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Foreword

Microbiology in Dairy Processing: Challenges and Opportunities is directed to the
following: dairy scientists; dairy professionals in industry and academia; those in food
science, dairy science and microbiology; intermediate course and post-graduate students;
trained laboratory personnel; and R&D and production personnel in dairy industry com-
panies of all sizes. The idea to write this book came from the section “Questions” in the
Researchgate community. I realised that there is a need to introduce lactic acid bacteria
(LAB) growth media at various levels of expertise, from young researchers starting their
laboratory work to food technologists devoted to microbiological analyses. Therefore,
from this starting point, [ searched the recent literature and produced a list of exception-
ally interesting publications on how far the genomics field has advanced in its knowledge
of LAB species in recent years. The chapters in this book reflect these advancements
and offer a panoramic view of the research fields in which to apply these advancements
in knowledge, either for LAB and dairy-associated species and their applications in
dairy productions and for the technologies to maintain the milk products safe and devoid
of undesired pathogens and milk spoilage bacteria. The challenges of dairy micro-
biology are either to maintain the product safety devoid of undesired bacteria that may
spoil the quality and change the taste or to the further advancement in the microbiota
and the interaction among bacteria at community level. The opportunities remain in the
exploration of the biodiversity of LAB and dairy-associated species, either at genome
rearrangements and horizontal gene transfer or at the biochemistry level, to produce novel
dairy products that are low fat, low salt, or with beneficial properties for human health.






Preface

Microbiology in Dairy Processing: Challenges and Opportunities introduces and reviews
the knowledge regarding dairy technologies and lactic acid bacteria (LAB) and dairy-
associated species in the fermentation of dairy products for laboratory technicians and
researchers and students learning the protocols for LAB isolation and characterisation.
It provides application notes useful in laboratories of food technology departments and
for students and researchers studying all aspects of the milk-processing industry, from
microbiology to food productions.

The chapters deal with the industrial processing of milk — the problems solved and
those still affecting the processes, from microfiltration to deterioration of stored milk in
cold by psychrotrophic bacteria (such as Pseudomonas fragi) and by spore-forming
bacteria — and cheese-manufacturing technologies. The book introduces culture methods
and species-selective growth media to grow, separate and characterise LAB and
dairy-associated species, molecular methods for species identification and strain
characterization, Next Generation Sequencing for genome characterization, comparative
genomics, phenotyping, and current applications in dairy and non-dairy productions, as
well as the potential future exploitation of the culture of novel strains with useful traits
(probiotics, fermentation of sugars, metabolites produced, bacteriocins).

Chapter 1 introduces the quality and properties of milk fats and differences in milks
of various origin. Chapter 2 overviews the spore-forming bacteria associated with milk.
Chapter 3 discusses the problem of psychrotrophic bacteria in milk deterioration.
Chapter 4 presents the various types of industrial milk according to the freshness and
quality. Chapter 5 presents the advancements in LAB and dairy-associated species
genomics and strain differences, related to gene content and their applications. Chapter 6
presents very broadly the biochemistry of LAB and dairy-associated species. Chapter 7
reviews selective growth media for different species of LAB and non-LAB dairy-
associated bacteria. Chapter 8 introduces the molecular tools for strain identification
and characterization. Chapter 9 discusses the bacteriocin-producing LAB species and
their potential applications in food products. Chapter 10 analyses in detail the complex
interactions among starter and non-starter strains. Chapter 11 reviews the physical-
chemical properties of milk cream products and technological processes involving milk
fats and cream-derived products. Chapter 12 analyses technological traits of lactic acid
bacteria, their industrial relevance and new perspectives. Chapter 13 overviews LAB
bacteriophages in dairy products, their problems and solutions. Chapter 14 details the
application of LAB as a cell factory for delivering functional biomolecules in dairy
products. Chapter 15 reviews the dairy technologies applied to yogurt production.
Finally, Chapter 16 introduces properties of milk proteins, the differences in amino acids
of protein variants, and the potential to originate bioactive peptides and the proteolysis
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by co-fermenting LAB species, a process that may ensure the safety and healthiness
of the fermented products, as assessed by EFSA authority. Last, the potential for
milks of different origin to be administered to individuals suffering of milk allergies or
intolerance is discussed.

Palmiro Poltronieri
Institute of Sciences of Foods Productions (CNR-ISPA)
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1 Milk fat components and milk quality

lolanda Altomonte, Federica Salari and Mina Martini

Department of Veterinary Sciences, University of Pisa, Pisa, Italy

1.1 INTRODUCTION

From a physico-chemical point of view, milk is an emulsion of lipid globules and a
colloidal suspension of protein and mineral aggregates in a solution of carbohy-
drates (mainly lactose). In Western countries, milk and dairy products, and in general
food of animal origin, are often accused of causing adverse health effects, especially
with regard their food lipid intake, since lipids have been implicated in several dis-
eases such as obesity, insulin resistance and atherosclerosis (Olofsson et al., 2009).
For these reasons, the number of studies on the physical and chemical structure of
fat in several edible products of animal origin have increased. Although milk and
dairy products contain saturated fatty acids, they also provide specific beneficial
components for human health and also lipid components (phospholipids, some
individual fatty acids (FAs) and fat-soluble vitamins) that have a role in health main-
tenance. In addition, milk is a major source of dietary energy, especially in devel-
oping countries, where there is shortage of animal-source food (FAO, 2013), and
in childhood.

Milks of different origins have long been used, and they have been processed to dairy
products for their longer shelf life. Due to the wide natural variability from species to
species in the proportion of milk macronutrients and to variations along lactation, milk
represents a flexible source of nutrients that may be exploited to produce a variety of
dairy products.

Ruminant milk is the main source available for humans to use to manufacture
dairy products and fermented milk. Besides cow’s milk and milk from other rumi-
nants (such as buffalo, goat and sheep), research on milk from other species is still
poorly exploited (FAO, 2013). More recently, equine milks have been suggested for
use in children with severe IgE-mediated cow milk protein allergy (CMPA) (Monti
et al., 2007, 2012; Sarti et al., 2016), and local producers have established a niche for
the application of donkey products with well-characterised profile of its constituents
(Martini et al., 2014a).

Microbiology in Dairy Processing: Challenges and Opportunities, First Edition.
Edited by Palmiro Poltronieri.
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2 Microbiology in dairy processing

1.1.1 Milk fat globules

Milk lipids are composed of milk fat globules (MFGs) made up of triglycerides enveloped
by a biological membrane. MFGs are responsible and/or contribute to some properties
and phenomena in milk and dairy products and may affect milk fatty acid composition
and the way in which fat is digested (Baars et al., 2016; Huppertz and Kelly, 2006;
Martini et al., 2017). For the dairy industry it is of interest that changes in the morphom-
etry of the MFGs lead to changes in milk quality, yields, and ripening and the nutritional
quality of cheeses (Martini et al., 2004).

In milk of different species there are MFGs of various sizes, ranging from a diameter
smaller than 0.2 pm to a maximum of about 15 pm, with an average diameter that varies
as a function of endogenous (species, breed), physiological (parity, stage of lactation),
and exogenous factors (feeding) (Martini et al., 2010a).

Different average diameters have been reported in the literature for ruminant
species (3.5-5.5 um for cows; 2.79—4.95 um for sheep; 2.2 and 2.5-2.8 pm for goats
and 2.96-5.0 um for buffalos) (Table 1.1) (Martini et al., 2016b). However average
diameter of globules in equids is considerably lower than other dairy species (about 2 um
in donkey) (Martini et al., 2014b), while regarding human MFGs, larger dimensions
have also been found (4 um) (Lopez and Ménard, 2011).

The MFG membrane (MFGM) is a triple membrane resulting from the mammary
secretory cell that surrounds a core of triglycerides distributed in a lamellar way (Heid
and Keenan, 2005).

The MFGM consists of different classes of lipids (phospholipids, triglycerides and
cholesterol) and of several proteins and enzymes. Phospholipids, in the form of mixtures
of fatty acid esters of glycerol and sphingosine, possibly containing phosphoric acid,
and a nitrogen-based compound (choline, ethanolamine or serine). These are natural
emulsifiers able to maintain the milk lipids as discrete globules, ensuring high stability.
MFGM contains about 1% of the total milk proteins. Most of them are present in very
low amounts and are enzymes and proteins involved in milk synthesis. The principal
proteins in the MFGM include mucins (MUC) 1 and 5, adipophilin (ADPH), butyrophilin
(BTN), periodic acid-Schiff glycoproteins (PAS) 6 and 7, fatty acid binding protein
(FABP), and xanthine oxidoreductase (XOR), a metal (Mo, Fe) binding protein (Spertino
etal., 2012). In the last few years, research on the composition and structure of the milk
membranes have been increased and have improved the knowledge of the MFGM from
species other than the bovine (Saadaoui et al., 2013; Pisanu et al., 2012; Lu et al., 2016;
Martini et al., 2013).

These studies have increased also due to the fact that MFGM is a dietary source of
functional substances and is considered a nutraceutical (Rosqvist et al., 2014; Timby
et al., 2015; Hernell et al., 2016). The functionality of the MFGM seems to be provided
by its content of phospholipids, sphingolipids, fatty acids and proteins with an antibac-
terial effect (such as xanthine oxidoreductase and mucins) and/or health benefits.

MFGM conveys fat in an aqueous environment and is damaged by some treatment,
such as homogenization, whipping and freezing, affecting milk physicochemical
properties, for example producing hydrolytic activity, rancidity, and oiling off, and low
wettability of milk powders. MFGM composition also affects the creaming rate on the
milk surface (Martini et al., 2017); in bovine milk this phenomenon is due to the effect



Table 1.1 Average values in literature for fat content, milk fat globules characteristics and fatty acid composition of milk from different species.

