using library-based approaches requires robust software, reliable algorithms as well
as databases in order to precisely compare acquired spectra to database entries and
to calculate the similarity. Furthermore, mass spectral quality (resolution, accuracy,
and reproducible acquisition of spectra) is key, and standardized experimental con-
ditions including culture conditions need to be strictly followed in order to ensure
reproducibility of the MALDI mass spectra and to detect specific protein biomarker
masses for organisms below the species level.
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Regarding strain categorization, serovars of Salmonella enterica subsp. enterica
have been successfully categorized by comparison of their MALDI mass spectra,
which contained up to 500 mass peaks in that study (Leuschner et al. 2003). Karg-
er et al. (2011) employed a library-based approach to categorize STEC serovars
(Karger et al. 2011), and Stephan et al. (2011) categorized Yersinia enterocolitica as
pathogenic or non-pathogenic strains (Stephan et al. 2011). Further studies showed
that strains of Yersinia pestis could be categorized according to their biotypes (Ayy-
adurai et al. 2010), strains of Escherichia coli according to their environmental
origin, and clinical strains of Moraxella catarrhalis have been categorized at the
subpopulation level (Schaller et al. 2006). Listeria monocytogenes was categorized
at the level of clonal lineage, whereby the MALDI MS-derived lineage agreed with
those from pulsed-field gel electrophoresis (Barbuddhe et al. 2008). Categorization
of methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-susceptible
Staphylococcus aureus (MSSA) strains using characteristic markers for the methi-
cillin resistance status has been achieved by Edwards-Jones et al. (2000) and by
Shah et al. (2011) using artificial neural networks. Wolters et al. (2011) and recently,
Josten et al. (2013) categorized strains according to the major clonal complexes of
MRSA.

In order to differentiate between single bacterial strains, MALDI-TOF mass
spectra have been used to identify mass peaks as biomarkers for the respective
strains. Such an approach has been applied to Helicobacter pylori (Nilsson 1999),
E. coli (Lynn et al. 1999), Campylobacter (Mandrell et al. 2005), Mycobacteri-
um (Hettick et al. 2006), and MRSA (Majcherczyk et al. 2006). Williamson et al.
(2008) differentiated strains of Streptococcus pneumoniae by using unique mass
peaks (Williamson et al. 2008). Masses in the range of 5000—11,000 Da matched
ribosomal proteins of S. pneumoniae, and spectrum clustering revealed the relation-
ship between an outbreak of S. pneumoniae conjunctivitis and their corresponding
isolates. Similarly, Streptococcus pyogenes strains could be differentiated by Mou-
ra et al. (2008) into invasive and non-invasive isolates using specific biomarkers
(Moura et al. 2008). Many of the biomarker masses in the range of 4000-14,000 Da
matched S. pyogenes ribosomal proteins. Differentiation of Enterococcus faecium
and E. faecalis at the strain level has been described by Albesharat et al. (2011).
Intact mycobacteria could be differentiated at the strain level by linear discriminant
analysis (Hettick et al. 2006). Differentiation has been successful even when the
intensity of the mass peaks was considered additionally to the presence or absence
data. Pierce et al. (2007) demonstrated differentiation of Coxiella burnetii strains
using partial least squares discriminant analysis of MALDI-TOF mass spectral
peaks (Pierce et al. 2007).

For identification of single, unknown strains—compared to categorization or
differentiation—the entire mass spectrum is usually used and compared to a library
of reference spectra of known strains. Distinct algorithms have been applied in cor-
relations calculated and often small spectral differences between strains that have
been given more weight (weighted pattern matching) increased the sensitivity of
such small differences and thus contributed to successful identification, for example,
in studies using E. coli (Arnold and Reilly 1998), or Micrococcaceae (Carbonnelle
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et al. 2007). In the study by Arnold and Reilly (1998), strains exhibited both peaks
in common and also strain-specific peaks in the range of 3.5-10 kDa. By applying
an algorithm calculating both cross-correlation and auto-correlation values for each
of 13 intervals, 25 strains could be distinguished. Bright et al. (2002) applied a pat-
tern recognition algorithm to the mass spectra (m/z 500—-10,000), and each spectrum
was translated into a point vector in an n-dimensional space. Data of 35 strains
from 20 species and mainly enterobacteria were included in a reference library and
correct identification on the strain level was achieved for 79 % of the samples. The
algorithm succeeded even in the distinction of species for which biochemical typing
fails, for example, for E. coli O122 and Citrobacter freundii. A hierarchical cluster
algorithm combined with analysis of variance (ANOVA) was used in a study by
Hsieh et al. to extract biomarkers from several isolates of six human pathogens
(Hsieh et al. 2008).

In general, two kinds of algorithms exist: one includes intensities of peaks and
the other uses the presence and absence of mass peaks. It is worth mentioning that
spectral mass signals exhibit an analytical error due to slight variability of accel-
eration voltage, to status of matrix crystals, and to peak recognition by the soft-
ware. With respect to linear MALDI-TOF MS, an analytical error of approximately
500 ppm, meaning a 5 Da deviation for a signal at m/z=10,000, is generally regard-
ed acceptable. Besides software applications developed in-house, two main com-
mercially available and automated softwares including validated reference data-
bases are available (BioTyper, Bruker Daltonics (Sauer et al. 2008) and SARAMIS,
bioM¢érieux (Kallow et al. 2000)), which also allow analysis of MALDI-TOF mass
spectra on the below-species level as shown, for example, by Grosse-Herrenthey
et al. (2008) using BioTyper to identify clostridia at the strain level or by Stephan
et al. (2011) using SARAMIS for characterization of Y. enterocolitica strains ac-
cording to their biotype. Such databases are constantly improving by inclusion of
new bacteria relevant to clinical diagnostics, veterinary medicine, food safety, and
environmental microbiology. To obtain more mass peaks serving as putative bio-
markers and to increase sensitivity, in several studies samples have been treated by
enzymes, detergent, sonication, corona plasma discharge, or heat (Nilsson 1999;
Horneffer et al. 2004; Krishnamurthy et al. 1996; Ryzhov et al. 2000). Furthermore,
in some studies mass spectra that contained less peaks have been applied for dis-
crimination of strains as shown, for example for M. catarrhalis strains (Schaller
et al. 2000), S. aureus (Shah et al. 2011), or Francisella tularensis (Seibold et al.
2007). In the latter study, a method applying surface-enhanced laser desorption/
ionization has been used.

Proteomics-Based Approaches

The rapid increase in the availability of full genomes of bacteria in public databases
boosted research of proteomics-based approaches comprising identification of sin-
gle peaks in mass spectra in order to profile pathogens below the species level. Both
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application of MALDI-TOF MS and MALDI-TOF/TOF MS have been described
for identification of intact proteins serving as biomarkers. This comprises the use
of their masses which are compared to in silico-generated protein databases derived
from genomic databases. Intact protein identification has been successfully used
to identify strain-specific protein biomarkers, for example, for E. coli O157:H7
(Ochoa and Harrington 2005), Campylobacter (Mandrell et al. 2005), and Salmo-
nella (Dieckmann et al. 2008).

In bottom-up approaches, proteins extracted from bacterial cultures are digest-
ed enzymatically at specific sites and resulting peptides are identified by MS/MS
(post-source decay, laser-induced dissociation, or collision-induced dissociation).
Site-specific digestion is generally performed using proteolytic enzymes such as
trypsin (Aebersold and Mann 2003; Yao et al. 2002). In order to accelerate digestion,
microwave heating has been successfully applied (Lill et al. 2007). Non-enzymatic
protein digestion by acid hydrolysis accelerated through microwave heating has
been performed for analyzing spores of Bacillus (Swatkoski et al. 2006). Bottom-
up approaches often include a separation and purification step prior to digestion.
Fagerquist et al. (2005) applied high-performance liquid chromatography (HPLC)
and 1D sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to
proteins from Campylobacter before identifying strain-specific biomarker proteins.
Two-dimensional SDS-PAGE has been used by Schaller et al. (2006) prior to bio-
marker identification for M. catarrhalis strains.

Regarding further optimization and speeding-up of bottom-up identification
workflows, a proteomics-based approach that was developed recently to identify
subspecies of Salmonella enterica (Gekenidis et al. 2014) is described in detail in
the next chapter. This approach comprises whole-cell protein extracts produced via
an established extraction procedure (MALDI biotyping) and high-intensity focused
ultrasound (HIFU)-assisted trypsin digestion prior to identification of specific pep-
tides and proteins.

In contrast, top-down proteomics approaches in profiling bacteria comprise ac-
curate measurement of the mass of intact proteins and fragmentation of these by MS/
MS yielding partial amino acid sequences and/or peptide fragments. Fragmentation
is achieved by collision-induced dissociation, laser-induced dissociation, electron
capture dissociation, or electron transfer dissociation. Resulting MS/MS spectra are
compared to a database in order to identify the protein and ultimately—in the case
of sufficiently unique protein sequence—the source strain. Software applications
compare the masses of MS/MS fragment ions to a database of in silico fragment
ions (a-, b-, and y-fragment ions) derived from a large number of protein sequences
which exhibit the same mass as that of the biomarker. An algorithm calculates the
probability of identification. MALDI-TOF/TOF MS has been used for identification
of intact spores that were treated with 10 % formic acid on-target to facilitate extrac-
tion of small acid soluble proteins (Demirev et al. 2005). In another study, proteins
were extracted with water—acetonitrile-TFA under bead-beating using 0.1 mm zir-
conia/silica beads for 1 min prior to biomarker identification of E. coli O157:H7
via MALDI-TOF/TOF MS (Fagerquist et al. 2010). Furthermore, shiga toxins of .
coli O157:H7 have been identified by this approach (Fagerquist and Sultan 2011) .



