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Foreword

Microbial biofilms have held a fascination for me since my first introduction to them as an
undergraduate student. Since those early days, many scientific publications on this topic
have shown the width and breadth of their complexity. Despite these extensive studies, so
much still remains to be discovered. This is particularly true from a practical and manufac-
turing perspective. Publications in the scientific literature are one thing, but practical experi-
ences in the real manufacturing environment often differ substantially from the sterile
laboratory setting. Professor Steve Flint has had a long and successful career in both aca-
demia and in the dairy manufacturing industry, and has the ability to successfully translate
academic biofilm studies and observations into practical applications for the industry.
Professor John Brooks is one of New Zealand’s most respected food safety experts, and he
and academics including Professors Phil Bremer, Brent Seale, Jon Palmer and a group of
collaborative experts have meshed their experiences and expertise to create a comprehensive
book on dairy biofilms. Thus, the theme of this book can best be described as an amalgama-
tion of the available fundamental and theoretical science on bacterial biofilms and the practi-
cal experiences from a food manufacturing environment, specifically focusing on dairy
production. Overviews on the roles that the microbial surface, the attachment surface and the
composition of the growth medium (i.e. the dairy product) play in bacterial surface attach-
ment and biofilm formation are presented. These concepts are interwoven with general theo-
ries on how bacterial biofilms form, and how control is maintained, especially for foodborne
pathogens. Some practical examples of microorganisms in real dairy manufacture, e.g.
Streptococcus and thermophiles, and in selected processes, e.g. ultrafiltration and dairy
wastewater treatment, are discussed in detail. As a result, both academic and nonacademic
audiences can learn greatly from these chapters.

Dr Denise Lindsay
Senior Research Scientist, Fonterra, New Zealand
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development through symposia, conferences, residential courses, publications and its jour-
nal, the International Journal of Dairy Technology (previously published as the Journal of
the Society of Dairy Technology).

In recent years, there have been significant advances in our understanding of milk systems,
probably the most complex natural food available to man. At the same time, improvements
in process technology have been accompanied by massive changes in the scale of many milk
processing operations, and the manufacture of a wide range of dairy and related products.

The Society has embarked on a project with Wiley-Blackwell to produce a Technical
Series of dairy-related books to provide an invaluable source of information for practising
dairy scientists and technologists, covering the range from small enterprises to modern large-
scale operation. This thirteenth volume in the series, on Biofilms, provides a timely and
comprehensive review of a natural threat to the integrity of manufacturing processes as well
as the quality and shelf life of dairy products. These problems are not limited to dairy opera-
tions but are also found in other food manufacturing operations and much of the principles
covered in the chapters can be applied elsewhere. Biofilms can also be used beneficially, for
instance in the bioremediation of effluent streams.

Andrew Wilbey
Chairman of the Publications Committee, SDT






Preface

The dairy industry has grown in size, sophistication and quality to satisfy an international demand
for food and food ingredients. The major risk to product quality and economic manufacture is
microbial contamination, predominantly due to the release of microorganisms and their metabo-
lites from biofilms forming on the surfaces of equipment used in the handling of milk and the
manufacture of milk products. The ultimate origin of the microorganisms is the raw milk, but the
conditions through the manufacturing process provide specific niches ideal for the propagation of
biofilms. The composition of these biofilms varies according to the conditions at any particular
point in the manufacturing process. Microbial groups from psychrotrophs to thermophilic spore-
forming bacteria form biofilms at specific zones in the manufacturing process. In some situations,
the conditions are so selective that only a single species is detected. In other areas, interactions
between species that can enhance biofilm development, spore production and the production of
metabolites such as enzymes occur, all representing a threat to product quality.

Our understanding of the factors involved in the development of biofilms in the dairy industry
has focused on the processes leading to microbial attachment in a dairy environment, conditions
supporting biofilm growth and potential damage to product quality, the release of microorgan-
isms from biofilm communities and the effect of cleaning systems on controlling biofilms. This
has led to engineering solutions to limit the amount of surface area available for biofilm growth,
replicating key pieces of equipment (e.g. evaporators) to enable frequent cleaning without
stopping manufacture, improved cleaning systems and changes in plant operation — especially
temperature — to limit biofilm growth and prevent activities such as spore production.

This book represents the result of 15 years of research into dairy biofilms involving
researchers across several universities and research organisations. The content covers
methods used in the detection and analysis of the microflora comprising dairy biofilms,
information on the environments within the dairy industry that support biofilm development
and a critical analysis of control methods used for biofilm control. Dairy industry managers,
researchers and students will find this book useful in providing a fundamental understanding
of problems relating to biofilms in the dairy industry and in offering some solutions and
suggestions for improvement in managing a dairy manufacturing plant.

Dr Koon Hoong Teh
Prof. Steve Flint
Prof. John Brooks
Dr Geoff Knight
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1 Introduction to Biofilms: Definition
and Basic Concepts

Phil Bremer!, Steve Flint?, John Brooks? and Jon Palmer?

'Department of Food Science, University of Otago, Dunedin,

New Zealand

2Institute of Food, Nutrition and Human Health, Massey University,
Palmerston North, New Zealand

3School of Applied Sciences, Faculty of Health and Environmental
Sciences, Auckland University of Technology, Auckland, New Zealand

1.1 Definition of biofilms

In 2012, the term ‘biofilm’ was defined by the International Union of Pure and Applied
Chemistry (IUPAC), Polymer Division as an ‘Aggregate of micro-organisms in which cells
that are frequently embedded within a self-produced matrix of extracellular polymeric
substances (EPS) adhere to each other and/or to a surface’. [UPAC included the following
notes after the definition:

Note 1: A biofilm is a fixed system that can be adapted internally to environmental conditions
by its inhabitants.

Note 2: The self-produced matrix of EPS, which is also referred to as slime, is a polymeric
conglomeration generally composed of extracellular biopolymers in various structural
forms.

The idea behind the development of this definition was to provide a terminology usable,
without any confusion, in the various domains dealing with biorelated polymers, namely,
medicine, surgery, pharmacology, agriculture, packaging, biotechnology and polymer waste
management (Vert et al., 2012).

Bearing this definition in mind, in this book we use the term ‘biofilm’ to refer to
‘microorganisms attached to and growing, or capable of growing, on a surface’. This definition
is broader than the [UPAC definition, as it includes cells or spores that are attached to a surface
but have yet to produce a biofilm matrix. We have included attached cells not within a matrix
in order to acknowledge that in many instances the act of attaching induces phenotypic
changes to a cell. We have included the phrase ‘growing or capable of growing’ to reinforce
the point that many of the unique features associated with biofilms arise as a result of the

Biofilms in the Dairy Industry, First Edition.
Edited by Koon Hoong Teh, Steve Flint, John Brooks and Geoff Knight.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



2 Biofilms in the Dairy Industry

growth and replication of microorganisms on a surface, such as the production of EPS and
the development of a complex three-dimensional structure.

In this chapter, we briefly discuss the importance of biofilms to the dairy industry, before
introducing their general features, including their development, composition and structure,
the advantages they confer to microorganisms living in them and how they may be controlled.
This chapter serves as an introduction to the other chapters in the book, and includes cross-
references to more detailed information on dairy-specific features in other chapters.