Cow Buffalo Goat Sheep Donkey Horse Human

Fat % 3.70 8.14 3.90 6.50 0.36 1.48 3.34
Average diameter um 3.5-5.5 2.96-5.0 2.2-28 2.79-4.95 2 2-3 3.3

of the fat

globules
SFA g/100g fat 71.24 65.9 70.42 71.85 55.55 45.18 4177
MUFA g/100g fat 25.56 314 25.67 26.04 22.21 31.88 38.73
PUFA g/100g fat 3.20 2.70 4.08 2.10 21.08 22.93 16.96
UFA g/100g fat 28.76 34.1 29.75 28.14 43.29 54.81 55.29
UFA:SFA ratio 0.40 0.52 0.42 0.39 0.78 1.20 1.32
SCFA g/100g fat 10.52 9.72 17.51 17.13 12.29 10.79 1.87
MCFA g/100g fat 52.81 53.70 48.28 45.87 40.08 42.47 37.94
LCFA g/100g fat 34.38 32.73 32.64 35.87 47.64 46.75 57.72
CLA c9, 111 9/100g fat 0.65 0.45 0.70 1.00 - 0.09 0.19
C18:2n6 (LA) 9/100g fat 2.42 1.71 2.72 1.20 9.5 16.17 12.96
C18:3 n3 (ALA) 9/100g fat 0.25 0.51 0.53 0.77 7.25 5.96 1.15
C18:2n6: C18:3 — 9.68 3.35 5.13 1.56 1.31 271 11.26

n3 ratio
C20:4 (AA) 9/100g fat 0.13 0.10 0.16 0.10 0.09 0.10 0.4
C20:5 (EPA) 9/100g fat 0.05 0.03 nd nd 0.26 - 0.11
C22:6 (DHA) g/100g fat nd - 0.05 0.04 0.28 - 0.51

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; UFA: unsaturated fatty acids; SCFA: short chain fatty acids (<10C); MCFA: medium chain
fatty acids (<11C, 217C); LCFA: long chain fatty acids (>18C); nd: no data.
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of cryoglobulins, an M-type immunoglobulin that aggregates globules during cold storage.
Other types of milk are lacking these cryoglobulins and do not agglutinate. Homogeni-
zation reduces globule diameter, making globules insensitive to the action of cryo-
globulins and prevents agglutination. During butter production, extensive agitation and
kneading causes the MFGM to form the water-in-oil emulsion. The partitioning in the
aqueous phase produces the loss of MFGM in the buttermilk.

1.1.2 Milk fat and fatty acid composition

Milk lipid content and fatty acid composition vary by virtue of various endogenous and
exogenous factors. Among endogenous factors, the species, breed and stage of lactation
are the main factors.

Regarding the species, buffalo and sheep milk contains higher fat percentages and are
particularly suitable for processing, such as cheese making. Fat percentages vary in a
range between 7 and 9% for buffalo, but can reach 15% under favourable conditions
(Altomonte et al., 2013; Varricchio et al., 2007), whereas in sheep the range is between
6.5 and 9% depending on the breed (Haenlein, 2007; Martini et al., 2012). Regarding
cow and goat milk, fat content are comparable; in fact cow total lipid ranges from 3.4%
in Holstein to about 6% in Jersey breeds (Nantapo et al., 2014; Pegolo et al., 2016; Sanz
Ceballos et al., 2009), and goat range from a minimum of 3.5% to a maximum of 5.6%
in some native goats (Haenlein, 2007; Martini et al., 2010b). Equid milk has lower fat
percentages compared to ruminant milk; the average values reported in literature are
0.30-0.53% in donkey and 1.5% in horse milk (Pikul and W¢jtowski, 2008; Martemucci
and D’ Alessandro, 2012; Martini et al., 2014b; Salimei et al., 2004). Furthermore, some
authors stated lower contents (1.04%, 0.92%, 0.8%) in the milk of Halfinger, Hucul and
Wielkopolski mares, respectively (Salamon et al., 2009; Pieszka Huszczynski and
Szeptalin, 2011). The low fat content in equid milk could be a limiting factor in its use
in infant nutrition in a diet exclusively based on milk, thus an appropriate lipid integration
should be introduced. On the other hand it is encouraging for studies on the possible use
of donkey milk in dietotherapy.

Regarding human milk, fat content is more similar to cow milk, varying between 2.8
and 3.8% (Antonakou et al., 2013).

From a nutritional point of view, donkey milk leads to lower saturated fatty acid
(SFA) intake, about 2.00 g/I (Table 1.2), than the other milks commonly used for human
feeding. Despite being rich in unsaturated fatty acids (UFAs) and having a UFA:SFA
ratio intermediate between ruminant and human milk, donkey provides a limited amount
of fat; thus, the total intake of UFA per 1 1 of milk is lower (1.56 g) than milk of other
species (Martini et al., 2016a).

In milk from ruminants, especially sheep and goats, triglycerides contain short chain
fatty acids (SCFAs) such as butyric acid and hexanoic, octanoic and decanoic acid. On
the contrary, human (Yuhas, Pramuk and Lien, 2006) and donkey milk (Martini et al.,
2014b) are characterized by low amounts of SCFA—especially the chains shorter than
C8—and high quantities of long chain fatty acids (LCFAs).

SCFAs are synthesized by the fermentation of dietary fibre, are water soluble and
volatile, and contribute to the typical flavour of ovine and caprine milk. When freed
by endogenous lipase or bacterial enzymes, SCFA can also give rancidity and quality



Table 1.2 Calculated average values for fat content and some fatty acids (g/l) in milk from different species and Dietary Reference Values.

Dietary Reference Values Cow Buffalo Goat Sheep Donkey Horse Human
Fat g/l Adults: 20-30% of the energy of the diet (E); 37.0 81.4 39.0 65.0 3.60 14.8 33.4
Infants (6~12 months): % 40 E%; Children
(2-3 years): 35-40 E%.
SFA g/l as low as possible 2636 53.64  27.46 46.70 2.00 6.68  13.95
MUFA g/l Not set 9.45 2556 10.01 16.93 0.80 4.71 12.94
PUFA g/l Not set 1.18 2.20 1.59 1.36 0.76 3.39 5.66
UFA g/l Not set 10.63 27.76 11.60 18.29 1.56 8.1 18.60
C18:2n6 (LA) g/l Adequate Intake (Al): 4 E% 0.89 1.39 1.06 0.78 0.34 2.39 4.33
C18:3n3 (ALA) g/l AL 0.5%E 0.09 041 0.21 0.50 0.26 0.88 0.38
C20:4 (AA) g/l Not set 0.05 0.08 0.06 0.06 0.006 0.01 0.03
C20:5 (EPA) g/l Not set 0.02 0.02 - nd 0.009 - 0.04
C22:6 (DHA) g/! Infants and young children (between 6 - - 0.02 0.03 0.010 - 0.17
and 24 months) Al: 0.10 g DHA (20% of Al]  (30% of Al] (9% of Al (170.34% of Al)
C20:5+C22:6 g/l Adults. Al: 0.25 g - - - - 0.017 - 0.21
(EPA+DHA) (6.80% Al) (84% of Al)

SFA: saturated fatty acids; MUFA: monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; UFA: unsaturated fatty acids; nd: no data.
Source: Data from EFSA (2010).
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deterioration. SCFAs and MCFAs, which are a source of rapidly available energy, are
particularly relevant for people suffering from malnutrition or fat absorption syndromes
and for elderly people (Raynal-Ljutovac et al., 2008).

Recent studies have highlighted effects of SCFA at cellular and molecular levels
in the organism; their presence or their deficiency may affect pathogenesis of some
diseases (autoimmune, inflammatory diseases). In addition, SCFAs have antimicrobial
activity and anti-inflammatory effects in the gut (Tan et al., 2014).

Ruminant milk, in particular milk from sheep that feed in pastures, is the richest
natural source of conjugated linoleic acids (CLA) and of C18:1 trans-11 (vaccenic acid)
(Bauman and Lock, 2005; Lim et al., 2014). The CLA content in milk varies depending
on species, breed and individual, farming system, feeding and season. In sheep milk
CLA varies from 1.2 to 2.9 g/100 g of fat; in goat between 0.5 and 1 g/100 g of fat
(Parodi, 2003). Cow milk is generally reported to vary from 0.1 to 2.2 g/100 g total FA
(Elgersma, Tamminga and Ellen, 2006), whereas human and equid milk are poor sources
of CLA (Table 1.1).

Ninety percent of CLA isomers in milk is made up of cis-9, trans-11C18:2 (rumenic
acid) produced mainly by stearoyl Co-A desaturase (SCD) o0-A9—desaturase enzyme
in the mammary gland using vaccenic acid as precursor, but also by the rumen
bacterium Butyrivibrio fibrisolvens as intermediate of biohydrogenation of linoleic
and linolenic acids ingested with feed (Bauman and Lock, 2005). Rumenic acid vary
between 0.29 and 0.71% of total human milk fatty acids, while in the horse it is
between 0.07 and 0.10%. Moreover, in equids, cecum seems to contribute little to
CLA synthesis (Markiewicz-Keszycka et al., 2014).

Anticarcinogenic properties and modulation of immunological functions have been
demonstrated for rumenic acid in animal models and cell cultures (Field and Schley,
2004; O’Shea et al., 2004). However, the most documented effects of CLA in humans
are the gain of muscle mass at the expense of body fat, whereas in vivo studies on the
effects on atherosclerosis and cholesterol have shown conflicting results in humans
(Crumb, 2011).

Vaccenic acid has shown anticancer properties in human mammary adenocarcinoma
cells (Lim et al., 2014).

Regarding the omega-3 FAs, milk is not a good source of this family of FAs. However,
among the mammalian species reared for milk production, horse, sheep and donkey are
richest sources of C18:3 n3 (a-linolenic acid (ALA))(g/l) (Table 1.2), in particular
donkey and horse milk provide a good ALA intake (0.22—0.88 g/1) although they have
low fat content. In adults minimum intake levels for ALA are recommended to prevent
deficiency symptoms (0.5% of energy) (FAO-WHO, 2010).

Linoleic acid (LA) and ALA are precursors of omega 6 and omega-3 families, respec-
tively, and their ratio is generally considered as indicative of their balanced intake in the
diet. The interest in the LA:ALA ratio derives from the antagonistic effects between the
two families of FAs observed in human body. In fact, the higher intake of n-6 fatty acids
may reduce the formation of anti-inflammatory mediators from omega-3 fatty acids.
Observations on animal models suggest that raising the n-6 to n-3 fatty acids ratio
(n6:13) acts on adipogenesis and the risk of obesity in the offspring later in life (Rudolph
et al., 2015). However, research is yet not supported by studies in humans, and an
optimal ratio of these fatty acids in the diet has not yet been established (EFSA, 2010).
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Furthermore, the prevalence of n-6 in human diets has increased over the decades while
n-3 fatty acids remain unchanged, thus increasing the n-6/n-3 milk fatty acid ratio
(Rudolph et al., 2015). Thus, a reduction of omega-6 in the diet is desirable, and donkey’s
milk appears to have a balanced rapport of these two families (about 1) compared to
other milks (Martini et al., 2014b).

Arachidonic acid (AA) C20:4 is essential component of cellular membranes and also
of MFGM, where it may have an essential role (Fong et al., 2007; Martini et al., 2013).

AA is present in almost similar amounts in the milk of ruminants (Table 1.2), while
it shows lower values in equids.