11 Rapid Profiling of Human Pathogenic Bacteria and Antibiotic Resistance ... 285

Future applications of MALDI in top-down approaches will need further develop-
ments to make fragmentation of large proteins more efficient (McLuckey 2010).
Compared to library-based approaches, proteomics-based approaches are at an ad-
vantage with higher level of specificity and independence of producing mass spec-
tral profiles with reproducible relative intensities of mass peaks.

Approaches Based on Tryptic Peptides Toward
Identification and Typing of Pathogens Below the Species
Level

Exploiting MALDI-TOF/TOF MS for Discrimination of
Subspecies: In Search of Microorganism-Specific Tryptic
Peptides

One approach to increase the taxonomic resolution of classical MALDI-TOF bio-
typing is by analyzing protein digests in the so-called bottom-up approach (as re-
viewed above). We have recently described a method for discrimination of bacte-
rial subspecies relying on the ultra-fast generation of tryptic peptides enabling the
identification of subspecies-specific biomarker peptides (Fig. 11.1). For the proof
of concept, we used a model system consisting of the three Salmonella enterica

Library-based approach

W@ - > B =

Sample preparation MALDI-TOF analysis Identification

“000 600 eao0 10000

Proteomics-based approach .‘

Sample preparation HIFU-assisted LC-MALDI MS/MS Tryptlc peptlde occurrence:
trypsination LC retention times vs m/z

Fig. 11.1 Classical library-based approach for identification of bacteria using MALDI-TOF MS
(top) and workflow for the novel proteomics-based approach for identification using HIFU-assisted
trypsination and LC-MALDI MS/MS (below) as described in detail in Sect. 2 of this chapter
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subspecies: arizonae, enterica, and houtenae. It is, to the best of our knowledge,
the first study using the classical MALDI biotyping extract directly for proteomic
analyses in a bottom-up approach. This rapid procedure allows generation of tryptic
peptides within minutes without need for any further processing straight from a
simple whole-cell extract. Details of the experimental procedure and data analysis
allowing identification of unique biomarker peptides for subspecies discrimination
shall be given in the next section.

Experimental Procedure

After selecting a representative strain for each of the subspecies to be discriminated
within the genus of interest (e.g., Salmonella), a classical MALDI biotyping extrac-
tion is performed for each subspecies using a simple acid/organic solvent extraction
as previously described (Sauer et al. 2008). We recommend using at least three
biological replicates per subspecies. For extraction, an overnight culture of each
strain is diluted to OD, .. =1. One milliliter of each diluted culture is centrifuged
at 5000 x g for 1 min, the medium is discarded, and the resulting pellet is washed
with deionized water. The resulting cell suspension is spun again and the pellet is
resuspended in 75 % ethanol. After centrifuging the sample for 2 min at 16,100 x g,
the supernatant is discarded and the residual ethanol is allowed to evaporate for
5 min at room temperature. In the following steps, the proteins are extracted by
consecutive addition and vortexing in 100 pl of 70% formic acid and 100 pl of
100 % acetonitrile. Finally, after another spin (16,100 xg, 2 min) the supernatant
containing the extracted proteins is transferred to a fresh Eppendorf tube where the
extract can be stored at —20 °C until further analysis.

In order to generate tryptic digests, each extract should first be dried completely
using a SpeedVac concentrator (room temperature, approximately 30—45 min). The
remaining pellet which is hardly visible is then resolubilized in 3 pl of 100 % ace-
tonitrile, 3 pl of RapiGest, 18 pl of 100 mM Tris-HCI (pH 8.2), and 3 pl of 1 M
Tris-HCI (pH 8.2) using 5 min HIFU treatment (UTR200, Hielscher Ultrasonics,
Teltow, Germany) (intensity 90 %, cycles 0.8). Trypsin (0.1 mg/ml in 10 mM HCI)
is then added and the extracted proteins are digested within only 15 min under
HIFU treatment, which significantly accelerates the generation of peptides oth-
erwise lasting up to 2—16 h depending on the incubation temperature. Up to six
samples can be processed simultaneously. In order to avoid a drastic temperature
increase, HIFU treatment should always be performed in an ice water bath. Each
digest is subsequently spotted onto a MALDI target (e.g., MTP AnchorChip 1536
TF) using a nano-LC system coupled to a fraction collector. The eluting peptides are
directly mixed in the fraction collector with a matrix solution containing a-cyano-4-
hydroxycinnamic acid (CHCA). One per eight spots can be manually spotted with
a peptide calibration standard diluted in CHCA matrix at a ratio of 1:200. Details of
the system, reagents, and operation parameters are given in Table 11.2.
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Table 11.2 System requirements, reagents, and operation parameters for nano-LC spotting of
tryptic digests onto the MALDI target for MALDI-TOF/TOF MS analysis

nano-LC column 15 emx 75 pm C18 column; particle size 3 pm, pore
size 100 A

Trap column 2 cm x 100 um C18 reversed phase column (solid phase
extraction); particle size 5 pm, pore size 120 A

Reagents

CHCA tryptic digest 748 pl acetonitrile-water—TFA (95:4.9:0.1, vol/vol/vol)

36 pl saturated CHCA (10 mg/ml) in acetonitrile-water—
TFA (90:9.9:0.1, vol/vol/vol)

8 nl of 10% TFA

8 ul of 100 mM NH,H,PO, dissolved in water

CHCA peptide calibration standard | 748 ul acetonitrile-water—TFA (85:14.9:0.1, vol/vol/
vol), rest as for CHCA tryptic digest

Mobile phase A 0.1% TFA in water

Mobile phase B 0.1% TFA in 90 % acetonitrile

Operation parameters

Spotting interval Six spots per minute

Elution gradient Linear, mobile phase B from 2 to 45 %, 64 min, 300 nl/
min

After having spotted the tryptic digests, the MALDI-TOF/TOF MS spectra are
acquired. The obtained data are then searched on the MASCOT search engine using
the National Center for Biotechnology Information (NCBI) or UniProtKB/Swis-
sProt database. The latter should be preferred because of the higher reliability of its
reviewed data entries; however, one has to make sure that it contains a satisfactory
number of entries for the subspecies under investigation. The NCBI database on the
other hand will yield more potential biomarker peptides than the UniProtKB/Swis-
sProt database search. To limit the amount of irrelevant peptide matches, the search
can be restricted to the genus under investigation. A peptide decoy database and the
MASCOT Percolator algorithm may be used to increase the significance of search
results. Further suggested acquisition and search parameters are listed in Table 11.3.

The next step is the search for potential biomarker peptide masses, for example,
by applying a Microsoft Excel macro to the data (as described by Gekenidis et al.
2014). The MALDI-TOF/TOF measurement yields compound lists for each digest
containing the masses (m/z values) of all the peptides measured as well as the corre-
sponding signal-to-noise (S/N) ratios. A biomarker peptide mass is defined as an m/z
value present in all sets of one subspecies but absent from all sets of the others. To
identify potential biomarker m/z values, all lists obtained for the analyzed subspe-
cies and biological replicates are merged in one Excel table and sorted by increasing
m/z values after having added a tag to each entry (see Table 11.4). Then, the S/N ra-
tio and a ppm value are defined. Note that the S/N ratio should be equal to or above
the value defined for MS/MS precursor selection (see Table 11.3), whereby only
masses for which an MS/MS spectrum was acquired will be considered. The macro
will select datasets with an S/N ratio equal to or greater than the defined value and
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Table 11.3 Parameters for MALDI-TOF/TOF MS data acquisition and peptide search

MS/MS precursor selection

Signal-to-noise ratio threshold 10

Compound merging

When separated by less than six fractions, mass toler-
ance=+50 ppm

Measurement settings

Laser frequency 1000 Hz

Positive reflectron mode

Acquisition range 700-4000 Da

3000 shots per spot, 100 shots per raster spot

Laser intensity and detector sensitivity: highest peak
10*-10 arbitrary units

Peptide search

Search restrictions

Tryptic peptides with variable methionine, histidine, tryp-
tophan oxidation

One miscleavage

Peptide tolerance=+50 ppm, peptide charge+ 1

MS/MS tolerance+0.7 Da

Table 11.4 Extract of compiled compound tables from Sa/monella enterica subsp. arizonae, S.
enterica subsp. houtenae, and S. enterica subsp. enterica prepared for biomarker peptide mass
search (raw data from Gekenidis et al. 2014)