1.2 Importance of biofilms in the dairy industry

On a global basis, the dairy industry produces a wide range of perishable (milk and cream)
and semiperishable foods (cheese, butter and yoghurt) and food ingredients (milk powders,
whey protein concentrates and caseinates). Microbial contamination of dairy products is of
great concern to the dairy industry. Strict adherence to microbiological guidelines is
essential to maintain product quality, functionality and safety (see Chapter 4) and to allow
companies to remain competitive in the international market.

Those microorganisms associated with bovine raw milk and dairy manufacturing plants
that are of particular interest to the dairy industry can be divided into three major categories,
namely, spoilage, pathogenic and beneficial microorganisms. Spoilage microorganisms can
have an impact on the quality and sensory properties of milk and other dairy products,
through the production of metabolic byproducts and/or extracellular enzymes. Pathogenic
microorganisms (see Chapter 9) have the potential to cause human illness and to have
significant economic repercussions. Beneficial microorganisms generally belong to a diverse
group loosely termed ‘lactic acid-producing bacteria’ (LAB) and are used as starter cultures
for the manufacture of cheese, yoghurt and other fermented dairy products. A subgroup of
LAB that is becoming more commonly used in fermented dairy products, such as yoghurt, is
the probiotic bacteria, which include strains of Lactobacillus and Bifidobacterium (Jamaly
et al., 2011; Quigley et al., 2013).

Biofilms have become a major issue within the dairy industry and are now recognised as
sources, or potential sources, of contamination by spoilage or pathogenic microorganisms,
which can decrease product safety, stability, quality and value. Many manufacturing processes
provide unique niches, within processing equipment, where bacteria are able to grow and
survive. Examples are thermoresistant streptococci in pasteurisation equipment (see
Chapter 6) and thermophilic spore-forming bacteria in milk powder production equipment
(see Chapter 7). Within the last 2-3 decades the importance of biofilms in the processing
environment has also been recognised, particularly around drains and other locations that are
difficult to reach and where cleaning and sanitation applications may be inadequate to
eliminate bacteria present within biofilms.

In dairy manufacturing plants, biofilms can be divided into two categories: process
biofilms, which are unique to processing plants and form on surfaces in direct contact with
flowing product; and environmental biofilms, which form in the processing environment,
such as in niches where cleaning and sanitation is poor and around drains. Process biofilms
differ from environmental biofilms in two key ways. First, in a process biofilm, one or a few
species may dominate, as the unit operation employed (e.g. pasteurisation equipment) may
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select for particular groups of bacteria (e.g. thermoduric). Second, process biofilms are
frequently characterised by rapid growth rates. An example of this is the increase in numbers
from ‘not detectable’ to 10 bacteria per cm? within 12 hours of operation that occurs in the
regeneration section of a pasteurisation plant (Bouman et al., 1892). In contrast, environmental
biofilms can take several days or weeks to develop (Zottola & Sasahara, 1994).

1.3 Biofilm formation

The development of a biofilm on a surface follows a logical series of steps, in which the
first step is the initial contact of the free-living microorganism with the surface. The initial
interaction of cells with a surface is influenced by a wide range of chemical, physical and
biological cues, as outlined in detail in Chapter 2. In general, the initial interactions are
influenced by: (i) the surface topography, chemistry (functional groups, surface charge,
presence of antibacterial compounds) and free energy (hydrophobicity); (ii) environmental
conditions, including temperature, pH, nutrients and the presence of other microorganisms,
which can either inhibit or enhance contact; (iii) processing factors such as fluid velocity
and shear force; and (iv) the various mechanisms employed by the cell (quorum sensing,
nutrient sensing, production of EPS) and the cell surface structures (such as pili, flagella,
fimbriae, adhesins) to interact with the surface (Figure 1.1).

Once on or near a surface, a bacterium has to commit to adopting either an attached or a
planktonic lifestyle based on a series of signals or cues it receives (Karatan & Watnick, 2009). An
obvious cue for settlement is nutrient concentration, with high or low concentrations of nutrients

5

¥ Foulant @ Vegetative cell EPS
' Spore ' Germinating
spore

Figure 1.1 Steps involved in biofilm formation over time (arrow) in a dairy processing plant under condi-
tions of flow. (1) Cells and/or spores come into contact with a surface that may be fouled with protein, fat
and salts. (2) Cells and spores attach to the fouled surface. (3) Spores germinate and cells grow, beginning
to produce EPS. (4) Cells replicate, forming microcolonies enclosed in EPS. (5) Microcolonies increase in size
and coalesce, forming complex three-dimensional aggregates of cells and EPS that may contain a variety of
niches. (6) Dispersal of cells and spores from the biofilm occurs.
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promoting biofilm formation for different bacterial species. Bacteria, such as Salmonella spp.,
are more likely to join a multilayer biofilm in response to nutrient limitation (Gerstel & Romling,
2001), while for Vibrio cholera, the presence of glucose and other sugars induces production of a
biofilm matrix and multilayer biofilm formation (Kierek & Watnick, 2003).

The second step in biofilm formation requires the cell to form at least a semipermanent
association with the surface. This step is frequently referred to as the ‘attachment phase’.
Many authors have broken this down into a reversible and an irreversible phase, but with
increasing knowledge on cell dispersal, the term ‘irreversible attachment’ is proving to be
overstated. In dairy processing plants, there is a wide range of different materials to which
bacteria can attach, including 304 and 316 stainless steel, plastic, elastomer (rubber)
materials, polyester/polyurethane (conveyor belt materials), epoxy surface coatings and
tiles. Bacteria will attach at different rates and strengths to these materials. The ability of
bacteria to attach to a surface and the rate at which they attach will, however, change as
material (proteins, carbohydrates) from the processing environment comes into contact with
the surface and modifies its characteristics. Such so-called ‘conditioning films’ (see
Chapter 3) occur almost as soon as a clean surface comes into contact with a liquid. In
addition, the rate of attachment and the ease with which bacteria can be removed from the
surface will change as the surface material ages, becomes damaged through mechanical
operation or is exposed to cleaning agents and sanitisers.

The effect of surface roughness on the propensity of cells to attach is unclear. Some
research reports greater cell attachment on surfaces with high surface roughness, while other
research reports that there is no correlation between surface roughness and cell attachment
to inert surfaces (Vanhaecke et al., 1990; Flint et al., 2000; Mitik-Dineva et al., 2008, 2009;
Truong et al., 2010). While there may be some debate about the influence of surface roughness
on attachment, there appears to be general agreement about the importance of using surfaces
with minimal cracks and crevices in order to reduce bacterial adherence and biofilm growth
and to enhance cleaning effectiveness.

In the next step of biofilm formation, the cells on the surface begin to replicate and
produce EPS, which can include polysaccharides, proteins, eDNA and lipids. The production
of EPS and the incorporation of extraneous material from the environment, such as food
residues (soil) and other microorganisms, into the biofilm, results in an increase in the
biofilm’s bulk and complexity.