Despite the importance of AA for membrane integrity (Fong, Norris and MacGibbon,
etal., 2007), it has been described as an adipogenetic-, pro-inflammatory- and hyperten-
sion-promoting factor (Vannice and Rasmussen, 2014), and recommended intake levels
have not been established.

C20:5 (EPA) and C22:6 (DHA) have showed evidence of both independent and
shared effects in neuroprotection and in the treatment for a variety of neurodegenerative
and neurological disorders. In particular, DHA is an important constituent of the retina
and the nervous system, and it has unique and indispensable roles in neuronal mem-
branes (Dyall, 2015).

There is still insufficient evidence to support beneficial effects of EPA and DHA in
foetal life or early childhood on obesity, blood pressure, or blood lipids (Voortman
et al., 2015).

Overall levels of DHA and EPA in milk are quite low, and in human milk DHA
content is highly variable; values from 0.17 to 0.99 % have been reported, depending on
the diets and on different countries (Yuhas, Pramuk and Lien, 2006). The recommended
daily intake of EPA plus DHA is 0.25 g in adults (EFSA, 2010).

1.2 CONCLUSIONS

The transformation of milks of different origin may be the source of dairy products with
different and peculiar characteristics. Since a role in health maintenance has been
reported for several lipid components of milk, a deep knowledge of milk lipid constitu-
ents from different dairy species is of utmost relevance for both the nutritional uptake
and effects on human health.
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2.1 INTRODUCTION

Spore-forming bacteria are gram-positive microorganisms with low G+ C content, aerobic
or anaerobic, ubiquitous in nature, and belong to the phylum Firmicutes, which includes
the classes Bacilli, Clostridia, Erysipelotrichia, Negativicutes and Thermolithobacteria.
Bacterial spores are common contaminants of food products, and their outgrowth may
cause food spoilage or foodborne diseases. Bacilli and Clostridia remain the most domi-
nant classes within the Firmicutes phylum, consisting of 16 and 21 families, respectively,
and are arguably the most important classes relevant to the dairy industry (Gopal et al.,
2015). They are a primary cause of concern for the international dairy industry because
of the pervasive and resistant nature of their spores in comparison to vegetative cells,
surviving environmental challenges, such as heat, desiccation, freezing, thawing, presence
of organic solvents and oxidizing agents, and UV irradiation, as well as predation by pro-
tozoa (Setlow et al., 2014b). Spore formers survive heat manufacturing/processing con-
ditions of milk and dairy products, form biofilms in the manufacturing equipment and
contaminate final products. Heat treatments may even activate the germination of spores,
which then start the metabolically active phase of growth and multiplication, in some
cases even at refrigeration temperatures, and can negatively affect the quality and safety of
dairy products. Certain species represent a hazard due to the production of toxins.
Spore-forming bacteria pose the greatest spoilage threat to dairy products, causing
severe economic losses, equipment impairment and/or reputational damage of food
companies. As will be further addressed in this chapter, the main genera implicated in
spoilage of milk and dairy products are Bacillus spp. and Paenibacillus spp. in milk
spoilage, Geobacillus spp. and Anoxybacillus spp. in contamination of dairy powders, and
Clostridium tyrobutyricum and related Clostridium spp. in cheese spoilage. In addition,
they are also implicated in the formation of biofilms on stainless steel surfaces of
processing equipment in dairy manufacturing plants. Bacilli and related genera are
responsible for spoilage problems in milk and dairy products such as bitty cream, sweet

Microbiology in Dairy Processing: Challenges and Opportunities, First Edition.
Edited by Palmiro Poltronieri.

© 2018 John Wiley & Sons Ltd and the Institute of Food Technologists.

Published 2018 by John Wiley & Sons Ltd and the Institute of Food Technologists.



12 Microbiology in dairy processing

curdling, off flavour, flat sour, nonsterility, bitterness, ropiness, interference with cheese
production, and cheese blowing (Ternstrom et al., 1993; Heyndrickx and Scheldeman,
2002; Quiberoni et al., 2008; Burgess et al., 2010), and clostridia are responsible for the
late blowing defect (LBD) of cheeses (Garde et al., 2013). On the other side, the main
spore-forming bacteria implicated in poisoning of milk and dairy products are Bacillus
cereus, Clostridium perfringens and Clostridium botulinum (a, b). In recent years, the
European Food Safety Authority (EFSA) and the European Centre for Disease
Prevention and Control (ECDC) have reported that Bacillus and Clostridium toxins
were implicated in 5.5 and 6.0% (mean values from 2010 to 2014) of total strong-
evidence foodborne outbreaks, respectively (EFSA 2012, 2013, 2014, 2015a,b). As can
be seen in Table 2.1, there was an increase in the percentage of strong-evidence food-
borne outbreaks caused by Bacillus and Clostridium toxins, mainly from 2010 to 2011.
Milk or dairy products represented from 1.9 to 5.3% of food vehicles implicated in
strong-evidence foodborne outbreaks caused by Bacillus toxins for the period 2010-2013,
but milk or dairy products were not associated with these outbreaks caused by Bacillus
toxins in 2014 or caused by Clostridium toxins during all the period.

Table 2.1 Strong-evidence foodborne outbreaks caused by Bacillus and Clostridium toxins reported by
the EFSA and the ECDC from 2010 to 2014.

2010 2011 2012 2013 2014
Bacillus SE outbreaks, % 3.7 6.7 5.0 6.4 59
toxins
Milk or dairy 3.8 (milk) 2.1 (milk) 5.3 (cheese) 1.9 (milk) none
products as food
vehicle in SE
outbreaks caused
by Bacillus, %
Hospitalisations 0.2 0.7 1.1 4.6 4.4
associated with
SE outbreaks, %
Deaths associated  None None None None None
with SE
outbreaks, %
Clostridium SE outbreaks, % 3.3 53 7.1 7.2 7.1
toxins
Milk or dairy None None None None None

products as food
vehicle in SE
outbreaks caused
by Clostridium, %
Hospitalisations 1.6 0.8 1.1 1.5 2.4
associated with
SE outbreaks, %
Deaths associated 6.7 1.5 8.3 11.1 20.0
with SE
outbreaks, %
Causative agent of  Clostridium ~ Clostridium ~ Clostridium ~ Clostridium ~ Clostridium
deaths botulinum ~ botulinum  perfringens  perfringens  perfringens

SE: strong evidence.
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Contamination of milk and dairy products with bacterial spores includes two routes
of contamination: the raw milk route and the post-pasteurization route (Heyndrickx,
2011). Raw milk in the farm tank is contaminated via the exterior of the cattle’s teats
and through improperly cleaned milking equipment contaminated with soil, faeces and
bedding material with spores. Soil can be considered as the initial and a direct contam-
ination source for spore-forming bacteria into foods, since it is a major habitat of these
microorganisms. Spores present in faeces probably originate from feed (indirectly, after
ingestion and subsequent excretion of spores), from soil (directly during grazing on the
pasture when soil is also taken up by the ruminant), and when the bedding material is
contaminated with faeces (Heyndrickx, 2011). On the other hand, the post-pasteuriza-
tion contamination of milk with spores is related to the dairy plant equipment (foam in
processing equipment, milk foulant, worn gaskets, pitted metal) or to the biofilms of
spore-forming bacteria growing in processing equipment that can subsequently be
dispersed by release into the milk production system (Heyndrickx, 2011). To limit the
contamination with spore formers, it is possible to act at a preventive level at the dairy
farm by reducing the bacterial load of raw milk (i.e. controlling feed quality, changing
the feed, improving hygiene at milking and storage) and at the dairy plant (cleaning
of milking equipment, transport tankers and manufacturing plant, avoiding product
recycling or holding, controlling temperature and avoiding growth temperatures, and
limiting manufacturing run lengths) or at a palliative level at the industry by means of
technological procedures (physically removing the spores, preventing spore germina-
tion) (Garde et al., 2013).

In this chapter, we review early and recent research on structure and composition of
bacterial spores, spore resistance and the life cycle of spore-forming bacteria, and focus
on the problems caused by those spore-forming bacteria relevant for the dairy industry
and the available control strategies.

2.2 THE BACTERIAL SPORE

Bacterial endospores (hereafter referred as spores in this chapter) are dormant cellular
structures in the life cycle of spore-forming bacteria and are arguably the hardiest life
forms on the Earth. The first studies about the bacterial spores were carried out by Cohn
and independently by Koch in 1876, although the presence of refractile bodies into bac-
terial vegetative cells had earlier been reported by Ehrenberg in 1838 (Gould, 2006).
Cohn established the basis for the much later discovery of specific germinants, and
Koch described for the first time the complete sporulation—germination—multiplication—
resporulation life cycle of spore-forming bacteria.

Sporulation is a bacteria strategy for surviving environmental challenges such as
nutrient starvation, whereby bacteria cease vegetative growth and form a spore inside
the mother cell cytoplasm. Bacterial spores are metabolically inactive and extremely
resistant to environmental stress conditions, including heat, salinity, acidity, radiation,
oxygen and/or water depletion, and low availability of nutrients (McKenney et al.,
2013), and they can survive in their dormant state for many years (Gould, 2006). Spore
resistance and longevity are related to spore structure and composition.
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2.2.1 Structure and chemical composition of bacterial spores

The structure of a bacterial spore is very different from that of a vegetative cell,
including several layers and many constituents that are unique to spores (Figure 2.1).
These differences permit their survival in environmental stresses that would be lethal
to vegetative cells. The structure of bacterial spores comprises, from outermost to
innermost, an exosporium, spore coat, outer membrane, cortex, inner membrane and
spore core (Leggett et al., 2012).

2.2.1.1 Exosporium

It has been found in spores of members belonging to classes Bacilli and Clostridia,
but it is not present in all species, that is, in Bacillus subtilis spores (Stewart, 2015).
Exosporium from Bacillus anthracis and Bacillus cereus are the best studied, consisting
of a protein basal layer surrounded by an external nap of glycoprotein hairlike
projections. Functions attributed to the exosporium include roles in germination,
outgrowth, and attachment (Brunt et al., 2015; Stewart, 2015). The exosporium layer
contribute to the overall hydrophobicity of the spore and, therefore, to its binding
properties, which are important in the formation of biofilms in food-processing
surfaces. It has been suggested that the exosporium is involved in the pathogenicity of
some spores (Stewart, 2015).