Tag m/z S/N
enterica_a 2703.26023 6.4
enterica_b 2703.27328 4.2
enterica_a 2703.28559 9.0
houtenae a 2703.29299 10.0
enterica_b 2703.29761 6.8
arizonae_a 2703.30283 5.5
enterica_b 2703.30725 5.6
enterica_b 2703.30853 7.8
houtenae b 2703.30992 6.8
enterica_a 2703.31167 8.6
arizonac_a 2703.31628 7.4
houtenae ¢ 2703.32243 8.5
enterica_b 2703.32295 4.4
houtenae ¢ 2703.33365 106.7
houtenae a 2703.33666 14.3
arizonae b 2703.33781 3.9
enterica_b 2703.33957 3.3
enterica_b 2703.34086 4.0
arizonae a 2703.37732 3.0
houtenae b 2703.37971 33.7

create a pivot table containing the m/z values in the row fields and the tag of the dif-
ferent measurements in the column fields. Each m/z value is then taken as a center,
m/z values within the surrounding ppm window are counted, and the counts of the
tag of the different measurements are recorded in the pivot table (see Table 11.5).
Such a pivot table will give an overview of the number of m/z signals within the
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Table 11.5 Extract of the pivot table generated from data on Sa/monella enterica subsp. arizonae,
S. enterica subsp. houtenae, and S. enterica subsp. enterica (S/N=10,+100 ppm). Each m/z value
is used as center of a ppm window to search for adjacent m/z values (see the text). Bold numbers
indicate to which biological replicate the respective m/z value belongs. Two potential biomarker
peptides are highlighted in green and purple (raw data from Gekenidis et al. 2014). In the case of
the potential biomarker peptide highlighted in green, four m/z values were observed in the three
biological replicates of S. enterica subsp. houtenae (2703.29299 and 2703.33666 in houtenae a,
2703.33365 in houtenae_b, and 2703.37971 in houtenae_c), but none in the other two subspecies.
The average of those four m/z values was therefore defined as a potential biomarker peptide mass
for S. enterica subsp. houtenae.

m/z
arizonae a
arizonae b
arizonae c
houtenae a
houtenae b
houtenae c
enterica a
enterica b
enterica c

N
—_

2701.34674
2701.34875
2701.39451
2702.26381
2702.27090
2702.27861
2702.30037
2703.29299
2703.33365
2703.33666
2703.37971
2704.23789 | 1
2704.28700
2704.29833 | 1
2705.06338
2705.06406
2705.13323
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ppm window per set of each subspecies. An extract of a macro used for creation of
such a pivot table is given in Fig. 11.2. After having generated the pivot table, the
m/z values of biomarker peptides are selected and pasted into a new Excel sheet
(for examples of such biomarker peptide masses, see marked entries in Table 11.5).
Finally, all potential biomarker peptide masses are compared to the results obtained
from the MASCOT search in order to find the masses belonging to actual peptides
in proteins of the investigated genus. For those actual peptides, a sequence compari-
son can be made between the biomarker peptide and the corresponding peptides of
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RawSheet = ActiveSheet.Name
NrRows = ActiveSheet.UsedRange.Rows.Count
NrColumns = ActiveSheet.UsedRange.Columns.Count

'Determine start row
For Z = 3 To NrRows
If (Cells(Z, MZColumn) - Cells(2, MZColumn)) > (MZWindow * Cells(Z, MZColumn).Value

~

2)
Next 2
StartRow = Z2 - 1

'Determine end row
For Z2 = 1 To (NrRows - 1)
If (Cells(NrRows, MzZColumn) - Cells((NrRows - Z), MZColumn)) > (MZWindow *
Cells ((NrRows - Z), MZColumn).Value / 2) Then Exit For
Next 2
EndRow = NrRows - Z

'Row-by-row processing of data
PivotRow = 1
For Z = StartRow To EndRow

'Check S/N limit: jump to next row if S/N ratio lies below defined limit
If Cells(z, SNColumn).Value < SNLimit Then GoTo NextZ
PivotRow PivotRow + 1
Tag = Sheets(RawSheet).Cells(Z, TagColumn).Value
For i = 2 To NrColumnsPivot
Select Case Tag
Case Pivot (i)
PivotColumn = i
Exit For
End Select
Next i
Sheets (PivotSheet) .Cells (PivotRow, 1).Value = Sheets (RawSheet).Cells(Z,
MZColumn) .Value
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value = 1 +
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Font.Bold = True

"Analyze ppm window from center to upper m/z limit
For O = (2 + 1) To NrRows

'Check S/N limit
If Cells (O, SNColumn).Value < SNLimit Then GoTo NextO

"Check whether m/z value lies within ppm window (upper half)
If (Cells(0O, MZColumn) - Cells(Z, MzColumn)) > (MZWindow * Cells(Z,
MzColumn) .Value / 2) Then Exit For
Tag = Sheets(RawSheet).Cells (0, TagColumn).Value
For i = 2 To NrColumnsPivot
Select Case Tag
Case Pivot (i)
PivotColumn
Exit For
End Select
Next i
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value = 1 +
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value
NextO:
Next O

i

"Analyze ppm window from center to lower m/z limit
For U = 1 To (% - StartRow)

'Check S/N limit
If Cells(Zz - U, SNColumn).Value < SNLimit Then GoTo NextU
'Check whether m/z value lies within ppm window (lower half)
If (Cells(Z, MZColumn) - Cells((Z - U), MZColumn)) > (MZWindow * Cells(Z,
MZColumn) .Value / 2) Then Exit For
Tag = Sheets (RawSheet) .Cells((Z - U), TagColumn).Value
For i = 2 To NrColumnsPivot
Select Case Tag
Case Pivot (i)
PivotColumn
Exit For
End Select
Next i
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value = 1 +
Sheets (PivotSheet) .Cells (PivotRow, PivotColumn).Value
NextU:
Next U

i

NextZ:
Next 2

Fig. 11.2 Extract of the Excel macro code used for determination of subspecies-specific peptide
masses as applied to process raw data from Gekenidis et al. (2014)
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the other subspecies in order to identify the amino acid exchanges responsible for
the uniqueness of each biomarker peptide.

Identification of Antibiotic Resistance Mechanisms in
Bacteria Using Tryptic Peptides

Since their discovery, antibiotics have been extensively used to fight bacterial infec-
tions. This broad use has led to a drastic increase in the occurrence of antibiotic-
resistant bacteria, representing one of the major current threats to human health.
Consequently, there is a need for discovery of novel antibiotics or drug targets.
Identification of the pathways involved in resistance and understanding the underly-
ing molecular mechanisms are important steps toward fulfilling this task.

A-recent application of MALDI-TOF MS focuses on the elucidation of resistance
mechanisms in bacteria, involving mainly resistance to antibiotics. An extensive
recent review on the application of MALDI-TOF MS for detection of antibiotic
resistance mechanisms has been published by Hrabak et al. 2013. In the following
we shall focus on studies using gel electrophoresis followed by tryptic protein di-
gestion to (a) elucidate changes in expression profiles associated with exposure of
microorganisms to antibiotics, (b) identify the proteins being up- or down-regulated
as a consequence of antibiotic exposure, and (¢) deduce mechanisms involved in
bacterial resistance. The vast majority of these studies rely on a principle described
as early as 1996 by Shevchenko for in-gel tryptic digestion and mass spectrometric
sequencing of proteins (Shevchenko et al. 1996).

Decreased membrane permeability is one major mechanism providing antibiotic
resistance to bacteria. In 2001, Dé and coworkers investigated the role of the major
porin in Enterobacter aerogenes for its resistance to cephalosporins (D¢ et al. 2001).
They first purified the porin and observed a mass difference in the wild-type and
resistant strain porins by MALDI-TOF MS which they hypothesized to rely on a dif-
ference in the primary sequence. The SDS-PAGE protein bands of the two proteins
were then digested in-gel with trypsin and peptide mapping by MALDI-TOF and
nanospray MS/MS identified a G to D mutation in one of the porin’s loops, which
was suggested to be conferring antibiotic resistance to the clinical E. aerogenes strain.

Conejo et al. reported the loss of the outer membrane porin protein D (OprD)
in Pseudomonas aeruginosa in response to zinc eluting from siliconized latex uri-
nary catheters (SLUC) resulting in carbapenem resistance (Conejo et al. 2003). The
outer membrane proteins of P. aeruginosa grown in the presence and absence of
zinc were prepared, and the expression profiles were compared after separation by
SDS-PAGE. Further analysis by MALDI-TOF MS after in-gel tryptic digestion of
outer membrane proteins not expressed in the zinc-supplemented extract (and the
SLUC eluate) revealed that they matched OprD. The authors concluded that the loss
of OprD from P. aeruginosa in the presence of zinc is the underlying mechanism
for the previously reported increased resistance of this bacterium to imipenem, an
antibiotic belonging to the class of carbapenems.
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Recently, Khatua et al. elucidated a novel mechanism for how sialic acids on
OprD might confer -lactam antibiotic resistance to P. aeruginosa (Khatua et al.
2014). Strains containing a2,3- and a2,6-linked sialic acids have previously been
shown to have increased resistance to f-lactam antibiotics. Therefore, after purify-
ing sialoglycoproteins from the membrane fractions of four clinical P. aeruginosa
isolates and separating them by 2D gel electrophoresis, Khatua et al. digested those
proteins in-gel with trypsin and analyzed the resulting peptides by MALDI-TOF/
TOF MS. Sialoglycoproteins containing either a2,3-, 02,6-linkages, or both could
be identified, among others an OprD precursor. In a subsequent step, sialylated
OprD proteins were purified by anion exchange chromatography, and their iden-
tity was confirmed by trypsin digestion and MALDI-TOF/TOF MS. Further ex-
periments led the authors to the conclusion that sialic acids on the OprD protein
hampered its interaction with B-lactam antibiotics, probably thereby increasing the
survival of such strains under antibiotic pressure.

Another study on P. aeruginosa (Peng et al. 2005) examined the sarcosine-in-
soluble outer membrane fraction upon treatment with ampicillin, kanamycin, and
tetracycline to identify proteins related to the respective antibiotic resistances. The
authors found 11 differential proteins, which were excised from the 2D gel and
identified by MALDI-TOF MS after in-gel tryptic digestion of the excised spots.
Apart from some known antibiotic resistance proteins, Peng et al. discovered some
new proteins and thereby novel potential antibiotic targets.