In the final stages of biofilm development, the growth and replication of the primary
colonisers (the first cells to attach to the surface) lead to the formation of microcolonies on
the surface. These microcolonies independently increase in size over time until they form a
series of macrocolonies, which can eventually coalesce to varying degrees, forming complex
three-dimensional aggregates of cells and EPS on the surface, variously described as being
‘mushroom’- or ‘pillar’-like. As the biofilm develops, the presence and metabolic activity of
the bacteria within it, coupled with the production of EPS and its associated impact on the
diffusion of compounds and gases into, out of and through the biofilm, can lead to the
development of a wide variety of microenvironments or niches within the biofilm.

The ultimate structure of the biofilm is dependent on the bacterial species involved in its
creation and the chemical and physical characteristics of its environment. Individual
macrocolonies may merge together or may remain separated by narrow channels, through
which nutrients and other molecules can readily diffuse. The developed biofilm is in a state
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of flux, where cells within it react to changes in the physical (flow rate, shear) and
chemical (nutrient gradients, oxygen concentration) nature of the environment. The variety
of conditions occurring within a biofilm can result in the development of phenotypically or
genotypically distinct cell populations within it and can ultimately lead to the dispersion or
release of cells from the biofilm.

Dispersal from biofilms may be either initiated by the bacteria themselves or mediated by
external forces such as fluid shear, abrasion and cleaning. At least three distinct modes of
biofilm dispersal have been identified: erosion, sloughing and seeding. Erosion is the
continuous release of single cells or small clusters of cells from a biofilm at low levels,
owing to either cell replication or an external disturbance to the biofilm. Sloughing is the
sudden detachment of large portions of the biofilm, usually during the later stages of its
growth, perhaps as conditions with it change or it becomes unstable due to its size. Seeding
dispersal is the rapid release of a large number of single cells or small clusters of cells and is
always initiated by the bacteria (Kaplan, 2010).

In the 1980s and 90s, interest in biofilms rapidly increased and there were many reports
of biofilm formation and development following the generalised steps just described, leading
to the proposal of a developmental model of microbial biofilms (O’ Toole et al., 2000). This
model received wide interest, but, 10 years after it was first proposed, Monds and O’Toole
(2009) published a paper expressing concern that evidence in its support had not been
forthcoming and that it should not be considered as dogma.

It is known that many, if not all, bacteria are capable of forming or at least living within a
biofilm and that living within a biofilm is frequently their normal mode of existence in natural
environments (Costerton et al., 1995; Stoodley et al., 2002). As living within a biofilm
requires extensive changes in both cell form and function, this strategy entails a significant
commitment (Monds & O’Toole, 2009). Once a cell is committed to a biofilm, the spatial
stratification within the biofilm can drive an additional physiological differentiation of the
population. However, rather than being seen as an indication of the presence of specialised
developmental stages, this is increasingly being considered as simply a reflection of the
microorganism’s response to the development of niches or a microenvironment within the
biofilm. In short, it is the ability of bacteria to sense and to respond to their localised
environment by regulating gene expression that leads to the development of a sustainable
and complex biofilm, rather than an overarching bacterial community-focused goal.

1.4 Biofilm structure

While the structure of a biofilm is ultimately dependent on the species growing within it and the
specific physical and chemical conditions in the environment surrounding it, a mature biofilm
generally comprises clusters or layers of cells, which form a structure that can vary in thickness
from a few micrometres to several millimetres. The cells are surrounded by EPS, which can
contain up to 97% water (Zhang et al., 1998). In general, the bacterial cells within a biofilm
make up only about 15-20% of its volume, with the remainder being taken up by EPS.

Based on modelling studies, classical porous biofilms containing channels and voids
between the mushroom-like outgrowths are predicted to occur under a substrate-transport-
limited regime, while compact and dense biofilms are predicted in systems limited by
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biofilm growth rate and not by the substrate transfer rate. Surface complexity measures, such
as roughness and fractal dimension, will increase with increasing transport limitations, while
compactness will decrease as the biofilm changes from being dense to being highly porous
and open (Picioreanu et al., 1998).

Physical conditions, such as temperature, impact on the species composition (see
Chapter 4) and growth rate of bacteria within a biofilm, while in pipelines, fluid flow
dynamics can influence biofilm structure. Biofilms grown under laminar flow are reported
to be patchy and to consist of aggregates of cells (mushrooms) separated by interstitial
voids. Biofilms grown under turbulent flow may also be patchy but are characterised by the
occurrence of chains of cells (streamers) that run from the biofilm surface into the bulk fluid
phase (Stoodley et al., 1998a). The biofilm as a whole, and the streamers in particular,
exhibits viscoelastic properties, which means that it elongates and deforms as flow velocity
increases and retracts as velocity decreases (Stoodley et al., 1998b). Recently, it has been
shown that the flow of liquid through porous materials, such as industrial filters, can stimulate
the formation of streamers, which, over time, can bridge the spaces between surfaces and
cause rapid clogging (Drescher et al., 2013).

For many years, it has been known that some bacterial species, growing either as free
living cells or within a biofilm, produce or release diffusible signal molecules that
increase in concentration as a function of cell numbers. In a process termed ‘quorum
sensing’, bacteria communicate with each other via these signal molecules or autoinducers
to regulate their gene expression in response to population density (Miller & Bassler,
2001). The role of quorum sensing in biofilm formation was first reported for biofilms of
Pseudomonas aeruginosa growing in a flow-through reactor, where it was found that the
quorum sensing signal molecule 30C ,— homoserine lactone (C12) was required for normal
biofilm differentiation (Davies et al., 1998). The role of quorum sensing molecules in
biofilm formation and differentiation has subsequently received considerable interest.
While quorum sensing may not be significant in the structural development of all biofilms,
there is evidence that for some species it can be important in events such as the attachment
of bacteria to a surface, structural development and maturation and even the control of
events leading to the dispersion or release of cells (Davies et al., 1998; Boles & Horswill,
2008; Periasamy et al., 2012; Lv et al., 2014).

1.5 Composition of the EPS

As previously discussed, as cells attach, replicate and grow on a surface they produce EPS.
EPS is recognised as playing an important role in the formation and function of biofilms of
many species in many different environments. In addition, EPS, which is usually the major
component of biofilm matrix, can act as an impermeable or at least semipermeable barrier,
limiting the penetration of compounds into and out of the biofilm, and thereby facilitating
the establishment of ecological niches within the biofilm and protecting the cells against the
actions of antimicrobial compounds.

The composition and structure of components within EPS is varied and complex, being
dependent on the bacterial species involved and the environment (Sutherland, 2001;
Flemming & Wingender, 2010). EPS compounds that originate from microorganisms
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include polysaccharides, proteins, lipids and extracellular DNA (eDNA) (Flemming &
Wingender, 2010). Polysaccharides have been identified as one of the major components of
EPS. However, in many cases, the biochemical properties and functions of polysaccharides
remain elusive, due to their complex structures, unique monomer linkages and the fact that
their composition and concentration can change over time. Most of the polysaccharides that
have been described are long linear or branched molecules, with molecular masses of
0.5-5.0x 10° Daltons, and they may be homo- or heteropolysaccharides and either poly-
anionic (e.g. polysaccharides, such as aliginate or xanthan) or polycatonic compounds
(Flemming & Wingender, 2010).