2.2.1.2 Spore coat

Underlying the exosporium is the spore coat, which comprises a series of thin, concentric
layers, the numbers of which vary among species and which is composed mainly of pro-
teins (McKenney et al., 2013). Three layers have been described by electron microscopy
for B. subtilis spore coat (inner coat, outer coat and the crust), and at least 70 different
proteins build this multilayered structure. The crust is the outermost layer of the coat,

< Nap
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Interspace ¢ \ Basal layer
< Crust

L Outer coat ~ COAT
Inner coat

} OUTER MEMBRANE

k CORTEX

/ GERM CELL WALL
/ INNER MEMBRANE
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Figure 2.1 Scheme of bacterial spore structure (layers are not drawn to scale). DNA: deoxyribonucleic
acid; DPA: dipicolinic acid; SASPs: small acid-soluble spore proteins.
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and it has been suggested that it would be functionally equivalent to the exosporium in
bacterial spores lacking this structure (Stewart, 2015). The major known function of the
coat is spore protection from environmental stress (McKenney et al., 2013), acting as
a barrier and passively excluding degradative enzymes such as lysozyme and toxic
molecules. In addition, it has been suggested that some enzymes associated with the
spore coat may serve to detoxify potentially damaging chemicals. In some species, the
coats may contain pigments that absorb strongly in the UV region and might be involved
in spore UV resistance (McKenney et al., 2013). Another coat function is the regulation
of germination, acting as a molecular sieve that excludes large molecules while allow-
ing the passage of small-molecule germinants, sequestering enzymes required for
degradation of the cortex peptidoglycan or modifying or degrading germinants by
enzymes present in the coat (Moir and Cooper, 2015).

2.2.1.3 Outer spore membrane

The outer spore membrane is under the spore coat and is essential for spore formation,
but the importance of this membrane in the mature spore remains unclear (Leggett
et al., 2012).

2.2.1.4 Cortex and germ cell wall

The cortex and germ cell wall is the next layer and is composed of spore-specific
peptidoglycan (PG), characterised by the complete absence of teichoic acids from the
N-acetylmuramic acid, the muramic-98-lactam moiety and low peptide cross-linking
(Leggett et al., 2012). These cortex-specific modifications appear crucial in attaining
spore dormancy and/or resistance properties. There is a second layer of PG under the
cortex, termed the germ cell wall, which becomes the cell wall as the spore undergoes
germination and outgrowth. The PG in this layer has a structure similar to that of
vegetative cell PG.

2.2.1.5 Inner spore membrane

Under the germ cell wall is the inner spore membrane. Despite a not unusual fatty
acid and phospholipid composition, this membrane is relatively impermeable to
small molecules (Leggett et al., 2012). It has been suggested that this property may
result from the largely immobile lipids located in the inner spore membrane, perhaps
by the compression of the inner membrane by the spore cortex (Cowan et al., 2004).
The low permeability of inner spore membrane seems to be important in spore resis-
tance to some biocidal chemicals by restricting its access to targets in the spore core
(Setlow, 2014b).

2.2.1.6 The core spore

At the centre of the spore is the core, which contains DNA, RNA, ribosomes, most of its
enzymes and small molecules (Setlow, 2014a). The core has a number of characteristic
that play many roles in spore resistance: (i) a low water content (25-55% of wet weight), a
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factor important in both spores’ enzymatic dormancy and their resistance to heat and
some chemicals; (ii) a high level of pyridine-2,6-dicarboxylic acid (dipicolinic acid,
or DPA) in a 1:1 complex with various divalent cations, generally Ca?*, and impor-
tant in resistance to some DNA-damaging agents and in maintaining spore dormancys;
and (iii) a high levels of small acid-soluble spore proteins (SASPs) that saturate spore
DNA and protect it from damage due to many genotoxic chemicals, desiccation, dry and
wet heat, and UV and y-radiation.

2.2.2 Spore resistance

As mentioned before, spore resistance is due to a variety of factors related to spore
structure such as properties of spore coat, spore inner membrane impermeability, low
core hydration, and high levels of DPA and SASPs, both components implicated in
mechanisms for protecting and repairing spore DNA. Spores from different strains,
species and genera can exhibit quite large differences in their resistance. The spore
resistance properties were recently reviewed by Setlow (2014b), thus only the main
aspects will be mentioned in this chapter.

The saturation of spore DNA with SASPs is the main mechanism that protects
spores from dry heat, although DNA repair by spore enzymes during outgrowth and
the mineralization of the core with DPA and divalent cations also play a role (Setlow,
2014b). However, the low water content in the spore core is the major factor in wet
heat resistance since the low water content results in reduced molecular mobility of
core proteins and thus elevated protein resistance. Other factors such as DNA satura-
tion by SASPs, DPA content and sporulation conditions (including temperature,
divalent metal ion content and optimum sporulation temperature) are also implicated
in wet heat resistance. DNA saturation by SASPs and DPA content are also implicated
in desiccation spore resistance. Spore mechanisms involved in radiation resistance are
DNA saturation by SASPs, DNA repair during spore outgrowth, low core water
content and carotenoid production in the spore coat. Detoxifying enzymes in the spore
coat and/or exosporium, nonspecific detoxification by spore coat components, low
permeability of the inner spore membrane, protection of DNA by SASP binding and
repair of chemically DNA damage during spore outgrowth are the factors implicated
in chemical spore resistance.

Bacterial spores are also more resistant than vegetative cells to high pressure, abra-
sion and freeze—thawing, but resistance mechanisms against these treatments remain
unknown. In addition, spores are resistant to predation by bacteriovores (protozoa and
nematodes), probably because the spore coat limits the access of bacteriovores’ PG
hydrolases to the cortex (McKenney et al., 2013).

On the other hand, and despite their extreme resistance, bacterial spores can be
killed by several mechanisms, depending on the treatment applied: DNA damage (i.e.
dry heat, radiation, formaldehyde or nitrous acid), inner membrane damage (oxidizing
agents), core enzymes damage (wet heat, small oxidizing agents as H O,), damage of
components of the spore germination apparatus (NaOH), breaching all spore perme-
ability barriers (strong acids) and also unknown mechanisms to date (high pressure,
gas dynamic heating, plasma, supercritical fluids) (Setlow, 2014b).
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2.2.3 Life cycle of spore-forming bacteria

Bacterial spores are formed during sporulation, and this process is very similar for
Bacilli and Clostridia (Legget et al., 2012). It generally begins with an unequal vegeta-
tive cell division generating two compartments, the larger mother cell and the smaller
prespore (Figure 2.2). In the next stage, the prespore is engulfed by the mother cell in a
process resembling phagocytosis to form the forespore, which is a double membrane-
bound cell within the mother cell. The spore then matures through a series of biochemical
and morphological changes, and eventually the mother cell lyses, releasing the mature
spore into the environment. Those changes include the synthesis of spore cortex (com-
posed of peptidoglycan), which is assembled between the inner and outer forespore
membranes, the formation of proteinaceous spore coat, the synthesis of DPA, which
accumulates in the spore core and is accompanied by a reduction in the water content,
the synthesis of SASPs and of exosporium (if any). Precursors of spore structures and
components are synthesized by mother cell and transferred to forespore.

The mature spore structure protects the dormant microorganism from environmental
stress until the conditions become favourable for vegetative cell growth. Spores are
continually sensing their environment for the presence of nutrients using a group of
receptors located in the spore inner membrane (Setlow 2014a; Moir and Cooper, 2015).
The transition from dormant spore to vegetative cell can be divided into four main
stages: activation, stages I and II of germination, and outgrowth (Moir and Cooper, 2015).
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Figure 2.2 Life cycle of spore-forming bacteria. DPA: dipicolinic acid; SASPs: small acid-soluble
spore proteins.
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Activation is a reversible process that can be triggered by exposure to sublethal heating
that makes germinant receptors more accessible or receptive to nutrient germinants,
probably due to reversible conformational changes in receptors (Setlow, 2014a). In this
germination stage, activated spores retain most properties of the dormant spores. In
stage I of germination, germinants interact with membrane-located receptors, which
transduce the stimulus, activating the membrane-associated changes and hydrolytic
reactions that occur in germination (Moir and Cooper, 2015). Germinants include
“nutrient” germinants such as amino acids, sugars, purine nucleosides and inorganic
salts, and “non-nutrient” germinants such as Ca?>*-DPA, dodecylamine, lysozyme, high
pressure or peptidoglycan fragments (Moir and Cooper, 2015). In this stage, release of
monovalent cations (including H*, Na*, and K*) occurs, followed by the release of all
Ca?*-DPA, which is replaced by water. These events are associated with a major change
in inner membrane permeability and perhaps inner membrane structure (Setlow, 2014a).
After stage I of germination, the extreme heat resistance of the spore has been lost, but
protein mobility in the core and lipid mobility in the inner membrane have not yet
increased, and there is no detectable metabolism (Moir and Cooper, 2015). In stage II of
germination, the cortex is hydrolysed by cortex lytic enzymes located in spore coat, and
inner and outer membranes, leading to full rehydration and expansion of the core, the
inner membrane and the germ cell wall, and the germinated spore regains more vegeta-
tive cellular properties. SASPs are also degraded, releasing the DNA for transcription
and providing a source of amino acids for biosynthesis during outgrowth. DNA repair
proteins present in the spore are now active to repair damage incurred during spore
dormancy, and ATP is generated from 3-phosphoglycerate. Spore coat breakdown is
also initiated during this germination stage (Moir and Cooper, 2015). Finally, metabolism
and macromolecules synthesis in the cell are resumed in the outgrowth. This latter stage
also includes the swelling of the spore, emergence (where the outer spore layers, coat
and exosporium, are shed), replication of DNA and the first cell division that originate
the new vegetative cell which re-enters the vegetative cycle.

In food products, spore germination is a critical step regarding spoilage and food-
borne disease caused by spore formers, generally triggered by “nutrient germinants”
that are sensed by specific germinant receptors. Although spore germination has been
extensively studied, most germination studies have been performed with mutants of
Bacillus and Clostridium spp. in laboratory media because it is difficult to establish the
behaviour of wild spore-forming bacteria in actual food products.

2.3 SPORE-FORMING BACTERIA IMPORTANT
FOR THE DAIRY INDUSTRY

2.3.1 Class Bacilli

The class Bacilli includes two orders, Bacillales and Lactobacillales, that include spore-
forming and non-spore-forming representatives. Among the spore formers, Bacillus,
Paenibacillus, Geobacillus and Anoxybacillus are the most relevant for the dairy
industry due to their spoilage or pathogenic potential (Scott et al., 2007; Ivy et al., 2012;
Gopal et al., 2015). The harmful effects concerning food safety and product quality
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caused by these spore formers are threefold: (i) production of toxins, (ii) production of
spoilage enzymes and (iii) interference with cheese making (De Jonghe at al., 2010).