The same technique of in-gel tryptic digestion and subsequent identification by
MALDI-TOF MS was applied by Dupont and coworkers in Acinetobacter bau-
mannii, an opportunistic bacillus comprising increasing numbers of resistant strains
(Dupont et al. 2005). They compared the outer membrane of different strains and
found two differentially expressed proteins, one of which was identified as belong-
ing to the OprD family.

A final example demonstrating the importance of membrane permeability as a
mechanism of antibiotic resistance is a study from 2006 which investigated the
response of outer membrane proteins in E. coli to tetracycline and ampicillin (Xu
et al. 2006). Three known and six new outer membrane proteins related to antibiotic
resistance in E. coli K-12 could be identified.

Another set of studies explored changes occurring in the overall proteome in
response to antibiotic treatments (Cordwell et al. 2002). Cordwell et al. used 2D gel
electrophoresis to compare the protein profiles of an MSSA and an MRSA strain. A
total of 377 proteins were analyzed by MALDI-TOF MS following tryptic digestion
of gel-purified proteins. Proteins which could not be identified by MALDI were
subjected to tandem electrospray ionization (ESI) MS. In addition, the effect of
Triton X-100, a detergent known to reduce methicillin resistance, was investigated.
Here, 44 proteins showed altered abundance on the 2D gel with 11 spots found ex-
clusively in the resistant strain. Based on these findings, the authors could conclude
that among other factors, products of the 6® and the SarA regulon (the alternative
sigma factor and a regulator of virulence genes) are involved in methicillin resis-
tance of S. aureus.
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Another study by Cho et al. on MRSA investigated the effect of tea polyphenols
(TPP) on the protein expression of a clinical MRSA isolate displaying an excellent
synergistic effect of TPP and oxacillin (Cho et al. 2008). Down-regulation of 14
extracellular proteins (chaperone-like and other proteins related to cellular patho-
genicity mechanisms as identified by MALDI fingerprinting) and up-regulation of
3 proteins upon TPP exposure were observed. Although the underlying mechanism
for this synergy of TPP and oxacillin could not be elucidated, the findings show a
clear effect of TPP on the expression of several key MRSA proteins.

Eyraud et al. could show how a small regulatory RNA, SprX, influences anti-
biotic resistance of S. aureus to two glycopeptides, vancomycin and teicoplanin,
which are the antibiotics of choice to treat MRSA infections (Eyraud et al. 2014).
By constructing a mutant strain lacking expression of SprX (AsprX) and comparing
its expression profile with the wild-type, the authors could identify a SprX target,
stage V sporulation protein G, SpoVG, which is significantly down-regulated in the
presence of SprX. Of note, SpoVG has been suggested previously to fulfill more
general regulatory functions unrelated to sporulation in nonsporulating bacteria
such as S. aureus (Meier et al. 2007; Schulthess et al. 2011).

Other studies have conducted 2D gel electrophoresis and tryptic peptide-based
proteomic surveys on Mycobacterium tuberculosis. Sharma et al. analyzed whole-
cell extracts of streptomycin-susceptible and streptomycin-resistant clinical isolates
of M. tuberculosis (Sharma et al. 2010). In 2013, Kumar and coworkers could iden-
tify 12 proteins consistently up-regulated in resistant isolates (Kumar et al. 2013).
Finally, Truong et al. published results on expression changes related to proteins
associated with resistance to rifampicin and isoniazid (RH), the key drugs for tu-
berculosis treatment (Truong et al. 2014). A comparison of the proteome extracted
from RH-resistant and RH-susceptible clinical isolates after 2D gel electrophoresis
separation yielded 41 spots with differential expression. After identification of the
corresponding proteins by MALDI-TOF/TOF MS analysis of the generated tryptic
peptides, 12 proteins involved in virulence, adaptation, and lipid metabolism were
identified.

Recent investigations on a cefotaxime-resistant E. coli strain WAS7 (producing
extended-spectrum B-lactamase) revealed 40 differentially expressed proteins from
different cell compartments (extracellular, periplasmic, cytoplasmic, membrane,
and whole-cell) upon exposure to cefotaxime (Gongalves et al. 2014). These 40 and
additional 275 proteins were all identified by analyzing tryptic protein digests with
MALDI-TOF/TOF MS. This study gives a comprehensive overview of the changes
occurring in the E. coli strain WAS57 when stressed with cefotaxime. Chaperone,
porin, and export proteins were particularly affected, suggesting an important role
of stress response and transport functions in antibiotic resistance of this strain.

Another important principle underlying antibiotic resistance is the inactivation
of the agent by either chemically modifying it (e.g., hydrolysis) or directly bind-
ing to it (antibiotic trapping) (Goessens et al. 2013). Goessens et al. hypothesized
a covalent binding of meropenem to an enzyme in E. coli as an underlying resis-
tance mechanism toward carbapenems. A comparison of a carbapenem-susceptible
E. coli to its carbapenem-resistant successor strain isolated from the same patient
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after carbapenem treatment showed that the resistant strain additionally possessed
the plasmid-encoded B-lactamase CMY-2. In order to confirm their hypothesis of an
acyl-enzyme complex formation, they incubated periplasmic extracts with merope-
nem, separated those as well as untreated extracts on SDS—PAGE, and analyzed the
excised CMY-2 band on a MALDI-TOF/TOF MS after in-gel digestion with tryp-
sin. By comparing the tryptic peptides in which the active site of the enzyme is lo-
cated from treated and untreated samples, they found the peptide mass correspond-
ing to the peptide containing the active site after modification with meropenem and
removal of an acetaldehyde group in the samples treated with meropenem. This
finding strongly supports the hypothesis of meropenem being covalently bound to
CMY-2 as a possible antibiotic resistance mechanism.

A recent study from 2014 exploited the analysis of in-gel trypsin-digested pro-
teins with MALDI-TOF/TOF MS to identify CMY-2-type cephalosporinases in En-
terobacteriaceae (Papagiannitsis et al. 2014). A peak uniquely observed in CMY pro-
ducing isolates was thereby confirmed to represent a C. freundii-like B-lactamase.

In a comparative proteome study with a multi-resistant E. coli, 21 differentially
expressed proteins under treatment with multiple drugs were identified (Piras et al.
2012). From the identified proteins, the authors concluded that quorum sensing
might be involved in the multiple antibiotic resistance observed in this strain.

Hemmerlin et al. investigated by applying 2D gel electrophoresis, tryptic diges-
tion, and MALDI-TOF MS the effect of fosmidomycin on E. coli being only shortly
exposed to the antibiotic (Hemmerlin et al. 2014). Within the first 3 h after expo-
sure, combined strategies are triggered mainly consisting of adapting metabolism to
increase tolerance to oxidative stress and rapidly exporting the antibiotic from the
cell. Such insights can aid the development of new efficient drugs by improving the
understanding of the underlying defense mechanisms.

Similar studies can be conducted using mass spectrometric methods other than
MALDI-TOF. However, being beyond the scope of this brief overview, we shall
mention only one study from 2007 by Camara and Hays (2007). A protein with an
approximate mass of 29,000 Da found only in ampicillin-resistant E. coli was con-
firmed to be a PB-lactamase by in-gel digestion followed by liquid chromatography-
mass spectrometry (LC-MS).

Another approach, circumventing the time-consuming preparation of 2D gels,
was shown by Wilcox et al. (2001). Instead of digesting protein bands separated
on a gel, they analyzed tryptic digests of fractions collected from an HPLC. In par-
ticular, three ribosomal proteins responsible for streptomycin, erythromycin, and
spectinomycin resistance in three E. coli strains were investigated. The mutations
responsible for the observed resistance were located by analyzing tryptic peptides
on a MALDI-TOF/TOF and a nano-electrospray tandem mass spectrometer.

In conclusion, tryptic digestion of proteins and analysis of the resulting pep-
tides by MALDI-TOF MS or LC-MS have proven to be a potent tool to elucidate
mechanisms underlying bacterial resistance to antibiotics. Either proteins of inter-
est or protein fractions such as outer membrane proteins can be analyzed, or the
whole proteome of antibiotic-susceptible and -resistant strains can be compared.
The proteins of interest or the differentially expressed proteins can be digested to
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tryptic peptides and then further analyzed. New proteins related to resistance are
thereby identified, and mutations responsible for resistance can be located. Resis-
tance mechanisms are usually deduced from the function of the identified proteins.
In the case of antibiotic trapping as the underlying mechanism, that is, the covalent
binding of the antibiotic to a target, the actual antibiotic—target complex can be de-
tected. The number of analyzed proteins going up to several hundreds and the broad
spectrum of antibiotics and bacteria tested in the aforementioned studies show the
global applicability of these approaches.