The biofilm matrix can also contain a considerable number of proteins. A wide range of
enzymes has been detected within biofilms. Many of these are reported to have bipolymer
degrading ability, enabling them to break down complex compounds, such as polysaccharides,
proteins, nucleic acids, cellulose and lipids, into nutrients that are more readily available to
bacteria. Biopolymer degrading enzymes also play a role in the dispersal of cells from the
biofilm. Nonenzymatic proteins in the EPS or biofilm matrix are often involved in the formation
and stabilisation of the EPS matrix and are often therefore termed ‘structural proteins’. These
include the cell surface-associated and extracellular carbohydrate-binding proteins, known
as lectins, which form links between the bacterial surface and the EPS (Flemming &
Wingender, 2010).

In addition to the obvious role of transferring genetic material between bacteria, via
conjugation and DNA transformation, eDNA also appears to play a structural role in maintaining
biofilms. The expression of conjugative pili has been shown to stimulate biofilm formation
and can stabilise and influence the biofilm structure by forming connections between cells
(Ghigo, 2001). The presence of eDNA has been shown to stabilise the young biofilms
(Whitchurch et al., 2002). eDNA also has antimicrobial activity and causes cells to lyse by
chelating cations that stabilise lipopolysaccharides in the outer membranes of bacterial
cells (Flemming & Wingender, 2010).

Lipids, lipopolysaccharides and surfactants can also be found to varying degrees within
some EPS, where they are believed to play a role in the initial attachment of the cell to the
surface, the development of the biofilm structure and the dispersal of cells from the biofilm
(Flemming & Wingender, 2010).

1.6 Composition of the biofilm population

Most biofilms found in nature comprise a range of bacterial species. However, in specialised
niches within processing plants, especially in those areas subjected to extremes of temperature,
or where the product has been treated to inactivate most microorganisms, it is possible for
biofilms dominated by one or a few species to develop. An example of this is in the production
of milk powder, where it is possible to find biofilms developing within the evaporators that
are dominated by one or two species of thermophilic spore-forming bacteria (Burgess et al.,
2010, 2013).

In general, biofilms are very heterogeneous environments characterised by a large
degree of chemical, physical and biotic diversity. Variation in diffusion rates into and out of
biofilms, as well as in the rates at which compounds are produced or metabolised, can lead
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to the development of concentration gradients for nutrients, oxygen, ions and signalling
molecules. This can result in the creation of microenvironments and biotic diversity, even
in monospecies biofilms, as cells adapt to changes in their local environment.

Like any other ecological niche, conditions within biofilms select for cells that are best
suited to survive. This means that the resulting population is a reflection of the cells that
come into contact with the niche, their ability to grow within the niche and the impact that
cell growth and metabolism have on the niche. Based on the diversity of the planktonic
population and the selective pressure at the surface and within the developing biofilm,
biofilms can comprise one or a small number of species. In most instances, however, it is
expected that a biofilm will contain a number of microbial species, with interactions
occurring between them. In some cases, such interactions can facilitate the growth and
survival of species that may be less suited to survival in a monospecies biofilm under the
same environmental conditions (Bremer et al., 2001).

Biotic diversity therefore occurs through a number of mechanisms. In the simplest
instance, phenotypic changes take place due to variations in the cell’s physiological status,
dictated by nutrient or oxygen gradients (Stewart & Franklin, 2008). For example, cells
located in the outermost layers of a biofilm that have a ready supply of nutrients and oxygen
available can easily grow aerobically. The facultatively anaerobic cells in underlying layers
may be oxygen-deprived and so will need to shift to an anaerobic metabolism in order to
grow. This can encourage the growth of obligate anaerobic microflora. Cells at deeper layers
within the biofilm may be nutrient-limited and have limited growth rates or be metabolically
inactive. The response of individual bacterial cells to the local conditions drives phenotypic
heterogeneity.

Phenotypic diversity may also arise due to variations in gene expression resulting from
differences in transcription initiation or mRNA degradation. So-called ‘stochastic gene
expression’ has been hypothesised to be a cell population’s insurance against potential
dramatic changes in environmental conditions (Veening et al., 2008).

A third source of phenotypic heterogeneity is genetic mutations. Genetic variation occurring
through point mutation, insertion or deletion can potentially increase the phenotypic variability
within the biofilm. If such spontaneous mutants confer a significant selective advantage,
especially in the presence of a stressor, they will confer a fitness advantage to the mutated cell
and its offshoots and promote the survival of the cell population (Plakunov et al., 2010).

Gene transfer within biofilms is enhanced by the close proximity of cells and the ability
of the biofilm matrix to trap gene products within the biofilm. Gene transfer occurs within
biofilms by two main mechanisms: plasmid conjugation and DNA transformation. In
conjugation, direct cell-to-cell contact is required for plasmid transfer. Therefore, while
DNA transfer can occur at high rates within a biofilm (Hausner & Wuertz, 1999), the structure
of the biofilm and the degree to which cells can move within the biofilm to establish direct
contacts will ultimately limit the extent to which conjugation occurs (Molin & Tolker-
Nielsen, 2003). DNA transformation occurs when DNA (chromosomal or plasmid) released
by one cell is picked up by another. It has been reported that most, if not all, bacteria have
the ability to release DNA (Lorenz & Wackernagel, 1994). Cells that have the ability to efficiently
take up macromolecular DNA are defined as having developed natural competence.
Transformation rates for Streptococcus mutans growing within a biofilm have been reported
to be 10-600-fold higher compared to the rate in planktonic cultures (Li et al., 2001). Given
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that the presence of conjugative pili and eDNA, as discussed above, can stabilise biofilms
(Whitchurch et al., 2002), it appears that efficient gene transfer is both a consequence of and
a contributor to biofilm development (Molin & Tolker-Nielsen, 2003).

1.7 Enhanced resistance of cells within biofilms

A large number of authors have compared the resistance of bacteria within biofilms to
their free-living counterparts and declared that the former are far more resistant to a wide
range of stressors, including antibiotics, ultraviolet (UV) damage and sanitisers (Costerton
et al., 1995; Elasri & Miller, 1999; Langsrud et al., 2003; Bridier et al., 2011). This pro-
tection has been postulated to result from a number of factors associated with living
within a biofilm, including the binding of EPS to antimicrobial compounds, physical inhi-
bition of the diffusion of antimicrobial compounds by the EPS or chemical reaction of
antimicrobial compounds with components of the EPS matrix, all of which decrease the
concentration of antimicrobial compounds reaching microorganisms within the biofilm
(Thurnheer et al., 2003). For example, chlorine (in a 25 ppm solution), which chemically
reacts with organic material, has been shown to only be able to penetrate to a depth of
100 um into a complex 150-200 um-thick dairy biofilm (Jang et al., 2006). In addition,
chlorine concentrations within a mixed Pseudomonas aeruginosa and Klebseilla pneumo-
niae biofilm reached only 20% of the concentration measured in the bulk liquid (De Beer
et al., 1994). In contrast, it has been shown that EPS generally does not pose much of a
barrier to relatively uncharged molecules, such as the antibiotic rifampin (Zheng &
Stewart, 2002).