2.3.1.1 Bacillus genus

Bacillus is a diverse bacterial genus belonging to the family Bacillaceae, endospore-
forming, aerobic or facultative anaerobic, rod-shaped, motile and gram-positive
bacterium (on occasion displays a gram-negative or variable reaction). Their taxonomy
is quite complex and has been subject to considerable revision in recent years. At the
time of writing this chapter, this genus included 318 species with validly published
names (LPSN: www.bacterio.net).

Bacillus spp. are characterised by different nutritional requirements, the ability to
grow in a wide range of temperatures (mesophilic and thermophilic psychrotrophic
strains) and pH values. They are the most common isolated gram-positive bacteria
among the microbial species that can survive the usual heat treatment of milk, and they
are also able to grow in biofilms and contaminate the product as it flows through the
processing line. Although the initial concentration of thermophiles and spores in raw
milk is low (<10 cfu/ml), Bacillus has been determined in several steps of the dairy
production chain, which selects for spore formers through several heating processes,
and for psychrophiles during cold storage (Heyndrickx and Scheldeman, 2002).

2.3.1.1.1 Bacillus cereus

Among Bacillus spp., B. cereus is one of the most important spoilage microorganisms
in the dairy environment, and it is also a safety concern as it is associated with inci-
dences of food poisoning (Kumari and Sarkar, 2016). The B. cereus group, also known
as B. cereus sensu lato, is a species complex that includes 11 closely related species
according to current taxonomy: B. cereus (sensu stricto), Bacillus thuringiensis, B.
anthracis, Bacillus mycoides, Bacillus pseudomycoides, Bacillus weihenstephanensis,
Bacillus cytotoxicus (Kumari and Sarkar, 2016), Bacillus toyonensis (Jiménez et al.,
2013), and the recently proposed species “Bacillus gaemokensis” (Jung et al., 2010),
“Bacillus manliponensis” (Jung et al., 2011) and “Bacillus bingmayongensis” (Liu
et al., 2014). Growth and survival characteristics of B. cereus vary widely between
strains and depend upon a complex series of interacting factors such as temperature, pH,
water activity (NaCl concentration), nutrients and presence of competitive microbiota
(Spanu et al., 2016). A very broad thermal range for growth temperature in the B. cereus
group strains has been recorded (ranging from 4 °C to 50 °C), and strains seem to adapt
to very different habitats, including refrigerated to dehydrated foods (Guinebretie¢re and
Nguyen-The, 2003).

In the dairy industry, B. cereus is frequently isolated from raw, pasteurised and ultra-
high temperature (UHT) milk, and dairy products such as fermented milk, dried milk
product, milk powder, powdered infant formulae, ice cream, cheeses and processed
cheeses (EFSA, 2005a; Svensson et al., 2006; Samarzija et al., 2012; Kumari and Sarkar,
2016; Spanu et al., 2016). The dairy heating processes may select this noncompetitive
bacteria, whose vegetative cells grow well in the absence of competing microorganisms
(Granum and Lund, 1997). Psychrotrophic strains would grow below 10°C, at temper-
atures as low as 4 °C, and have optimal growth temperatures of 30-37 °C and maximum


http://www.bacterio.net

20 Microbiology in dairy processing

growth temperatures of 37-42 °C (EFSA, 2005a). The development of psychrotolerant
strains has led to increasing surveillance of the B. cereus group since they are a recurrent
problem in perishable dairy products during refrigerated storage and distribution,
affecting the product shelf life (Granum and Lund, 1997). On the other hand, meso-
philic strains of B. cereus can grow at between 10 and 42 °C, some strains being able to
grow at 50-55°C, with an optimal growth temperature of 30-37°C (EFSA, 2005a),
allowing these strains to adhere to and germinate in hot dairy equipment, what may limit
the keeping quality of pasteurised milk (Svensson et al., 2006). The hydrophobic prop-
erties of B. cereus spores and presence of appendages, and their resistance towards heat,
desiccation and disinfectants, allow them to attach to processing equipment and survive
cleaning procedures of dairy plants, resulting in biofilm formation, which can be an
important reservoir for recurrent contamination of dairy products (Kumari and Sarkar,
2016). They can also survive the drastic processing of dehydrated foods like dry milk
powder and subsequently contaminate diverse foodstuffs via dehydrated ingredients
(Guinebretiere and Nguyen-The, 2003).

2.3.1.1.2  Other Bacillus species

Some species of the B. subtilis group are usual contaminants of dairy products. Along
with B. subtilis sensu stricto other closely related species with high genetic and/or
biochemical similarities, and thus not easily distinguishable, are now clustered in the B.
subtilis group: Bacillus amyloliquefaciens, Bacillus atrophaeus, Bacillus axarquiensis,
Bacillus licheniformis, Bacillus malacitensis, Bacillus mojavensis, Bacillus pumilus,
Bacillus sonorensis, Bacillus tequilensis, Bacillus vallismortis and Bacillus velezensis
(Jeyaram et al., 2011). These species are in general mesophilic with regard to tempera-
ture and neutrophilic with respect to pH for growth, while often being tolerant to higher
pH levels. B. licheniformis, B. subtilis and B. pumilus, the predominant mesophilic
species in milk, are also facultative thermophiles, depending on the strain (Burgess
et al., 2010).

B. licheniformis is widespread in the environment and across the dairy farms, being
the predominant mesophilic Bacillus species in raw milk, despite some regional,
seasonal and methodological differences (Phillips and Griffiths, 1986). It is faculta-
tively anaerobic, grows at temperatures up to 55°C, and can reduce nitrate to nitrite
(Burgess et al., 2010). Thermotolerant isolates of B. licheniformis are also some of the
most common thermotolerant species in milk, predominating in milk powders (Yuan
et al., 2012; Sadiq et al., 2016). B. licheniformis is known to cause spoilage of milk and
dairy products, raise specification compliance problems and have adverse effects on
milk and functional properties (Gopal et al., 2015). B. subtilis grows at temperatures
from 5 to 20 °C up to 45-55 °C, is strictly aerobic, and can reduce nitrate (Burgess et al.,
2010). It has been associated with spoilage of raw and pasteurised milk and UHT and
canned milk products (Heyndrickx and Scheldeman, 2002). B. pumilus is strictly aerobic,
and grows at temperatures from 5 to 15 °C up to 50-55 °C (Burgess et al., 2010).

Bacillus sporothermodurans and Bacillus coagulans are other examples of facultative
thermophiles causing undesired growth in consumer milk products. B. sporothermo-
durans is encountered globally in milk products, producing mesophilic vegetative
cells but highly heat-resistant spores that may survive UHT treatment or industrial
sterilization. It is strictly aerobic and grows at temperatures from 20 °C up to 45-55°C
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(Burgess et al., 2010). It is detected at the farm in low levels, but propagates in the
plant, and has been reported to contaminate different kinds of UHT products such
as evaporated or reconstituted milk, cream, chocolate milk and milk powder
(Scheldeman et al., 2006). B. coagulans is facultatively anaerobic and grows at
temperatures from 5 to 15 °C up to 57-61 °C. Some strains are able to reduce nitrate
(Burgess et al., 2010). It has been associated with spoilage of evaporated milk
(Kalogridou-Vassiliadou, 1992).

2.3.1.1.3 TImportance of Bacillus spp. in the dairy industry

Product quality is the main issue posed by Bacillus spp., and members of the B. cereus
and B. subtilis groups are the most important spoilage microorganisms in the dairy envi-
ronment (Liicking et al., 2013). Bacillus spp. are able to produce serious off-flavours in
dairy products such as milk, cream and cheese (McClure, 2006), caused by protease
and/or lipase activities. The majority of Bacillus species produce various thermostable
extracellular and intracellular enzymes (e.g. proteinases, lipases, phospholipases)
that are not sufficiently inactivated by pasteurisation or even UHT treatment and
that may therefore cause spoilage of the final products during storage, decreasing
their organoleptic quality and reducing their shelf life. Maximum production of Bacillus
extracellular enzymes normally occurred in the late exponential and early stationary
phases of growth, before sporulation (Priest, 1977). Matta and Punj (1999) reported that
48 out of 100 raw milk samples contained diverse lipolytic psychrotrophic Bacillus
species, with B. cereus being the predominant species. De Jonghe and colleagues (2010)
showed strains of B. subtilis, the B. cereus group and B. amyloliquefaciens to be strongly
proteolytic, along with B. licheniformis and B. pumilus to a lesser extent, and demon-
strated lipolytic activity in strains of B. subtilis, B. pumilus and B. amyloliquefaciens
isolated from raw milk. In 40—-84% of cases, Bacillus spp. isolated from milk expressed
both proteolytic and lipolytic activities, and in approximately 80% of cases also a phos-
pholipolytic activity, and certain species can produce more than one type of proteinase
simultaneously (Samarzija et al., 2012).

The presence of proteases can lead to uncontrolled or unwanted proteolysis, adversely
affecting food quality and flavour through the formation of bitter peptides from milk
proteins (McClure, 2006). The action of these enzymes can also lead to clotting and
gelation of milk (Furtado, 2005; De Jonghe et al., 2010) at a relatively high pH.
In pasteurised milk, sweet curdling (coagulation of the milk without acidification) is a
rather common defect, mainly caused by B. cereus proteolytic activity (De Jonghe et al.,
2010), although B. subtilis strains have been also linked to this defect. Proteolysis by
B. subtilis in canned, evaporated milk results in thickening and a bitter taste followed by
digestion to a brown liquid (Varnam and Sutherland, 1994). In cheese production,
the presence of Bacillus proteases in milk may cause lower yield, shorter coagulation
time due to higher concentration of amino acids that stimulate the growth of starter
culture (Kumari and Sarkar, 2016).

Bacterial lipases also contribute to unpleasant flavour, such as rancid, butyric, but-
tery, bitter, unclean, soapy and astringency in milk and dairy products resulting from
extensive free fatty acid release and subsequent reactions (Furtado, 2005). In cream,
Bacillus species are important in spoilage at temperatures above 10°C (Varnam and
Sutherland, 1994).
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Another common example of spoilage of milk is the bitty cream phenomenon
caused by the lecithinase activity of B. cereus that hydrolyses the phospholipids asso-
ciated with the milk fat globule membrane to produce small proteinaceous fat particles
that float on the surface of hot drinks and adhere to surfaces of crockery and glasses
(Adams and Moss, 2008). Bitty cream is associated mostly with milk that has been
subject to temperature abuse, although psychrotrophic Bacillus species are becoming
increasingly associated with the spoilage of refrigerated milk. Yogurt can be defective
(lumpy structure, separation of whey, off-flavours) in exceptional cases where B. cereus
develops to 10° cfu/ml before the pH is reduced to 6.1 by the starter bacteria (Heyndrickx
and Scheldeman, 2002). B. cereus or B. subtilis may also induce bitterness in yogurt
(Mistry, 2001).