Limitations and Future Perspectives

Intact protein expression typing of pathogenic bacteria has been continuously im-
proved since in the mid-eighties MALDI-TOF MS and ESI MS have been estab-
lished as efficient soft-ionization techniques of biomolecules. For rapid identifi-
cation and classification, the intact protein MALDI-TOF MS approach has to be
favored as compared to the ESI MS technique with respect to reproducibility, speed,
and robustness of data acquisition, and cost-effectiveness. However, in cases where
time to result and increased complexity of analytical workflows and infrastructures
are not of primary concern, state-of-the-art technologies aiming at profiling bacte-
ria according to their peptide profiles (proteomics-based approach) give preference
clearly to the ESI MS method. Even in the light of the many achievements and
advantages of whole-cell mass spectrometry (biotyping), there exist currently still
limitations and areas that need to be improved in the future, such as the following:

» Accurate identification of strains (below-species level) for the precise definition
of organisms and communities under investigation

 Identification of single or multiple bacteria in bacterial mixtures, opening up a
wide range of possibilities to investigate diversity at the biologically relevant
level

 Identification without in vitro culturing, directly from environmental samples
contaminated by pathogenic bacteria or identification of non-culturable bacteria
(non-culture-based identification)

» Set-up and publish lists of organism-specific biomarkers (proteins or peptides)
as a community resource for quick and reliable identification

» Targeted proteomics approaches using selected reaction monitoring (SRM)
methods for increased accuracy and sensitivity in quantification

* Merging proteomic and genomic databases, using so-called proteogenomics ap-
proaches allowing to identify and characterize previously undescribed species
and proteins

» Enrichment of bacteria applying bead-based technology prior to identification to
increase analytical sensitivity, particularly from low abundant specimens

Direct and rapid identification of bacteria from environmental samples and mix-
tures by MALDI-TOF MS remains challenging. Target bacteria may exist in low
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concentrations (below the analytical detection limit) and background from the
sample matrix may influence subsequent analyses. As an approach to separate and
enrich target bacteria without culturing using standard microbiological enrichment
procedures, functionalized magnetic nano-beads, for example, coated with anti-
bodies, are promising for preparation of such samples prior to MALDI-TOF MS
analysis (Ho et al. 2004; Schlosser et al. 2007; Madonna et al. 2001). Aiming to
implement such approaches in routine diagnostics, future work needs to empha-
size increasing cell recovery rates as well as overcoming cross-reaction with non-
target bacteria and agglutination of beads. In particular, success in these fields will
strongly depend on the development and application of new specific affinity probes.

In order to increase the discriminatory power of MS-based methods of bacte-
rial characterization, we have been investigating into a discovery-based proteomics
approach making use of the traditional organic acid/organic solvent extracted bio-
typing sample (Gekenidis et al. 2014; Drissner et al. 2014). As commented in the
sections above, we could clearly demonstrate that this ready-to-use, straightforward
preparation—free of any contaminating ingredients, such as detergents—is proving
to be a very valuable starting material to perform proteomics experiments using
LC-MALDI MS. We have now compared the equivalent tryptic digests with LC-
ESI MS and found that, by combining both ionization techniques, the information
content regarding the produced peptides significantly increased (unpublished re-
sults). The ultimate aim of generating such biomarker peptide lists is to switch from
discovery-based proteomics into target-based proteomics allowing in the future to
monitor pathogenic bacteria with increased discriminatory power using SRM tech-
nology. In brief, the mass spectrometer (triple quadrupole) would be set to monitor
only selected, microorganism-typic tryptic peptides, and their absolute abundance
could be determined by spiking respective isotopically labeled peptides. Until now,
there are only a few reports regarding SRM applications in the field of SRM tech-
nology of pathogenic bacteria. Aebersold and Picotti have recently paved the way to
accurately employ SRM technology within proteomics approaches (Karlsson et al.
2012; Picotti and Aebersold 2012).

In the context of truly real-time detection, it is essential that, as pre-analytical
steps, bacterial sample concentration and elimination from the matrix need to be
improved and simplified. As recently shown by Barreiro et al. (2012), non-culture-
based identification of bacteria in milk by protein fingerprinting is easily performed
by using the recently introduced Sepsityper™ by Bruker.

The problem of identifying non-culturable bacteria and the possibility of accu-
rately identifying individual microorganisms out of a mixture have been addressed
so far mainly through genomics-oriented projects, for example, by next-generation
sequencing applications and with proteogenomics approaches (Pierce et al. 2012;
Woo et al. 2014; Lasken and McLean 2014; Sheynkman et al. 2014). The latter one
is an area of research interfacing proteomics and genomics and as such helping to
identify novel peptides (not present in reference protein sequence databases) from
MS-based proteomics data (Nesvizhskii 2014).
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Chapter 12

Detection of B-Lactamases and Their Activity
Using MALDI-TOF MS

Jaroslav Hrabak, Vladimir Havlicek and Costas C. Papagiannitsis

B-Lactamases

Antibiotics have been used for the treatment of infectious diseases and for a number
of non-human applications (agriculture, animal husbandry, and aquaculture) during
the past 70 years (Levy and Marshall 2004). Prior to the introduction of antibiot-
ics, natural populations of human/animal bacterial pathogens or commensal bac-
teria were susceptible to antibiotics (Hughes and Datta 1983). Immediately after
the entry of antibiotics in the treatment of infectious diseases, the appearance of
antibiotic-resistant bacteria was observed. Today, the overwhelming majority of en-
terobacteria are resistant to sulfonamides, the first antibacterial chemotherapeutics
introduced in clinical practice in 1937. Additionally, a high proportion of bacteria
are resistant to a broad range of penicillins, streptomycin, chloramphenicol, and
tetracyclines.

Dealing with the problem of antibiotic resistance, older antibiotics were replaced
with new antibiotic families or improved versions of old families with more effec-
tive action. However, resistance to these new antibiotic molecules emerged quickly
(Hede 2014).

Antibiotic resistance is a worldwide problem. Increasing trends of antibiotic-
resistant bacteria, causing infections in humans, have been reported by many Eu-
ropean countries (ECDC 2012). Emergence of this phenomenon complicated the
antibiotic treatment of infectious diseases and significantly increased its cost. As a
consequence, several reports describing the failure of antibiotic treatment schemes
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Fig. 12.1 Hydrolysis of the amide bond of the -lactam ring of B-lactam antibiotics (meropenem)

used in humans and animals have been published (Levy and Marshall 2004). In ad-
dition, suffering and mortality due to untreatable infections have increased dramati-
cally. The most alarming rise in antibiotic resistance in humans over the past decade
has been observed in Escherichia coli, Klebsiella pneumoniae, and other members
of Enterobacteriaceae family (ECDC 2011). The resistance mechanisms of these
bacteria, posing a threat for public health, often involve production of enzymes
inactivating antibiotics, such as fB-lactamases and aminoglycoside-modifying en-
zymes (Hrabak et al. 2013). Also, the efflux of antibiotics from the cell and the
protection of antibiotic targets from the action of antibiotics [e.g., plasmid-mediated
quinolone resistance determinants] are some of the resistance mechanisms harbored
by enteric bacteria. Currently, however, the most important and largest group of
resistance mechanisms is the production of enzymes degrading the amide bond of
the B-lactam ring in B-lactam—f-lactamases (Fig. 12.1).

B-Lactamases were first described in Staphylococcus aureus as factors causing
resistance to penicillin (Kirby 1944). Later, the first plasmid-encoded B-lactamase,
designated TEM based on the patient’s name, was described in Greece from a strain
of E. coli (Datta and Kontomichalou 1965). Currently, hundreds of different types
of B-lactamases have been described. These enzymes are categorized based on their
molecular properties (Ambler classification) or their hydrolytic pattern (Bush clas-
sification)—see Table 12.1 (Bush et al. 1995; Bush and Jacoby 2010).

B-Lactamase-mediated resistance of Gram-negative bacteria (especially of En-
terobacteriaceae family) to cephalosporins and recently to carbapenems has con-
tinuously increased since 1980s (Canton et al. 2012; Gniadkowski 2008). At the be-
ginning of the new millennium, multiresistant enterobacteria producing extended-
spectrum B-lactamases (ESPLs) and acquired AmpC-type cephalosporinases have
spread worldwide, mainly as nosocomial pathogens, but also in the community (Pi-
tout 2010). The high consumption of carbapenem antibiotics under epidemic situa-
tion has been followed by a rapid spread of carbapenem resistance, in large measure
due to acquisition of genes encoding carbapenemases (Borg et al. 2008; Nordmann
et al. 2011). Nowadays, bacteria producing carbapenemases, being resistant to all
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Table 12.1 Classification of f-lactamases (Bush and Jacoby 2010; Bush 2013)

Bush classification | Subgroup | Ambler Main properties
Group classification
Cephalosporinases | 2a C AmpC B-lactamases; hydrolysis of all
B-lactams, except of carbapenems (and mostly
2b fourth generation cephalosporins); non-inhib-
ited by conventional serine inhibitors (i.e.,
2be clavulanic acid, tazobactam, and sulbactam)
Penicillinases, 2br A Staphylococcal penicillinases
cephalosporinases, | 2¢ Broad-spectrum enzymes, e.g., TEM-1,2;
carbapenemases SHV-1
2e Extended-spectrum f-lactamases (ESPL), e.g.,
TEM-3; SHV-2; CTX-M
2f Inhibitor-resistant enzymes (IRT)
2d Carbenicillinases
Cephalosporinases inhibited by clavulanic acid
Carbapenemases inhibited by clavulanic acid
D Cloxacillinases/oxacillinases (OXA)
Metallo-B- 3a B Metallo-B-lactamases (usually Zn>*
lactamases 3b 3¢ -dependent)

available antibiotics and causing severe infections (e.g., bloodstream infections),
have been reported in several countries worldwide. Carbapenemase-producing
bacteria express diverse carbapenem-hydrolyzing enzymes, namely metallo-f-
lactamases (MPBLs), K. pneumoniae carbapenemases (KPCs), and OXA-48-type
oxacillinases. The clinically most important carbapenemases in Enterobacteriaceae
are the class A enzymes of the KPC type. KPC B-lactamases exhibit activity against
a wide spectrum of B-lactams, including penicillins, older and newer cephalospo-
rins, aztreonam, and carbapenems. Acquired MBLs are resistance determinants of
increasing clinical importance in Gram-negative pathogens. Of these, mainly en-
zymes of VIM, IMP, and NDM types have been encountered in K. pneumoniae
and other members of Enterobacteriaceae family. MBLs hydrolyze most -lactams,
including expanded-spectrum cephalosporins (ESCs), and are not inhibited by
B-lactam inhibitors. In the past 10 years, Ambler class D enzymes (oxacillinases)
able to hydrolyze carbapenems have become a serious problem worldwide. These
enzymes are usually abbreviated as carbapenem-hydrolyzing class D B-lactamases
(CHDL). Their clinical and epidemiological importance has been primarily rec-
ognized in Acinetobacter spp. and recently in Enterobacteriaceae (OXA-48-type
carbapenemases) (Diene and Rolain 2014).