A direct result of the development of microenvironments within a biofilm is that the
physiological state of cells in different parts of the biofilm can be varied. An example of
this is the occurrence of so-called ‘persister cells’: the subpopulation of cells that are not
growing (Lewis, 2010). It is postulated that these dormant cells are well suited to survival
in stressful environmental conditions, and especially to exposure to antimicrobials, such as
antibiotics, which target sites within actively growing cells. Most research on persister
cells has focused on their high tolerance to antibiotics, with it being postulated that
these cells are not antibiotic-resistant mutants, but rather phenotypic variants that occur
stochastically within a clonal population of genetically identical cells (Levin & Rozen,
20006). It is thought that persister cells maintain dormancy due to the overexpression of a
broad variety of genes that produce products which induce dormancy if present at high
enough levels. Persister cells have been shown to occur at low numbers within stationary
phase planktonic cultures and biofilms and it is postulated that such cells may be able to with-
stand the initial antimicrobial challenge and subsequently grow, reestablishing the popula-
tion (Lewis, 2008, 2010).

Persister cells aside, the reduced metabolic activity of cells in nutrient-deficient areas
within a biofilm may in part account for their increased resistance to antimicrobial agents
(Stewart & Olson, 1992; Lisle et al., 1998; Sabev et al., 2006; Soto, 2013). Further, the stress
of living in the biofilm (nutrient limitations, cell density triggers, pH changes, oxygen
limitations, accumulation of waste products) can induce cells to express stress-responsive
genes and to switch to more tolerant phenotypes. For example, in E. coli, environmental
stress induces a transcriptional regulator that controls the rate at which the alternative sigma
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factor RpoS is produced. This sigma factor can help to prevent DNA damage and its production
has been shown to be linked to biofilm formation (Foley et al., 1999).

Biofilm formation may also result in the induction or inhibition of genes, which may
specifically or inadvertently, either directly or indirectly, make the cells resistant to the
stressor (Sauer et al., 2002; Tremoulet et al., 2002; Schembri et al., 2003; Beaudoin ef al.,
2012; Zhang et al., 2013).

1.8 Controlling biofilms

Within a processing environment, the renowned difficulty in removing biofilms is caused
by a wide variety of factors associated with plant design and operation, as well as the
inherent properties of biofilms and the cells within them. Five factors are involved in the
development of biofilms in dairy processing plants, namely: the species of microorganisms
involved; the type of product being manufactured; the operational conditions (runtime and
temperature); the surface material and its condition; and the cleaning and sanitation regimes
(chemicals, use and frequency) employed. Given these variables, the factors that can be
most easily controlled are the runtime, the cleaning and sanitation regime and, in some
cases, the surface materials.

Cleaning and sanitation regimes are required to remove food residues, microorganisms
and the cleaning and sanitation agents from food contact surfaces. The effectiveness of a
cleaning and sanitation regime is dictated by chemical, thermal and mechanical processes,
with combinations of cleaning and sanitation agents, chemical additives (surfactants,
wetting agents, chelating agents), the correct temperature and the use of mechanical force
(brushing, turbulent flow) being required. It is also essential to have a good understanding of
the microorganisms involved — especially whether they are spore-forming or non-spore-
forming microorganisms — and of the nature of any fouling material (protein, fat, carbohydrates,
mineral salts) associated with the process, which may be incorporated into or cover the
biofilm. As the effectiveness of cleaning and sanitation is dependent on a number of factors,
it is vital that indicators of cleaning efficacy (microbial numbers, food residue) are monitored
on a routine basis.

In dairy processing plants, equipment is normally cleaned-in-place (CIP) by circulating
warm or hot cleaning solutions at high velocity (Stewart & Seiberling, 1996), thus satisfying
the requirements for chemical, physical and thermal energy input (see Chapters 4 and 12 for
more details). A feature of CIP regimes, evident in both industrial- and laboratory-scale sys-
tems, is their variable efficiency in eliminating surface-adherent bacteria (Austin &
Bergeron, 1995; Faille et al., 2001; Dufour et al., 2004; Bremer et al., 2006). The most impor-
tant factors influencing the effectiveness of a CIP are: cleaning agent concentration and
chemistry; cleaning agent temperature; cleaning time; degree of turbulence of the clean-
ing solution; and the characteristics of the surface being cleaned. The standard chemicals
used in CIP regimes can be formulated to contain compounds, such as surfactants, that
improve surface wetting, soil penetration and cleaning properties (Bremer et al., 2006).

As concerns associated with the growth of bacteria within biofilms and their inherent
increased resistance to cleaning agents and sanitisers have increased, increasing care has
been taken in the design of systems and the specification of materials that will limit biofilm
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formation and enhance cleaning effectiveness. Dead ends, corners, cracks, crevices, gaskets,
valves and joints have long been recognised as being difficult to clean and vulnerable to
biofilm formation (Chmielewski & Frank, 2006). It is important to appreciate that any
flaws in the design or physical location of equipment that decrease cleaning efficacy will
enhance biofilm formation.

1.9 Emerging strategies for biofilm control

It is now well recognised that the removal of microbial cells from surfaces, once they have
become attached (biofilms), can be very challenging. For this reason, recent interest has
focused on the development of surfaces that either prevent or reduce attachment or contain
compounds that are antibacterial and can therefore act against attached cells. It has recently
been suggested that antibacterial surfaces should be categorised as being either antibiofouling
or bactericidal, depending on the effect that they have on biological systems (Hasan et al.,
2013). In a recent review, Hasan et al. (2013) defined antibiofouling surfaces as surfaces that
resist or prevent cellular attachment due to the presence of an unfavourable surface topography
or surface chemistry. They defined bactericidal surfaces as surfaces that disrupt the cell on
contact and cause cell death. They also stated that, in some instances, antibacterial surfaces
may exhibit both antibiofouling and bactericidal characteristics, giving the example of a
surface coated with N,N-dimethyl-2-morpholinone (CB ring), which is capable of inactivating
bacteria in a dry environment, and with a zwitterionic carboxybetaine (CB-OH ring), which
will resist bacterial attachment in a wet environment (Cao et al., 2012).