Spoilage of UHT and sterilized milk occurs only occasionally, usually as a result of
recontamination after the heat treatment, during filling, and is caused mostly by proteo-
lytic activity of some Bacillus species (Heyndrickx and Scheldeman, 2002). Proteolytic
and lipolytic activity of Bacillus spp. may increase the concentration of free tyrosine
(indicator of proteinase activity and general organoleptic quality) and free fatty acids
after storage of UHT milk (Janstova et al., 2006). However, as mentioned before, it has
been reported the massive occurrence of nonsterility in all kind of UHT products by
highly heat-resistant spores of Bacillus sporothermodurans present in the initial milk
(Scheldeman et al. 2006). Nevertheless, real spoilage defects in consumer milk are
only rarely noticed as a slight pink colour change, off-flavours and coagulation, since
B. sporothermodurans grows poorly in milk (only up to 10° cfu/ml) and does not affect
the pH of the product (Heyndrickx and Scheldeman, 2002). Even when there are no
negative effects on the products, the colony count at 30 °C of unopened packages of
heat-treated milk-based products after 15 days of incubation at 30 °C must be below
10 cfu per 0.1 ml to meet the legal requirements established by the European Union (EU,
Council Directive 92/46/EEC).

In the powdered dairy ingredients industry, the presence of high numbers (>10*cfu/g)
of thermophiles in finished dairy products is an indicator of poor hygiene during
processing (Burgess et al., 2010). Although Bacillus growth in these products is minimal
because of their low water content, once introduced to a more favourable environment
during reconstitution, the spores can germinate, grow, and produce enzymes and acid
and consequential off-flavour development and spoilage in the products containing
dairy powders (Scott et al., 2007; Liicking et al., 2013). Thus, the US Dairy Export
Council has set strict tolerances for mesophilic (<1000 cfu/g) and thermophilic spores
(<500cfu/g) in dairy powders.

The fermentative growth of Bacillus spp. may also be involved in the spoilage of
dairy products, causing flat sour spoilage of evaporated milk due to acid production dur-
ing fermentation of carbohydrates without formation of gas (Kalogridou-Vassiliadou,
1992). Bacillus coagulans can cause firm coagulation in evaporated milk due to the
production of high concentrations of lactic acid, and a slight cheesy odour and flavour,
but it is normally only a problem when storage temperatures are high (Varnam and
Sutherland, 1994; McClure, 2006). Bacillus megaterium causes an acid formation
accompanied by gas and a cheesy odour in canned, evaporated milk (Varnam and
Sutherland, 1994). Furthermore, some strains of B. licheniformis are capable of pro-
ducing a slimy extracellular substance that can affect the quality of pasteurised milk
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and cream, and B. subtilis has been associated with ropiness in raw and pasteurised
milk as well as the spoilage of UHT and canned milk products, as reviewed by
Burgess et al. (2010).

A further concern regarding Bacillus spp. spoilage is the interference with cheese
production. Nitrate is often added as preservative to the milk to prevent growth and
germination of Clostridium species causing the LBD of cheese, and Bacillus species
able to reduce nitrate to nitrite may limit its effectiveness (Ternstrom et al., 1993).

Formation of bacterial biofilms by Bacillus and related genera within dairy processing
plants is also a matter of great concern to processors, as bacteria within biofilms are
more difficult to eliminate than planktonic cells and can act as a source of recurrent con-
tamination to plant, product and personnel; biofilm renders its inhabitants resistant to
antimicrobial agents and cleaning (Kumari and Sarkar, 2016).

Although the overwhelming majority of Bacillus species are nonpathogenic, the
role of B. cereus as a potential food-poisoning agent is acknowledged, being the pre-
dominant pathogenic Bacillus species found in raw milk and at all stages of dairy
processing (Kalogridou-Vassiliadou 1992; Scheldeman et al. 2006). Within the B. cereus
group, B. cereus sensu stricto is known to cause two kinds of foodborne diseases if
conditions are favourable: an emetic (vomiting) intoxication due to the ingestion of a
toxin preformed in the food, and a diarrhoeal infection due to the ingestion of bacterial
cells/spores that produce enterotoxins in the small intestine (EFSA, 2005a). B. cereus
food poisoning is underreported as both types of illness are relatively mild and usually
last for less than 24 h (Granum and Lund, 1997). A dose of 10°-108 cells or spores per
gram is generally considered necessary to cause illness (Granum and Lund, 1997). The
emetic syndrome is caused by a heat-stable, low molecular weight substance, a ring
formed, modified peptide, cereulide, similar in structure and function to the potassium
ionophore valinomycin (Agata et al., 1994). The vast majority of food-poisoning cases
have been attributed to rice and rice dishes. Diarrhoeal food poisoning is caused by
different heat-labile protein toxins like haemolysin BL, nonhaemolytic enterotoxin and
cytotoxin K. A wide range of proteinaceous foods has been implicated in diarrhoeal
food poisoning (Kumari and Sarkar, 2016). The occurrence of emetic and diarrhoeal
toxin-producing strains of B. cereus in the dairy production chain has been reported
(Kumari and Sarkar, 2016). However, dairy products have seldom been associated with
human illness despite the frequent contamination with B. cereus (EFSA, 2005a), and
no food safety criteria for B. cereus are applicable to foodstuffs placed on the market
during their shelf life (EC Regulation No. 2073/2005), with the exception of dried
infant formulae intended for infants below 6 months of age (EC Regulation No.
1441/2007). In these products, five samples have to be analysed and presumptive
B. cereus in four samples must be below 50 cfu/g, while the remaining sample can be
between 50 and 500 cfu/g. Although Bacillus species other than B. cereus have gener-
ally been considered to be of little significance in food-poisoning incidents, there is
evidence that some strains of other species, including B. licheniformis, may cause
foodborne illness (McClure, 2006). As summarized by De Jonghe et al. (2010), cellular
assays confirm both production and functionality of heat-labile and heat-stable toxins
by strains of several Bacillus spp. such as B. subtilis, B. licheniformis and B. pumilus.
However, the production of toxins has been reported only at mesophilic conditions
(Burgess et al., 2010).
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Gopal et al. (2015) suggested a possible association of Bacillus with another cheese
safety concern, the production of biogenic amines, since amine-producing capabilities
have been reported for a few Bacillus strains.

2.3.1.2 Geobacillus and Anoxybacillus genera

Members of the genus Geobacillus, belonging to the family Bacillaceae, are rod-shaped
and facultatively anaerobic. Most are thermophilic, motile, produce stain gram-positive
or negative and have optimum growth temperatures above 50°C (McClure, 2006;
Burgess et al., 2010). At the time of writing, this genus included 20 species with validly
published names (LPSN: www.bacterio.net). The most important species is Geobacillus
stearothermophilus, formerly known as Bacillus stearothermophilus, with some of the
most heat-resistant bacterial spores known.

The genus Anoxybacillus, also belonging to the family Bacillaceae, was separated
from the genus Bacillus by Pikuta et al. (2000), and species of this genus are defined as
rod-shaped (often with rounded ends), gram-positive, aerotolerant or facultatively
anaerobic, thermophilic and alkaliphilic or alkalitolerant bacteria (McClure, 2006;
Burgess et al., 2010). At the time of writing, this genus included 21 species with
validly published names (LPSN: www.bacterio.net). The organism of relevance for the
food industry is Anoxybacillus flavithermus, formerly known as Bacillus flavothermus
(Pikuta et al., 2000), which is described as a facultatively anaerobic thermophile, with
terminal endospores and motility (Heinen et al., 1982).

Geobacillus spp. and A. flavithermus are important contaminants in the dairy industry,
most of them being obligate thermophiles, which grow at elevated temperatures. Spores
of these thermophilic bacilli are usually found at very low levels in raw milk, but since
they survive the harsh conditions during dairy manufacturing, they are common in fin-
ished products like milk powders and other dried dairy products. A. flavithermus has an
optimum growth temperature at 60 and 65 °C under aerobic and anaerobic conditions,
respectively. G. stearothermophilus resists and grows at temperatures up to 75 °C, and
its spores have the potential to survive UHT treatments (Khanal et al., 2014). Both
exhibit a fast growth rate and tend to form biofilm on the stainless steel surfaces of
processing equipment (i.e. heat exchangers and evaporators), from which cells and
spores can slough off and contaminate the product flowing past, resulting in numbers of
up to 10%cfu/g of bacteria and spores released in the final products (Scott et al., 2007).
Germination of spores and survival, and even growth, of G. stearothermophilus was
reported to occur in concentrated milk between the pasteuriser and the drying tower
during the manufacture of skim and whole milk powders (Murphy et al., 1999).

A. flavithermus and G. stearothermophilus, along with B. licheniformis, have been
reported as the prevalent microorganisms in milk powders from different countries
(Yuan et al., 2012; Sadiq et al., 2016). These bacilli are generally nonpathogenic and,
although their growth may result in milk product defects caused by the production of
acids or enzymes after the powder is recombined and if the conditions are suitable, their
real potential to spoil dairy products is thought to be low, as dairy products are usually
stored at temperatures below 37°C, at which obligate thermophiles will not grow
(Burgess et al., 2010). G. stearothermophilus produces acid but no gas, hence causing
the flat sour defect in canned milk products (Kalogridou-Vassiliadou, 1992).
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2.3.1.3 Paenibacillus genus

Members of the genus Paenibacillus belong to the family Paenibacillaceae. In 1993,
Ash et al. proposed that members of ‘group 3’ within the genus Bacillus should be trans-
ferred to the genus Paenibacillus, for which they proposed Paenibacillus polymyxa as
the type species. The genus Paenibacillus is a diverse group of organisms that appear to
be predominantly psychrotolerant, with an ability to grow in milk and possibly other
foods at temperatures as low as 6 °C (Ivy et al., 2012). At the time of writing, this genus
included 182 species with validly published names (LPSN: www.bacterio.net) and
contains rod-shaped, gram-positive or gram-negative, motile, facultatively anaerobic
or aerobic bacteria and produce ellipsoidal spores (McClure, 2006). Members of this
genus appear to occupy diverse ecological niches and have been isolated from farm and
processing environments, raw milk, various pasteurised foodstuffs and even commercial
UHT-treated milk, suggesting that at least some isolates can survive short-time heat
treatments over 100 °C (Ivy et al., 2012). Paenibacillus spp. are generally present in low
numbers in raw milk and early in pasteurised milk shelf life, yet they can reproduce to
high numbers during refrigerated storage, becoming the predominant spoilage organism
(Ivy et al., 2012) and limiting the further extension of fluid milk’s shelf life. Thus,
P. polymyxa was found as the main gram-positive spoilage organism of Swedish and
Norwegian pasteurised milk stored at 5 or 7°C (Ternstrom et al., 1993). Although
Paenibacillus persistence on processing equipment has not been established, certain
species have been shown to produce exopolysaccharide or to form biofilms, which, if
present in appropriate locations, may lead to post-pasteurization contamination of fluid
milk (Ivy et al., 2012).