Carbapenemase-producing Enterobacteriaceae (CPE) have already been detect-
ed all over the globe with a marked endemicity according to the enzyme type. In
Europe, the most critical situation has been reported in Greece and Italy with 60.5
and 28.8 % incidence, respectively, of carbapenem-resistant K. pneumoniae isolates
recovered from blood samples within the EARS-Net project in 2012 (ECDC 2012).
Infections caused by CPE are connected with a significant mortality. Mortality rates
observed in small clinical studies ranged from 22 to 72 % (Hirsch and Tam 2010;
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Borer et al. 2009). The reasons for this fact are probably multiple, including un-
derlying diseases, delays in the initiation of antibiotic treatment, and lack of effec-
tive antimicrobials (Patel et al. 2008). Yet, there is no equal molecule to substitute
carbapenem antibiotics for the treatment of severe infections caused by multidrug-
resistant Gram-negative bacteria.

Data from many epidemiological studies show that active surveillance may pre-
vent a spread of ESBL- and carbapenemase-producing bacteria. For successful in-
tervention, however, there is an urgent need for diagnostic laboratories to introduce
rapid and sensitive methodologies for the detection of carbapenemase producers
(Hrabak et al. 2014).

Detection of B-Lactam Hydrolysis

Therefore, the introduction of rapid and sensitive methodologies for the detection of
carbapenemase-producing bacteria is of utmost importance. Contrary to the meth-
ods based on susceptibility, inhibition patterns, or molecular-genetic techniques,
methods measuring B-lactam hydrolysis are gold standard assays for the detection
of B-lactamases (Hrabak et al. 2014). Hydrolysis of B-lactams detected by spec-
trometric measurement in a UV spectrophotometer has been used as reference by
laboratories for many years. This method, however, is labor intensive and needs the
preparation of (-lactamase-containing extracts (Cornaglia et al. 2007). Recently,
two new methods (colorimetric and matrix-assisted laser desorption ionization-
time-of-flight mass spectrometry (MALDI-TOF MS)-based assays) allowing direct
detection of carbapenemase activity were developed. In 2012, the group of Patrice
Nordmann developed a colorimetric assay for the detection of carbapenemases and
named it Carba NP test (Dortet et al. 2012). The test is based on a detection of acidi-
fication of the reaction mixture due to a hydrolysis of the B-lactam ring.

Electrospray ionization was investigated in 2008 by monitoring the concentra-
tion and toxicity of meropenem and its degradation products (Mendez et al. 2008).
Later, the idea that MALDI-TOF MS also can track the molecular weight changes
of B-lactams was described for the first time and used for the detection of carbapen-
emase-producing bacteria (Hrabak et al. 2011; Burckhardt and Zimmermann 2011).
Sparbier et al. showed that MALDI-TOF MS is able to detect not only carbapenems
(meropenem and ertapenem), but also other B-lactams (e.g., ampicillin, third-gen-
eration cephalosporins). Therefore, -lactamases able to hydrolyze the ESCs (e.g.,
ESBLs and AmpC-type enzymes) can also be detected.

For routine detection of B-lactamase activity, a fresh bacterial culture is mixed
with a B-lactam solution (meropenem or ertapenem) (Hrabak et al. 2011; Burck-
hardt and Zimmermann 2011; Hrabak et al. 2013, 2014; Studentova et al. 2015)
(Fig. 12.2). After incubation at 35-37°C for 2—4 h, the reaction mixture is cen-
trifuged and the supernatant is applied onto a MALDI target, covered by a matrix
solution (HCCA or DHB), and measured in a positive ion mode. In the first descrip-
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Fig. 12.2 Detection of B-lactamases using a fresh bacterial culture

tion of this assay (Hrabak et al. 2011), the interpretation was based on disappear-
ance of the protonated carbapenem molecule and its sodium salt. Other authors
showed that degradation products can also be observed and usually appear as ionic
species with a mass shift of + 18 Da (hydrolysis of amide bound) or —26 Da (decar-
boxylated hydrolyzed form) (see Figs. 12.1 and 12.3; Burckhardt and Zimmermann
2011; Sparbier 2012).

Quality of the measurement and thus detection of modified molecules may be
enhanced under proper reaction conditions (i.e., concentration of bacteria used and
reaction buffer) (Hrabak et al. 2012). These findings improved interpretation crite-
ria and suppressed false-positive or -negative results of the assay.

Detection of CHDL enzymes represents a significant challenge for microbiologi-
cal laboratories. Using a MALDI-TOF MS carbapenemase assay, different sensitiv-
ity values have been reported (Kempf et al. 2012; Chong et al. 2015). Studentova
et al. (2015) and Papagiannitsis et al. (2015) both showed that addition of ammo-
nium bicarbonate may enhance re-carboxylation of active-site lysine of OXA-48-
like enzymes, resulting in an increased sensitivity of the assay due to enhancement
of enzymatic activity. Interestingly, the assay without any modification also gives
superior results for a detection of CHDL in Acinetobacter baumannii (Kempf et al.
2012).

Carvalhaes et al. (2013) validated a liquid chromatography—mass spectrometry
(LC-MS) method for the detection of carbapenemases in CHDL-, IMP-, NDM-,
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Fig. 12.3 Mass spectra of intact meropenem and its sodium salts (a), meropenem degradation
products (b) after hydrolysis by carbapenemase KPC-2, and mass spectra of carbapenemase non-
producing strain (¢)

VIM-, GIM-, KPC-, and GES-producing bacteria. Sensitivity and specificity of the
method after 4-h incubation of the reaction mixture achieved 100 % for both param-
eters. Similar results were observed using ultra-performance liquid chromatogra-
phy-tandem mass spectrometry (UPLC-MS/MS) (Carricajo et al. 2014).

Identification of f-Lactamases Using Inhibitors

As described in Table 12.1, B-lactamases are categorized based on their hydrolytic
and inhibitory pattern. Therefore, preliminary characterization of a detected enzyme
has been tested using specific inhibitors (Sparbier et al. 2012). For ESBL-type en-
zymes, serine inhibitors such as clavulanic acid and tazobactam can easily be used.
However, the inhibitors used for discrimination of different types of carbapene-
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mases (e.g., EDTA for MBLs, phenylboronic acid for KPCs) may interact during
MALDI-TOF MS measurement. For example, after addition of f-lactamase inhibi-
tors to the reaction mixture, unusable spectra are usually obtained due to the high
noise level and inhibitor peaks overlapping with the corresponding -lactam peaks.
Therefore, high-inhibitor concentrations allowing reliable inhibition rate determi-
nation cannot be used directly, and further research in this area is necessary.

Comparison with Carba NP and Spectrophotometric Assays

Since 2011, two new direct assays for detection of carbapenemases have been de-
veloped (MALDI-TOF MS hydrolysis assay and Carba NP). Both are designed
to substitute reference spectrophotometric assays. Contrary to the spectrophoto-
metric assay and the Carba NP test, the MALDI-TOF MS hydrolysis assay allows
for direct detection of hydrolysis products, which underpins the specificity of the
test. By February 2015, three studies focused on a comparison of the MALDI-TOF
MS hydrolysis assay with Carba NP (Knox et al. 2014; Papagiannitsis et al. 2015;
Chong et al. 2015). Contrary to Knox et al. who found similar sensitivity for both
tests, two others found better sensitivity in the MALDI-TOF MS hydrolysis assay in
Enterobacteriaceae. As already mentioned, the MALDI-TOF MS hydrolysis assay
can give excellent results for the detection of CHDL in Acinetobacter baumannii
(Kempf et al. 2012).

Automated Detection

The main disadvantage of the MALDI-TOF MS hydrolysis assay for detection of
B-lactamases is the interpretation of mass spectra. As most clinical microbiologists
are not familiar with manual MS measurement, there is an urgent need for software
providing automated reading and interpretation of the spectra. Bruker Daltonics
has developed a tool that is currently under laboratory evaluation and allows for
automated measurement and interpretation of B-lactam hydrolysis (MBT STAR-
BL; Bruker Daltonik GmbH). Using proper thresholds, the software may provide
valuable results (Papagiannitsis et al. 2015). Further evaluation, however, is needed
prior to its routine use in diagnostic laboratories.