Many approaches to the development of antibacterial surfaces involve the immobilisation
of an antibacterial agent on the surface to be protected. The classic example of this
approach is the historical widespread use of a number of antifouling paints containing
either tributyl tin- or copper-based antimicrobial agents in the marine environment. In
the food industry, it is important to develop antibacterial surfaces that in themselves will
not impact on the safety or quality of the food with which they come into contact. While
a number of coatings containing either silver, titanium, hydroxyapatite, antibiotics, quaternary
ammonium compounds or fluoride ions (Price et al., 1996; Ding, 2003; Hume et al.,
2004; Murata et al., 2007; Zhao et al., 2009) have been explored for their suitability as
food contact surfaces, there are safety concerns over the possibility of the compounds
being leached from them. In addition, there are a number of other limitations to this
approach, including the potential for bacteria to develop resistance, the time it takes for the
antibacterial agent to be released from the surface, the low concentration that may result,
the potentially short lifetime of the antibacterial functionality and the ability of food
components (proteins, lipids) to coat the surfaces, reducing their efficacy (Hasan et al.,
2013). Lee et al. (2004) proposed an approach to produce permanent, nonleaching antibac-
terial surfaces by utilising atom-transfer radical polymerisation to modify surfaces with
quaternised ammonium groups. This approach is controllable and is reported to present
a permanent antibacterial effect, as the surface can be reused without loss of activity
(Lee et al., 2004; Yang et al., 2011). While such an approach is believed to potentially have
application in the food industry, its commercial applications are still in development
(Hasan et al., 2013).
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The observation that a number of naturally occurring surfaces in nature, such as insect
wings, shark skin and lotus leaves, have the ability to resist fouling by preventing particles,
algal spores and bacteria from sticking to them has led researchers to attempt to mimic
their activity via microfabrication or nanotechnology (Chung et al., 2007; Anselme et al.,
2010; Bazaka et al., 2012). While this field of research is considered to be increasingly
promising, with methods to modify the nanotopography of surfaces developing, it seems
likely that the degree to which bacterial attachment is inhibited will be species-dependent
(Ivanova et al., 2011; Hasan et al., 2013). The impact of surface topography and especially
surface roughness on bacterial attachment will be discussed further in Chapter 2
(Section 2.4.3). Further, to be applicable for use in the dairy industry, the antifouling surface
will need to be able to work in the presence of not only bacteria but also proteins, fat,
sugar and inorganic salts — all compounds which have the potential to attach to and change
the chemical and physical nature of a surface.

1.10 Conclusion

It is important to appreciate that microorganisms have been evolving and refining survival
strategies for many millions of years. The ability to attach to surfaces and form biofilms is
not new, and evidence from the fossil record indicates that microorganisms were living
within biofilms at least 500 million years ago (Westall et al., 2001). Over the last 30 years,
as our knowledge of the features of biofilms and their way of life has developed, it has
become increasingly obvious that the interactions associated with biofilms at the genetic,
cellular, population and community level are extremely complex and that the challenge of
preventing, controlling or eliminating biofilms is a daunting one.
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2.1 Introduction: The importance of bacterial attachment in
biofilm development

The scientific community now acknowledges that in aquatic environments, bacteria exist
predominantly in biofilm communities, with 1000-10000 times more bacteria found
attached to a surface in a biofilm community than in a planktonic (suspended) state.
Advantages gained by living attached to a surface are thought to include higher concentrations
of nutrients close to the surface, promoted genetic exchange, increased resistance to cleaning
chemicals and, for a pathogen, increased protection from the host’s immune system (Dickson &
Koohmarare, 1989). In certain industrial situations, bacterial cell attachment to metallic
surfaces may lead to biocorrosion, resulting in damage to pipelines and other important
metallic surfaces and entailing millions of dollars in repairs (Beech & Sunner, 2004). In the
food industry, it is well known that many pathogenic bacteria are capable of forming
biofilms on food contact surfaces, but many other nonpathogenic species also grow within
biofilms and cause spoilage issues, resulting in the manufacture of low-quality products.
The dominating factor(s) involved in the initial attachment of bacterial cells to surfaces
remains elusive, and today it is thought that a multitude of factors are involved, including
conditioning films, mass transport, surface charge, hydrophobicity, surface roughness and
surface microtopography.

2.2 Conditioning films and bacterial footprints: The importance of
conditioning films and bacterial footprints in cell attachment

Organic and inorganic molecules present in liquids are transported to solid-liquid interfaces,
either by diffusion or fluid dynamic forces, and accumulate there, forming what is commonly
referred to as a ‘conditioning film’. As a result, higher concentrations of nutrients are found
at surfaces than in the liquid phase (Kumar & Anand, 1998). The greater access to nutrients
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undoubtedly favours bacterial growth at surfaces. The adsorption of organic molecules, such
as proteins, to surfaces could also play an important role in bacterial attachment by altering
the physicochemical properties of surfaces, such as surface charge and hydrophobicity
(Dickson & Koohmarare, 1989; Tang et al., 2011).

Conflicting opinions exist on the importance of conditioning films on initial bacterial
attachment. Bernbom et al. (2009) reported that water-soluble proteins of animal origin
inhibited attachment of a Pseudomonas strain to stainless steel. Similarly, Parkar ef al. (2001)
demonstrated that the presence of dilute skim milk (1%) reduced attachment of spores and
vegetative cells of thermophilic bacilli to a stainless steel surface. Skim milk was also found
to reduce the attachment of Staphylococcus aureus, Listeria monocytogenes and Serratia
marcescens to stainless steel (Barnes et al., 1999). Even individual milk components, such as
casein and f-lactoglobulin, are reported to reduce attachment of Listeria monocytogenes and
Salmonella Typhimurium to stainless steel (Helke et al., 1993). One reason for the reduced
attachment may be that proteins in the bulk fluid phase compete with bacterial cells for
binding sites on stainless steel surfaces.

In contrast, Speers and Gilmour (1995) observed that treatment of stainless steel and
rubber surfaces with either whey proteins or lactose resulted in an increase in attachment of
milk-associated microorganisms. Holah and Gibson (2000), commenting on Johal’s (1988)
observation that conditioning by meat juices resulted in a reduction in the surface charge of
stainless steel, suggested that this was ‘enhancing the potential accumulation of bacteria on
the surfaces’. Jeong and Frank (1994) suggested that the presence of proteins on a surface
favours biofilm formation, as attached proteins could be a source of nutrients for bacteria. In
addition, Verran and Whitehead (2006b) reported that a greater number of bacterial cells
remained on an inert surface following a cleaning cycle when cells were allowed to attach in
the presence of bovine serum albumin (BSA).

The shearing off (removal) of bacterial cells from surfaces can leave behind ‘bacterial
footprints’, which consist of either extracellular polymeric substances (EPS) or cell surface
fragments. It is thought that bacterial footprints may play a role in further bacterial cell
attachment (Neu, 1992). Difrene et al. (1996) and Azeredo and Oliveira (2000) reported that
EPS enhanced bacteria adhesion to surfaces. However, Gomez-Suarez et al. (2002) found
that EPS deposited by Pseudomonas aeruginosa prevented further bacterial adhesion. One
possible explanation for this observation is the production of biosurfactants by bacteria,
which can alter the hydrophobicity and surface charge of the bacterial surface. An example
of a biosurfactant, produced by P. aeruginosa, is the glycolipid rhamnolipid. Sodagari et al.
(2013) reported that the presence of rhamnolipids in the culture medium inhibited attachment
of the Gram-negative bacteria P. aeruginosa, Pseudomonas putida and Escherichia coli and
the Gram-positive bacterium Bacillus subtilis to both hydrophilic and hydrophobic surfaces.
However, rhamnolipids demonstrated a limited ability to remove cells already attached to
surfaces. Sodagari et al. (2013) also observed that rhamnolipids caused changes in the cell
surface hydrophobicity of the P. aeruginosa, P. putida and E. coli strains, although they had
no effect on substratum surface properties.