P. polymyxa may cause a sour, yeasty and gassy defect in milk (Heyndrickx
and Scheldeman, 2002). De Jonghe et al. (2010) have reported strains of P. poly-
myxa isolated from raw milk to be strongly proteolytic, producing lecithinase and
able to reduce nitrate, and found a P. polymyxa strain capable of gas production
during lactose fermentation. In Argentinian Cremoso, Mozzarella, and semihard
cheeses, gas-producing P. polymyxa and Paenibacillus macerans have been associ-
ated with blowing spoilage (Quiberoni et al., 2008). Another possible problem for
the cheese industry caused by P. polymyxa is the denitrification activity of this
species, which may diminish the anticlostridial effect of added nitrate, alongside
with Bacillus spp. (Heyndrickx and Scheldeman, 2002). Furthermore, bitter cream
defect in pasteurised milk may also be caused by lecithinase of P. polymyxa
(De Jonghe et al., 2010).

2.3.2 Class Clostridia

The class Clostridiaincludes four orders, Clostridiales, Halanaerobiales, Natranaerobiales
and Thermoanaerobacterales, which in turn include 17 families. As mentioned before,
spore-forming bacteria of the class Clostridia that are problematic for the dairy industry
belong to the genus Clostridium (family Clostridiaceae) with 210 species with validly
published names (LPSN: www.bacterio.net) at the time of writing this chapter.
Clostridium spp. are gram-positive rods, motile or nonmotile, that form oval or spherical
spores that usually deform the vegetative cell. Most of species are obligate anaerobes,
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although some species such as C. perfringens are facultative anaerobes and can tolerate
the presence of oxygen (Charlebois et al., 2014). Several species of this genus can
grow in food, causing food spoilage and/or food poisoning in humans. The majority of
the numerous species of the genus Clostridium are nonpathogenic, but this genus also
includes pathogens such as Clostridium botulinum, Clostridium tetani, Clostridium
difficile and Clostridium perfringens. Although rare, C. perfringens and C. botulinum
are the main Clostridium species involved in poisoning of dairy products. However,
C. tyrobutyricum and related species are one of the most common groups of bacteria
responsible for cheese spoilage.

2.3.2.1 Clostridium botulinum

C. botulinum produces a highly potent neurotoxin that causes botulism, which affects
humans and animals and may lead to death due to paralysis of the respiratory muscles
since botulinum toxin causes progressive flaccid paralysis by binding to nerve
endings. The neurotoxin is completely odourless and tasteless; therefore, food con-
taining preformed neurotoxin may not transmit any warning signs to the consumer.
Nevertheless, the neurotoxin is destroyed by heating at 80 °C for 20 min or at 85 °C for
Smin (Siegel, 1993). C. botulinum can produce eight types of neurotoxins (A-H),
based on the serological properties of these ones, and some C. botulinum strains pro-
ducing two or even three neurotoxins types have been described (Dover et al., 2014).
In addition, some strains of Clostridium baratii and Clostridium butyricum can also
produce botulinum toxins (Hatheway, 1993). C. botulinum strains can be categorized
into four phenotypically and genetically diverse groups (Carter and Peck, 2015).
C. botulinum groups I and II are associated with botulism in humans, strains of group
IIT with botulism in animals, and group IV strains have not been associated with
illness. C. botulinum group I strains are mesophilic, proteolytic, produce toxin types A,
B, F and H, and are generally of terrestrial origin. Group II strains are psychrotrophic
and nonproteolytic, produce toxin types B, E, or F, and are frequently found in aquatic
environments.

C. botulinum can cause two types of foodborne illness: classical botulism and infant
botulism. Classical botulism is an intoxication caused by consumption of neurotoxin
preformed in the food, while infant botulism is a toxicoinfection, which evolves by
ingestion of spores followed by subsequent germination and toxin production in
the gut of infants (Carter and Peck, 2015). Adults with heavy antibiotic treatment
or intestinal lesions can also suffer this latter botulism disease, but it is very rare.
Foodborne botulism in humans is a rare but severe disease. The reporting rate of
foodborne outbreaks caused by Clostridium toxins (including toxins produced by
C. botulinum, C. perfringens and unspecified Clostridium spp.) was 0.04 per 100,000
population in the EU in 2014, and outbreaks caused by C. botulinum represented 0.17%
of all outbreaks (EFSA, 2015b). However, the estimated cost per case of botulism asso-
ciated with commercial food products is very high. For example, a milk product that
was incorrectly related to a C. botulinum contamination in New Zealand in 2013 cost
hundreds of millions of dollars (Carter and Peck, 2015). On the other hand, botulism
outbreaks in cattle, which have increased in the past decades and which are often large,
affecting hundreds of animals, cause enormous economic losses to the dairy industry
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due to death and euthanasia of intoxicated animals, in addition to reduction in milk
production (Lindstrom et al., 2010).

Although in recent years any foodborne outbreak of botulism has been associated
with milk or dairy products in the EU (EFSA 2012, 2013, 2014, 2015a, 2015b), at
least 20 human botulism outbreaks have previously been associated with the con-
sumption of contaminated dairy products, with a mean fatality rate of 17.9%, and type
A and B neurotoxins as the main implicated toxins (Lindstrom et al., 2010). As
reviewed by these authors, the limited studies on the prevalence and contamination
level of C. botulinum in milk and dairy products would indicate that low numbers of
C. botulinum spores may occasionally be present in milk and other dairy foods. Dairy
food vehicles for botulinum toxins or C. botulinum were cheeses or cheese products
(70% of outbreaks), milk (15%), yogurts (10%) and infant formula milk (5%). All the
outbreaks were intoxications, except for the case of infant botulism associated with
infant formula milk. The majority of the outbreaks were caused by C. botulinum
group L. It was suspected that an abused storage temperature of dairy products could
be responsible for clostridial growth and neurotoxin production. Botulism outbreaks
related to the consumption of commercial milk were the first cases of botulism linked
to dairy products (Meyer and Eddie, 1965). In addition, worldwide botulism outbreaks
due to homemade camel sour (Smith et al., 1979), Brie cheese (Sébald et al., 1974;
1980), Mascarpone cheese or tiramisu made with this cheese (Aureli et al., 1996),
oil-preserved cheese (Pourshafie et al., 1998) and yogurt (O’Mahony et al., 1990,
Akdeniz et al., 2007) have been reported. Cheese sauces were also associated with
botulism outbreaks, but investigations revealed that were not the source of C. botulinum
(Lindstrom et al., 2010).

Besides those products, a dried infant formula milk powder was initially associated
to an infant botulism outbreak, but further investigations did not establish a clear and
definite relation (Brett et al., 2005; Johnson et al. 2005). C. botulinum was neither
detected in samples of infant formula from the home of infants with botulism nor from
retail outlets (Barash et al., 2010). With respect to hazardous microorganisms associated
with infant formula, the Food and Agriculture Organization/World Health Organization
(FAO/WHO) categorized C. botulinum as “causality less plausible or not yet demon-
strated” because, although having been identified in powdered infant formula, the
microorganisms had not been implicated as causing illness in infants (FAO/WHO,
2004). Consequently, C. botulinum is not considered a hazard in the Codex international
hygiene standard for infant formula (CAC, 2008). The International Commission on
Microbiological Specifications for Foods (ICMSF) recently concluded that there is not
sufficient scientific support to initiate any specifications for C. botulinum spores in
dried dairy products and does not recommend routine testing for C. botulinum in dried
dairy powders, but rather it recommends determining the number of sulfite-reducing
clostridia in dried dairy ingredients as indicator of soil and/or faecal contamination
(ICMSEF, 2014). Although in the EU there are no regulations regarding the number of
spore formers allowed in milk or dairy products, milk quality payment schemes exist
whereby payments to farmers are based on how their milk scores on a number of criteria
such as somatic cell count, butyric acid spores, total bacteria count, sulfite-reducing
clostridia, the presence of antibiotic residues and milk cleanliness (Velthuis and van
Asseldonk, 2010).
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2.3.2.2 Clostridium perfringens

C. perfringens can be considered a major pathogen since it is the most widely distrib-
uted pathogenic microorganism in nature (its spores are highly prevalent in soil and the
intestinal tract of humans and animals), has a fast growth (a generation time of less than
10min under optimal conditions), produces over 15 toxins causing numerous human
and animal diseases and has been ranked among the most common foodborne illnesses
worldwide (Lindstrom et al., 2011). C. perfringens strains are classified into five toxi-
genic types (A—E) based on the repertoire of four major toxins (alpha, beta, epsilon and
iota) that each individual strain produces. The type A and C strains have been associated
with human diseases, being C. perfringens type A food poisoning the second most
common foodborne illness reported in the United States, causing one million illnesses
each year (Grass et al., 2013). In addition, C. perfringens can also produce a diversity of
other toxins, such as enterotoxin, heat and pH labile, which is the cause of C. perfringens
food poisoning. Illness occurs after ingestion of large numbers of enterotoxin-producing
vegetative cells of C. perfringens that survive the acid conditions of the stomach and
subsequently form spores in the intestine with concomitant enterotoxin production.
Enterotoxin causes abdominal cramps and diarrhoea about 8-12h after eating contami-
nated food with C. perfringens vegetative cells. The disease is mostly self-limiting,
lasting for about 24 h. Deaths are rare (but possible) and may occur due to dehydration,
mainly in elderly, very young or debilitated humans.

In the EU in 2014, outbreaks caused by C. perfringens represented 2.4% of all out-
breaks and 20% of fatalities related to strong-evidence outbreaks (EFSA, 2015b), but as
mentioned previously, any strong-evidence outbreak was associate with milk or dairy
products for the period 2010-2014 (Table 2.1) (EFSA 2012, 2013, 2014, 2015a, 2015b).
C. perfringens has been detected in a wide range of foods as a result of contamination
by soil or with faecal matter such as meat, poultry, fish, vegetables, dairy products and
dehydrated foods (EFSA, 2005b), being cooked meat and poultry the foods most com-
monly involved in C. perfringens outbreaks. Despite this, a few foodborne outbreaks
associated with dairy products have been reported due to the consumption of contami-
nated milkshakes, cheese sauce and an unspecified dairy product (Bennett et al., 2013;
McAuley et al. 2014; Doyle et al., 2015). C. perfringens has been detected in infant
formula (Barash et al., 2010), but no illness has ever been attributed to infant formula
consumption.