Detection of B-Lactamase Types

Direct molecular visualization of B-lactamases has been a big challenge for another
application of MALDI-TOF MS in microbiology (Hrabak et al. 2013). First, suc-
cessful detection of a peak corresponding to a -lactamase was published by Ca-
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mara and Hays in 2007. They differentiated wild-type E. coli (ATCC 700926) from
ampicillin-resistant (Amp®) plasmid-transformed E. coli strains by the direct visual-
ization of a B-lactamase. The detected peak with an m/z of ca. 29,000 corresponded
to the pUC19-encoded TEM-1 B-lactamase (theoretical relative molecular weight
28,949 g/mol). In a recent MALDI-TOF MS study by Schaumann et al. (2012), it
was not possible to distinguish clinical isolates of Enterobacteriaceae and Pseudo-
monas aeruginosa producing extended-spectrum B-lactamases or MBLs from non-
producers. In that study, the mass measurements were performed between m/z 2000
and 12,000, which is rather inappropriate for the detection of intact B-lactamases.
Consequently, so far the attempts to visualize native -lactamases by MALDI-TOF
MS in spectra of wild-type bacteria have been mostly unsuccessful.

In 2014, Papagiannitsis et al. described a new assay for the identification of
CMY-2-like B-lactamases in clinical enterobacterial isolates by MALDI-TOF MS.
The new method is based on the extraction of periplasmic proteins and the detec-
tion of CMY-2-like -lactamases by MALDI-TOF MS according to their molecular
weight. Successful extraction of B-lactamases from the periplasmic space of bac-
teria was a crucial step for the performance of the described assay. Therefore, a
modified sucrose method for the extraction of periplasmic proteins has been used.
Purified B-lactamases were used as positive controls for MALDI-TOF MS measure-
ments, and for calibration and setting up the mass spectrometer’s parameters.

The MALDI-TOF MS assay described above was able to detect the presence
of an approximately 39,850-m/z peak, which can be used as an indicator for the
presence of the C. freundii-derived CMY-2-like group of the acquired AmpC
B-lactamases (Papagiannitsis et al. 2014). In addition, the observation of the 39,670
and 38,900-m/z peaks for ACC-4 and DHA-1 enzymes, respectively, indicated that
MALDI-TOF MS may discriminate the diverse groups of acquired AmpC-type
cephalosporinases (see Fig. 12.4). In addition, the latter method revealed a peak
at m/z 383, representing the putative acyl-enzyme complex (complex of CMY-2
B-lactamase with the meropenem molecule).

These recent data indicate that MALDI-TOF MS has the potential to directly
detect the most clinically important AmpC B-lactamases, such as the CMY-2-like,
ACC, and DHA types, in clinical isolates of Enterobacteriaceae. In agreement
with other MALDI-TOF MS applications (Hrabak 2013), the described proto-
col is quick and economical. In addition, detection of B-lactamases by MAL-
DI-TOF MS in a proteomic approach allowing the study of the behavior of the
tested strains can complement the already used techniques for characterization of
B-lactamases, such as PCR and isoelectric focusing (IEF). MALDI-TOF MS can
directly detect the class A (Camara and Hays 2007) and class C B-lactamases, as
well as other mechanisms such as methylation of rRNA and cell wall components
(Cai et al. 2012; Hrabak et al. 2013). We conclude that establishing a MALDI-
TOF supplementary database of resistance mechanisms would promote further
research in this field.
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Fig. 12.4 Mass spectra showing CMY-2 B-lactamase. Mass spectra of a purified enzyme (a), of
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Conclusion

Direct detection of B-lactamase activity has been established as a routine method in
many microbiological diagnostic laboratories (Hrabak et al. 2014). Especially in the
case of a direct detection of carbapenemase activity, the MALDI-TOF MS hydroly-
sis assay should soon be accepted as a “gold standard method” and may serve as a
reference technique together with spectrophotometric assays. The main advantage
of MS tools is the ability to detect rapidly both antibiotic hydrolytic products and
intact lactamases.
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Chapter 13

Stable-Isotope-Based Strategies for Rapid
Determination of Drug Resistance by Mass
Spectrometry

Plamen Demirev

Introduction

The emergence of drug-resistant microorganisms (“superbugs”), unaffected by
available pharmaceuticals, has been recognized as an acute worldwide health prob-
lem (Choffnes et al. 2010) recognized by the World Health Organization (WHO
2015). Rapid determination of the responses of a pathogenic microorganism to
antibiotics is very important for taking, for example, timely countermeasures in
response to a bioterrorism attack or for efficient curbing of the spread of infections
in a hospital setting. A US national strategy for combating drug resistance, formu-
lated in the fall of 2014, envisions complex measures to mitigate the emergence and
spread of antibiotic resistance (National Strategy on Combating Antibiotic-Resis-
tant Bacteria 2014). Classical microbiology techniques, including broth dilution or
disk diffusion, have been used for decades to determine drug resistance (Coudron
et al. 1986; Tang and Stratton 2006). These techniques infer organism proliferation
in the presence of a drug (i.e., resistance) by, for example, monitoring changes in
optical density (turbidity) of culture suspensions. However, such classical assays
for drug resistance are not rapid, typically taking between 24 and 48 h. These delays
reduce markedly the efficacy of efforts to curb disease spread or mitigate effects of
bioterrorism activities. Time is of the essence in identifying, treating, or eradicating,
particularly, virulent and unknown pathogens. In addition, existing classical tests
with higher false-positive or false-negative rates can result in additional complica-
tions, wasting valuable resources in improper and inefficient treatments.

Mass spectrometry (MS) , a molecular-level biophysical technology, offers sev-
eral advantages for pathogen detection, including speed, sensitivity, and specificity,
and it rapidly revolutionizes the practice of infectious disease diagnostics (Wilkins
et al. 2005; Demirev and Fenselau 2008a, b; Shah and Gharbia 2010; CIliff et al.
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2011; Ho and Reddy 2010; Fenselau and Demirev 2011; Havlicek et al. 2013; San-
drin et al. 2013). A number of MS approaches for direct detection of drug-resistant
bacterial strains have been introduced recently (Hrabak et al. 2013; Demirev 2014;
Kostrzewa et al. 2013). For example, matrix-assisted laser desorption/ionization
(MALDI) MS generated biomarker profiles differentiate between methicillin-sus-
ceptible and methicillin-resistant Staphylococcus aureus (MRSA) strains (Edwards-
Jones et al. 2000; Jackson et al. 2005; Du et al. 2002; Wolters et al. 2011; Shah et al.
2011; Burckhardt and Zimmermann 2011; Muroi et al. 2012). Direct detection of
drug metabolites (e.g., degradation products) in cultures grown in the presence of
drugs is another MS approach for establishing drug resistance (Hrabak et al. 2013).
In it, the lower m/z (less than 600) range of a mass spectrum is monitored for the
presence of peak characteristic of the drug and/or its metabolites. This approach
relies on knowledge of the degradation products, arising as a result of the known
enzyme-facilitated resistance mechanisms.

Functional Assays for Establishing Drug Resistance

Stable-Isotope Biomarker Labeling During Growth in Isotopically Manipulated
Culture Medium (Metabolic Labeling) The labeling of biomolecules with stable
(nonradioactive) isotopes during microorganism growth was introduced almost 60
years ago (Meselson and Stahl 1958). In the past 20 years, improved sensitivity
and signal-to-noise ratio in MS of biomolecules derived from microorganisms have
been achieved by growth media manipulation—enrichment or depletion of minor
stable isotopes, such as '3C and '"N—and metabolic biomolecule labeling (Oda
etal. 1999; Mann 2006; Marshall et al. 1997; Stump et al. 2003). This has resulted in
improved and more accurate microorganism identification (ID; Stump et al. 2003) .
A rapid functional method to determine drug resistance in microorganisms has been
demonstrated recently (Demirev et al. 2013). It is based on microorganism growth
in stable-isotope-labeled media that also contain target drugs (Sparbier et al. 2013;
Jung et al. 2014). Mass spectra obtained from microorganisms grown under such
conditions are compared to control spectra obtained from microorganisms grown
in non-labeled media without the drug. Isotope-labeled nutrients are consumed and
metabolized during the continued microorganism growth if the organism is not sus-
ceptible to the specific drug(s) present. Drug resistance is inferred by observing
characteristic mass shifts of one or more microorganism biomarkers. These char-
acteristic mass shifts are a result of the isotopic label(s) being incorporated into
the biomarker molecules. The shifts thus indicate that the microorganism is viable
even in the presence of the drug. The shifts can be determined experimentally and
can also be derived by bioinformatics algorithms. For example, they can be pre-
dicted from the isotope composition and the stable-isotope ratios and the actual or
estimated biomarker elemental composition. All C-containing molecules consist of
approximately one '*C-atom for every 99 '>C-atoms at natural-isotope abundance.
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When a molecule containing n C-atoms is enriched 100% in *C (i.e., all 2C-atoms
are replaced by '3C) its molecular weight will be shifted by approximately n Da,
compared to the molecular weight upon natural-isotope abundance.

Two approaches for isotope labeling of the growth medium have been demon-
strated. One approach utilizes globally labeled medium with all growth medium
molecules labeled at a predefined isotope ratio of, for example, 3C-'2C atoms
(Demirev et al. 2013). A partially labeled (“locally labeled”’) medium contains a
particular component that is labeled, for example, '3C- and/or '*N-labeled-specific
amino acids. The second approach has been introduced more than 10 years ago as a
major step in MS-based quantitative proteomics approaches. Stable isotope labeling
by amino acids in cell cultures (SILAC; Mann 20006) is the such a major protocol,
and it has been used extensively for identification and quantitative evaluation of the
expression levels of individual cellular proteins under various conditions.