The conflicting observations regarding the importance of conditioning films and bacterial
footprints on bacteria attachment may be a reflection of the different surfaces, bacterial
strains and experimental conditions employed in studies. This may also be an indication of
the diversity of responses displayed by different bacterial groups.
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2.3 Bacterial outer surface and attachment

2.3.1 Role of surface charge in relation to the abiotic surface
and bacterial cell

The cell surface charge is the sum (net) of positive and negative charges on the bacterial cell
surface and is usually measured as its zeta-potential, which is calculated from the mobility of
bacterial cells in the presence of an electrical field under defined salt concentration and pH.
The magnitude of the cell surface charge varies between species and is influenced by cultural
conditions (Gilbert ef al., 1991; Kim & Frank, 1994) and culture age (Walker et al., 2005), as
well as the ionic strength (Dan, 2003) and pH of the suspending medium (Husmark & Ronner,
1990). It is believed that interactions between the surface charges of bacterial cells and the
substratum have a strong influence on the attachment of bacterial cells to surfaces.

Most bacteria have a negative zeta-potential at neutral pH (pH7) (Gilbert et al., 1991;
Millsap et al., 1997; Rijnaarts et al., 1999; Lerebour et al., 2004). However, Jucker et al.
(1996) isolated a strain of Stenotrophomonas (Xanthomonas) maltophilia, with a positive
zeta-potential at pH7, and compared it with a strain of P. putida, which had a negative zeta-
potential at pH 7. The S. maltophilia strain demonstrated high attachment efficiency to glass
and Teflon, both of which have a negative surface charge. But as the ionic strength of the
suspending medium was increased, a drop in attachment efficiency of S. maltophilia was
noted, as well as a change to a negative zeta-potential, suggesting that surface charge plays
an important role in attachment of S. maltophilia to glass and Teflon. Conversely, at high
ionic strength, P. putida demonstrated an increasing (move towards zero) zeta-potential and a
higher attachment efficiency. In another study, Giaouris et al. (2005) reported that higher
sodium chloride concentrations (10.5%) inhibited the attachment of Salmonella enterica to
stainless steel coupons. One explanation for these observations, mentioned by Jucker et al.
(1996) and Van der Wal et al. (1997), is that the cell surface charge originates from the
dissociation of acidic and basic groups, such as carboxyl, phosphate and amino groups, at
the cell surface. In suspensions with a high ionic strength, more ions are available to bind to
(or associate with) acidic and basic groups and thus neutralise the cell surface charge.

The pH of the suspending medium also influences cell surface charge by controlling the
protonation/deprotonation of acidic and basic groups at the cell surface. At a low pH, the
additional hydrogen ions (H*) present bind to the negatively charged acidic groups, resulting
in an increase in the zeta-potential. Conversely, at a high pH, the additional hydroxide ions
(OH") bind to the positively charged amine groups, resulting in a decrease in the zeta-
potential. Bacterial cells and spores have an isoelectric point, which is the pH value at which
the zeta-potential is zero (the positive and negative charges are balanced).

Husmark and Ronner (1990) demonstrated that attachment of Bacillus cereus spores to
surfaces was greatest when the pH of the suspending medium was equal to the isoelectric
point of the B. cereus spores; in this case, pH 3. In the pH range above the isoelectric point
(>pH4), there was a decrease in spore attachment, which was thought to result from
electrostatic repulsion between the surface of the spore and the substratum, because both
had a negative charge. Seale er al. (2010) also reported that higher levels of attachment
occurred in solutions with pH levels close to the isoelectric point of Geobacillus spores.
Other groups to have reported positive correlations between cell surface charge and
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attachment include Ukuku and Fett (2002), Dickson and Koohmaraie (1989) and Van
Loosdrecht et al. (1987a).

There have also been studies in which no relationship was found between cell surface
charge and attachment. Flint er al. (1997) investigated the attachment of 12 strains of
thermoresistant streptococci to stainless steel but did not find a relationship between
attachment and surface charge, as measured by separation through anionic and cationic
exchange resins. As noted by Flint ez al. (1997), all of the thermoresistant streptococci
strains displayed a negative surface charge at pH7; this is likely to repel bacterial cells
from surfaces such as stainless steel, which also have a negative surface charge. In this
case, it is likely that other cell surface characteristics have a more dominant influence on
cell attachment. In addition, Gilbert et al. (1991) noted that increasing negative charge on
the surface of E. coli resulted in reduced attachment, demonstrating that attachment cannot
be explained by surface charge alone.

2.3.2 Hydrophobic interactions

Hydrophobic interactions have widely been suggested to be responsible for the attachment of
cells to surfaces (Van Loosdrecht et al., 1987b; Wiencek et al., 1990; Hood & Zottola, 1995).
Although the hydrophobic effect has been known for some time, it is difficult to assign it a
satisfying definition (Doyle, 2000). Put simply, a hydrophobic molecule would prefer to exist
in a hydrophobic environment than in a hydrophilic environment, such as water. Cell surface
hydrophobicity is influenced by structures and components found on the bacterial cell surface,
such as pili, fimbriae polysaccharides and flagella, which can vary between bacterial strains
(Reid et al., 1999) and change throughout the bacterial life cycle.

There are conflicting views on whether hydrophobicity is a strong predictor of cell
attachment to surfaces. Van Loosdrecht et al. (1987b), Gilbert et al. (1991), Peng et al.
(2001), Iwabuchi et al. (2003) and Liu et al. (2004) have all suggested that there is a strong
correlation ; Van Loosdrecht et al. (1987b) went so far as to suggest that surface hydrophobicity
is the key factor in determining bacterial attachment to solid surfaces and that surface charge
can only become important when surface hydrophobicity is minimal. However, it must be
noted that Van Loosdrecht ez al. (1987a) used polystyrene discs, which are very hydrophobic,
to measure cell attachment, thus possibly favouring hydrophobic interactions. On the other
hand, Sorongan et al. (1991), Parment et al. (1992), Flint et al. (1997) and Parkar et al.
(2001) concluded that hydrophobicity had little to no relationship in determining bacterial
cell attachment.

One of the key issues with hydrophobicity is determining the best methods by which to
measure it. The three most popular are microbial adherence to hydrocarbons, commonly
called the MATH test (previously known as bacterial adherence to hydrocarbons, or the BATH
test, and first described by Rosenberg et al. (1980)), hydrophobic interaction chromatography
(HIC) (Smyth et al., 1978) and water contact angle measurements (Van der Mei et al., 1998).
In the MATH test, evidence exists that hydrophobicity is not the only interaction taking place
between microbial cells and the organic solvent (typically a hydrophobic compound, such as
hexadecane). Indeed, the solvents hexadecane and xylene have both been found to break down
the cell walls of S. thermophilus and Anoxybacillus spp. (S.H. Flint, unpublished results).



Significance of Bacterial Attachment: A Focus on the Food Industry 21

Ahimou et al. (2001), Busscher et al. (1995) and Van der Mei et al. (1993) have reported that
the MATH test can be influenced by electrostatic interactions. Busscher et al. (1995) reported
that hexadecane, the hydrocarbon most commonly used to measure hydrophobicity, is
negatively charged in water, with a zeta-potential of between —80 —and —50mV. Van der Mei
et al. (1995) concluded that the MATH test should be measured at pH values at which the
zeta-potential of the test organism and/or the hydrocarbon is near zero, in order to reduce
potential interference from electrostatic interactions. Doyle (2000) suggested the MATH test
should be performed either under high ionic strength or at the isoelectric point of the bacterial
cells, to again minimise the potential influence of electrostatic interactions.