2.3.2.3 Clostridium tyrobutyricum and related species

The butyric acid bacteria, a group of mainly spoilage bacteria such as C. tyrobutyricum,
C. butyricum and Clostridium beijerinckii, are responsible for the late blowing defect
(LBD) of cheese as a consequence of their ability to metabolize lactate to acetate, buty-
rate, CO, and H, (Klijn et al., 1995;Cocolin et al., 2004; Le Bourhis et al., 2007; Garde
etal.,2011a; Bassi et al., 2015; Gémez-Torres et al., 2015), resulting in abnormal cheese
flavour and texture (Figure 2.3). Also, Clostridium sporogenes can produce gas due to
proteolysis in the anaerobic cheese environment (Le Bourhis et al., 2007; Garde et al.,
2011a; Goémez-Torres et al., 2015). Blowing is the most serious microbial spoilage
occurring in cheese because (i) a great variety of cheeses can be affected, (ii) once the
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Figure 2.3 Hard ovine milk cheese with LBD.

defect emerges in cheese it is impossible to correct, (ii) it has a high frequency of occur-
rence and (iv) it has an important economic impact, as blowing usually affects large-
volume productions (Quiberoni et al., 2008). LBD is a major cause of spoilage in
semihard and hard cheeses (Garde et al., 2013), with C. tyrobutyricum considered the
primary cause of LBD in cheese (Klijn et al., 1995). More recently, Gémez-Torres et al.
(2015) reported that the degree of LBD in cheese was species-dependent, and C. tyrobu-
tyricum strains potent cheese spoilers, noticeably affecting cheese pH and colour and
leading to intense blown-packaging, cheese cracking and accumulation of volatile com-
pounds associated with rancid and pungent off-flavours at the end of ripening.

A correlation between Clostridium spore counts in milk and the incidence of LBD in
cheeses has been reported (Goudkov and Sharpe, 1965; Garde et al., 2011b). Although
the number of Clostridium spores found in raw milk is generally low and it typically
shows a seasonal dependence, the reported incidence of clostridial spores was often
high, ranging from 16 to 100%, with a mean value of 58% (Goudkov and Sharpe, 1965;
Garde et al., 2011b; Arias et al., 2013; Reindl et al., 2014; Chaturvedi et al., 2015;
Feligini et al, 2014). The most common Clostridium spp. identified in raw milk
varied according to each study, but C. sporogenes, C. beijerinkii, C. tyrobutyricum
and C. perfringens have been identified (Arias et al., 2013; Reindl et al., 2014;
Chaturvedi et al., 2015; Feligini et al, 2014).

With regard to cheeses with LBD, 47.5% isolates from Grana cheeses with LBD
were identified as C. tyrobutyricum, 45% as C. sporogenes and 7.5% as C. butyricum
(Matteuzzi et al., 1977). In Manchego cheeses with LBD, 78.9%, 10.3%, 9.0% and
1.8% of isolates were identified as C. sporogenes, C. beijerinckii, C. tyrobutyricum and
C. butyricum, respectively, and more than one species was isolated from 40% of the
LBD cheeses (Garde et al., 2011b). These authors found a high Clostridium intraspecies
genomic diversity, and isolates could be grouped according to the factory and the date
of cheese manufacture (Garde et al., 2012). On the other hand, Clostridium spp. have
been detected and identified directly in LBD cheeses by the development of PCR-based
techniques, without previous strain isolation (Klijn et al., 1995; Cocolin et al., 2004; Le
Bourhis et al., 2005). DNA from C. tyrobutyricum, C. sporogenes, C. butyricum and
C. beijerinckii has been detected in these studies.



30 Microbiology in dairy processing

The presence of more than one Clostridium species and/or strains in cheeses with
LBD, suggests that it may not be the result of the metabolic activity of a single species
but depend on a synergistic action of several Clostridium species and/or strains. The
association of C. beijerinckii or C. sporogenes to C. tyrobutyricum has been reported to
enhance butyric fermentation and cheese defects (Le Bourhis et al., 2007). Garde et al.
(2011b) also reported a synergistic effect on the production of butyric acid and gas in
milk when a C. beijerinkii strain was combined with a C. tyrobutyricum or C. sporo-
genes strain. In addition, as reported by Bassi et al. (2015), the interaction of Clostridium
spp. with the rest of cheese microbiota can be crucial for the appearance of LBD in
cheese. It is known that the growth of Clostridium is favoured by the presence of other
microorganisms in cheese, such as coliforms, lactococci, leuconostocs, lactobacilli and
propionibacteria (Goudkov and Sharpe, 1965; Gémez-Torres et al., 2014).

2.4 CONTROL STRATEGIES TO PREVENT POISONING
AND SPOILAGE OF MILK AND DAIRY PRODUCTS
BY SPORE-FORMING BACTERIA

As can be seen from the discussions above, it is necessary that the dairy industry adopt
control strategies in order to prevent poisoning and spoilage of milk and dairy products
by spore-forming bacteria to ensure safety and quality of these foods. The first control
measure is minimizing the presence of spores in raw milk by the application of good
farming practices (Vissers et al., 2007a, 2007b) since it is impossible to eliminate the
risk of contamination of milk with spores due to their ubiquitous presence in nature,
including environmental niches on the dairy farm. The good farming practices include
the use of good quality silage, parlour/milking equipment cleaning routines and mainte-
nance, and udder cleaning and teat preparation prior to milking.

Other strategies to reduce the number of spores in raw milk are bactofugation and
microfiltration (Garde et al., 2013). Bactofugation and microfiltration eliminate about
94-98% and 99% of spores from milk, respectively, but these techniques are expensive,
time-consuming and labour intensive. In addition, microfiltration can be applied only to
skim milk because the milk fat globules are too large to pass through the microfiltration
membrane.

Destruction of spores and/or toxins is another control strategy to avoid poisoning
and/or spoilage of milk and dairy products. However, this strategy is limited in the case
of dairy products, since the treatments required for this purpose (i.e. heating at 121 °C
for 3min is targeted to eliminate the risk of C. botulinum group I spores by a factor of
10'?) cannot be applied to many dairy products (Lindstrom et al., 2010). The UHT
treatment (135 °C or above for a few seconds) and the sterilization process (115 °C or
above for 20min) used commonly in the dairy industry are likely to destroy most spores
and toxins, but some thermophilic spore-forming bacteria may survive. Besides, these
treatments cannot be applied to all dairy products. For this reason, other strategies are
based on the control of spore-former growth and the production of toxins and spoilage
enzymes. Proper refrigeration combined with limited storage times is a first important
measure to control spore-forming bacteria growth (Lindstrom et al., 2010). In addition,
some dairy foods inhibit bacteria growth through intrinsic factors such as low water
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activity in milk powder or the low pH in some fermented product. The use of food addi-
tives is another strategy to prevent growth of spore-forming bacteria. Nitrate and/or
lysozyme are the most common additives used to control C. tyrobutyricum growth and
to prevent LBD in cheese, but nitrate could lead to the formation of potentially carcino-
genic nitrosamines and lysozyme could pose risks for allergic subjects (Garde et al.,
2013). Nisin, a bacteriocin produced by Lactococcus lactis, is used as additive in
pasteurised processed cheese spreads to control C. botulinum growth and neurotoxin
production (Lindstrom et al., 2010). The efficacy of nisin against B. cereus and related
species has also been tested in milk alone or in combination with high pressure (Egan
et al., 2016). Continuing with bacteriocins, the inoculation of milk with bacteriocino-
genic lactic acid bacteria in cheese manufacture has been successfully investigated to
prevent LBD (Rilla et al., 2003; Bogovic-Matijasic et al., 2007; Anastasiou et al., 2009;
Martinez-Cuesta et al., 2010; Garde et al., 2011a).

More recently, LBD has been prevented by the use of Lactobacillus reuteri INIA
P572, a reuterin (f-hydroxypropionaldehyde) producer strain, as an adjunct culture,
together with glycerol (required for reuterin production) in cheese manufacture
(Goémez-Torres et al., 2014). Other approaches investigated in order to diminish the
appearance of LBD in cheese include irradiation (Velasco et al., 2011), the addition of
aromatic plant extracts to cheese milk (Moro et al., 2015), the use of jenny milk, which
is characterised by a high lysozyme content (Cosentino et al., 2015), and the application
of high pressure (Avila et al., 2016). High-pressure treatments also have been assayed to
inactivate B. subtilis and B. cereus spores in cheese (Capellas et al., 2000; Lépez et al.,
2003). A combination of ultrasonication and pasteurisation resulted in complete inac-
tivation of the thermally resistant vegetative cells of B. coagulans and A. flavithermus
in milk (Khanal et al., 2014).

With regard to the control of biofilms formed by Bacillus and related genera, they are
more resistant to antimicrobials and cleaning regimes compared to planktonic cells, and
this makes their elimination from dairy industry a big challenge (Srey et al., 2013). With
regard to their control, strategies used in the dairy industry have been recently reviewed by
Gopal et al. (2015). These approaches include the alteration of the surface chemistry to
prevent cell attachment, treatment of surfaces with antimicrobial agents, optimization of
the process and equipment design or the use of intensive cleaning regimens. Antimicrobial
agents can be physical (cleaning-in-place processes and ultrasonication), biological
(biological biocides such as enzymes, bacteriocins and reuterin, and bacteriophages) and
chemical (chemical biocides, ozone). Current methods for controlling thermophilic bacilli
and their biofilm growth in dairy manufacturing plants include shorter production lengths
(therefore increasing the cleaning frequency), the use of sanitisers (disinfectants), altering
temperatures, reducing the surface area in the optimal temperature growth zone and the
use of dual equipment (Burgess et al., 2010).

2.5 CONCLUSIONS

Spore-forming bacteria from Bacillus spp. and related genera and Clostridium spp. per-
sist as a major cause of spoilage in the dairy industry, and a few of these bacteria are also
a concern for food safety as they can produce different types of toxins, being potential
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food-poisoning agents. Spore-forming bacteria are adapted to endure usual commercial
heat treatments followed by refrigeration carried out to reduce the microbial load of
milk and to limit the number of spoilage microorganisms and to prevent foodborne
disease, and some spore formers are even able to germinate and reproduce in those
harsh conditions. Despite the preventive and palliative measures adopted by farmers
and at the dairy industry, effective control of spore-forming bacteria in farms, in the
processing environment and in dairy products is still a difficult issue because these
microorganisms are ubiquitous in nature and because of the high number of critical
factors involved. For these reasons, the research and development of new control strategies
throughout the dairy chain are necessary.
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