The first approach has been illustrated with intact Escherichia coli, grown in
control (unlabeled) and '*C-labeled media, and analyzed by matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Demirev
et al. 2013). This approach is nearly universal: it can be applied to both known and
unknown microorganisms (e.g., with unsequenced genomes and/or newly emerging
organisms). If the organism’s genome is available, simultaneously with testing for
drug resistance the microorganism can also be identified by bioinformatics tools
(Pineda et al. 2000; Demirev et al. 2004). On the other hand, neither prior identifi-
cation of the microorganism being tested nor prior availability of a reference mass
spectrum for that organism is required. Depending on the prior knowledge, one or
more algorithms for data analysis can be utilized either individually or in parallel
(Fig. 13.1). For example, if the organism’s genome is known, mapping of observed
microorganism protein biomarkers to their respective amino acid sequences is pos-
sible (Jung et al. 2014). Thus, direct “counting” of all C- or N-atoms in an observed
protein would provide the expected mass shift upon substitution of '2C with *C ("N
with 'N), respectively.

The local labeling approach based on the incorporation of specific isotopical-
ly labeled amino acids has been demonstrated by Kostrewa and coworkers using
methicillin-resistant S. aureus (Sparbier et al. 2013) and Pseudomonas aeruginosa
(Jung et al. 2014). In both the studies, either lysine at natural-isotope abundance or
13C- and "*N-labeled lysine has been added to the growth medium. In the second
study, the susceptibility of P. aeruginosa to meropenem, tobramycin, and ciproflox-
acin (antibiotics with differing mechanisms of action) has been evaluated utilizing
a semiautomated algorithm. As expected, a shift of organism-specific biomarkers is
observed for drug-resistant strains upon growth in labeled medium (Fig. 13.2). The
observed shifts in biomarker masses in the case of locally isotope-labeled medium
(i.e., individual amino acids) are typically at least an order of magnitude smaller
when compared to shifts, observed for globally labeled medium. Thus, local la-
beling places more stringent requirements for experimental mass resolution than
global labeling. In addition, since in many cases the labeled amino acid may be
nonessential (i.e., some can be synthesized de novo during cell development) both
unlabeled and labeled biomarker peaks are observed (Fig. 13.2). More sophisti-
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Fig. 13.1 Algorithmic approaches for establishing drug resistance in microorganisms by MS, after
growth in an isotopically labeled medium. Each algorithm can be applied individually or in paral-
lel, depending on the available prior information. (Reprinted from Demirev et al. (2013), with
permission from Springer)

cated algorithms, preferably combined with knowledge of the amino acid sequence
of the protein biomarker, are required for data deconvolution and semiquantitative
analysis when using local isotope labeling protocols. On the other hand, considering
the availability of isotope-labeled components of growth media [35], local labeling
protocols can be developed more readily from currently existing culture protocols
than protocols for global growth medium labeling. Both labeling protocols can be
combined with direct MALDI-TOF MS analysis of intact cells or their protein ex-
tracts as well as with bottom-up or top-down approaches using liquid chromatog-
raphy/ESI tandem MS instrumentation. The advantages of using MALDI-TOF MS
are relative simplicity of the analysis, combined with microorganism ID, speed,
wide instrument availability, and cost effectiveness. Almost all sample preparation
and analysis stages can be automated and multiplexed. Isotope-labeling strategies
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Fig. 13.2 Mass (m/z) shifts in MALDI-TOF mass spectra of Pseudomonas aeruginosa. a Con-
trol, spectrum for bacteria grown in a medium containing lysine at natural-isotope abundance. b
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six C- and two N-atoms, thus '*C- and '*N-labeled lysine will be 8 Da heavier than its unlabeled
counterpart. Incorporation of four and five labeled lysines in the (most probably) ribosomal protein
biomarker at m/z 5212 can be inferred from the mass shifts in spectrum (b). (Reprinted from Jung
et al. (2014), with permission from Springer)

for establishing drug resistance can be particularly useful for classes of anaerobes,
fastidious bacteria, and other slow-growing bacteria (Biswas and Rolain 2013) .

Bacteriophage-Based Amplification for Drug Resistance Detection Phage amplifi-
cation detection (PAD) of bacteria via MS relies on detecting bacteriophages specific
to their target host organism (Rees and Voorhees 2005). Phages self-replicate and
proliferate only in metabolically active host cells, have extensive shelf lives, and are
inexpensive. Targeted microorganisms are identified through detection by MS of
secondary biomarkers originating from organism-specific bacteriophages after their
amplification in the target cells. Only proteins indicative of progeny phages, that
are bacteria specific, are detected. For example, when both MS2 and MPSS-1 are
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Fig. 13.3 Overlaid MALDI-TOF mass spectra of initial Staphylococcus bacteriophage 53 inocu-
lum (2% 108 PFU mL™"), grown in '*N-labeled medium—green trace, and after its propagation
for 2 hin S. aureus culture (6.7 % 107 CFU mL™")—blue trace. The downward shift in mass of the
observed biomarkers before and after amplification is due to replacement of the '*N isotope of the
approximately 420 N atoms in the phage capsid protein with N isotopes. (Adapted with permis-
sion from Pierce et al. (2011), copyright 2011, American Chemical Society)

mixed with E. coli, only an MS2 biomarker protein is detected by MALDI-TOF MS.
Phage-based amplification has been successfully expanded into a functional assay
for drug resistance screening of targeted bacteria (Pierce et al. 2011, 2012; Rees
et al. 2015). In this process, the shift in characteristic biomarker masses for phages,
initially proliferated in stable-isotope-manipulated growth medium, for example,
I5N-enriched, is monitored as an indication of successful phage proliferation. High
I5N-labeled phage titers (above the MS instrument’s detection limits) are used to
spike the sample. The isotope-labeled phages can be readily distinguished from
phages subsequently proliferating in bacteria in media with natural-isotope abun-
dance by the observed (downward) shifts in biomarker masses (Fig. 13.3). Monitor-
ing phage growth in drug-containing and control culture media in parallel results in
an assay for establishing drug susceptibility—detection of phage-specific biomark-
ers in samples with the drug will signal the presence of live drug-resistant bacterial
strains. The initial input inoculum can be readily distinguished from phages success-
fully proliferating in the bacteria, which eliminates the possibility of false-positive
results. Isotope labeling leads to improved selectivity, high initial phage titers, and
sensitivity—only organism-specific phages proliferate. The overall time for organ-
ism ID as well as drug susceptibility testing is markedly reduced. The method, com-
bined with MALDI-TOF MS, has been demonstrated for rapid detection of MRSA
strains (Pierce et al. 2011). In this method, a S. aureus-specific phage is initially
labeled by proliferating in organisms in '*N-labeled culture medium. Subsequently,
the presence of S. aureus is confirmed by detecting a '*N-labeled bacteriophage
capsid protein signal after 90-min phage incubation in a sample in a growth medium
at natural-isotope abundance. The assay has been combined with LC/ESI/tandem
MS for multiple reaction monitoring (MRM) of phage-specific tryptic peptides for
rapid and accurate quantitation of viable S. aureus (Pierce et al. 2012) . After spik-
ing the sample with '>N-labeled phages, and following 2-h incubation, the sample is
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rapidly digested with trypsin. Target tryptic peptides unique to both the '"N-labeled
input and N progeny capsid proteins are analyzed in MRM. The peptides from
a known number of '*N-metabolically labeled phages (10° PFU) are used as an
internal standard for quantitation. A linear S. aureus response is achieved in the
range from 5.0 x 10* to 2.0 x 10° CFU/mL. Since different antibiotics have different
mechanisms of action, there may be a latency period during which the drug might
be effective but there will still be phage amplification. To avoid such false positives
of purported microbial resistance against, for example, B-lactam antibiotics, a modi-
fied phage amplification protocol for simultaneous ID and susceptibility testing to
multiple drugs has been implemented (Rees et al. 2015). Delayed 'SN-labeled phage
K infection is tested when testing for resistance against slower-acting drugs, includ-
ing cefoxitin, allowing for effects of the drug to take action (Fig. 13.4). The end-to-
end assay can be performed in less than 8 h. This is at least a factor of 3 faster than
clinical microbiology assays currently used to detect MRSA.

Conclusion

The emergence of multidrug-resistant microorganism strains requires novel meth-
ods for antimicrobial resistance and virulence testing. The functional assays for
establishing drug resistance, reviewed here, are based on MS and stable isotopes
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for manipulating culture media. Drug resistance can be inferred from character-
istic differences in the masses of primary (microorganism-derived) or secondary
(phage-derived) biomarkers appearing upon microorganism growth in the presence
of a drug. These assays have a number of advantages. They are much more rapid
than classical microbiology assays. Also, they are broadly applicable to a variety
of drug/ microorganism types since no prior knowledge of the type of drug and its
mechanism of action is required. The assays have potential in high-throughput mass
screening against known or unknown pathogens. In a clinical sample, pathogenic
microorganism ID/confirmation and drug susceptibility testing can be performed
in parallel, thus reducing the time for accurate diagnosis and subsequent treatment.
These assays can be multiplexed for simultaneous analysis of mixtures of drugs and
organisms (samples), potentially reducing cost. Bioinformatics/statistical methods
can be implemented for automated data analysis
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