HIC involves the interaction of microbial cells with a hydrophobic column (e.g. a phenyl-
sepharose column). Cells demonstrating high hydrophobicity are retained in the column and
cells with low hydrophobicity are eluted. Smyth et al. (1978) noted that increasing the ionic
concentration — in this case with sodium chloride — affected cell attachment to a HIC column.
Wiencek et al. (1990) also found that a high ionic strength was required to overcome
electrostatic repulsion between bacterial spores and the hydrophobic column. Wiencek et al.
(1990) used both BATH and HIC methods to measure the relative cell hydrophobicity of
bacterial spores and found general agreement between the results obtained with the two
methods. Water contact angle measurements describe the tendency of a water droplet to
spread across a homogeneous lawn of bacterial cells, usually obtained by filtration of a
bacterial cell suspension on to a porous membrane surface (Busscher et al., 1984). As aresult,
hydrophilic surfaces of high wettability yield low contact angles, while hydrophobic surfaces
produce high contact angles. The slow penetration of the liquid drop into the bacterial lawn
has led researchers to define the time in which measurements are taken after the addition of
the drop on to the bacterial lawn (Gallardo-Moreno et al., 2011).

Hydrophobicity measures the bulk properties of microbial cells at one particular point in
time, and can be affected by culture medium, culture age, surface charge and the test method.
This could be a principal reason why many studies have struggled to find a correlation between
hydrophobicity and attachment. There may also be issues regarding the suitability of attach-
ment assays employed in surface attachment studies. Harimawan et al. (2013) employed an
atomic force microscope (AFM) to measure the attachment forces between a substratum
(stainless steel) and individual bacterial cells and spores of B. subtilis. Spores were more
hydrophobic than vegetative cells, as measured by contact angle measurements and the MATH
test. Measurements obtained with AFM demonstrated spores exhibited greater retraction
forces (i.e. adhesive forces to stainless steel) than vegetative cells, which suggests a relation-
ship between hydrophobicity and strength of adhesion to stainless steel surfaces. This approach
(i.e. using AFM to measure adhesion forces) may also be useful in studies investigating the
influence of, for example, surface charge and the components of conditioning films.

2.3.3 Role of carbohydrates in attachment

The role of surface carbohydrates in biofilm structures is well documented, with extracellular
polysaccharides described as the main cement holding a biofilm structure together
(Sutherland, 2001). However, the involvement of surface polysaccharides in the initial
attachment of bacteria to abiotic surfaces is not well understood. Flint et al. (1997) reported
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that surface carbohydrate production by various strains of S. thermophilus could not be
related to the number of cells attaching to stainless steel. Parkar et al. (2001) also found no
correlation between the attachment to stainless steel of thermophilic bacilli and the amount
of extracellular polysaccharide produced. Allison and Sutherland (1987) compared the
attachment of a polysaccharide-producing bacterial strain with that of a nonproducing strain
and found no difference between the initial attachment of each. However, the polysaccharide-
producing strain formed microcolonies on a surface, while the non-polysaccharide-producing
strain remained as single attached cells. In addition, Lehner et al. (2005) were unable to
relate extracellular polysaccharide production in Enterobacter sakazakii (now known as
Cronobacter spp.) to biofilm formation on glass or PVC plastic.

Evidence supporting the role of surface carbohydrates in initial attachment was reported by
Herald and Zottola (1989), who treated cells of Pseudomonas fragi with various compounds
to disrupt proteins and carbohydrates and concluded that both surface polysaccharides and
proteins play a role in attachment of P. fragi to stainless steel. It has also been shown that
polysaccharide production by cells already attached to a surface leads to irreversible
attachment on a variety of surfaces (Donlan, 2002; Romani et al., 2008). There is currently no
consensus on whether polysaccharides play a role in the initial attachment of cells to surfaces,
but this may be a strain-specific property.

2.3.4 Teichoic acids, eDNA and cell attachment: Are we missing something?

Teichoic acids are a major class of surface glycopolymer commonly found in the cell wall of
Gram-positive bacteria. They can account for as much as 60% of the cell wall dry weight
(Heptinstall et al., 1970; Xia et al., 2010). Most teichoic acids demonstrate zwitterionic
properties, due to the negatively charged phosphate groups and positively charged D-alanine
residues common in staphylococci. The exact composition of teichoic acids varies from species
to species, but generally consists of repeating glycerol phosphate or ribitol phosphate units.
Teichoic acids may contain as many as 60 repeats and can extend through and beyond the
cell wall (Weidenmaier & Peschel, 2008).

Two types of teichoic acid are produced by most Gram-positive bacteria. One, referred to
as ‘wall teichoic acid’, is attached directly to the peptidoglycan layer, while the other,
referred to as ‘lipoteichoic acid’, is attached to the cytoplasmic membrane. In staphylococci,
the wall teichoic acids generally comprise ribitol phosphate units, whereas lipoteichoic acids
generally comprise glycerol phosphate units (Vinogradov et al., 2006). The functions of
teichoic acids in the bacterial cell wall are not completely understood, but they may be
involved in cation binding (Hughes et al., 1973), attachment of cell surface proteins involved
in maintaining the Gram-positive cell wall (such as autolysins) (Schlag et al., 2010) and
resistance to antimicrobial peptides (Peschel et al., 1999). They may also play a role in cell
attachment and biofilm formation, with Gross et al. (2001) concluding that the cell surface
charge created by cell wall teichoic acids is essential for the initial attachment of bacteria to
surfaces. Gross et al. (2001) created a mutation in the dlf operon of S. aureus that mediates
the incorporation of D-alanine into teichoic acids, and found cells with this mutation were
deficient in their ability to attach to glass and polystyrene surfaces, even though production
of polysaccharide intercellular adhesion (PIA) was unaffected. This reduced attachment was
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attributed to an increased negative charge at the cell surface, caused by the lack of positively
charged D-alanine in the cell wall.

Holland et al. (2011) also demonstrated the importance of teichoic acids in biofilm
development of Staphylococcus epidermidis on polystyrene surfaces. Deletion of tagO,
which encodes for an enzyme responsible for the first stage of teichoic acid production, led
to a decrease in attachment and cell surface hydrophobicity and was associated with a
decrease in PIA expression. The role of teichoic acids in cell attachment and biofilm
development in other Gram-positive bacteria known to produce biofilms in the food industry
is practically unexplored and little is known about the how teichoic acids affect cell surface
properties and attachment to surfaces.

Extracellular DNA (eDNA) found within the biofilm matrix was initially considered to be
residual DNA left over from lysed cells. However, it is now clear that eDNA is an integral part
of the biofilm matrix (Flemming & Wingender, 2010). Early studies by Whitchurch ez al. (2002)
showed that biofilm development by P. aeruginosa was disrupted by the addition of DNase
I into the suspending medium. More recently, Harmsen e? al. (2010) demonstrated that eDNA
was important for initial cell attachment and biofilm formation by L. monocytogenes on both
polystyrene and glass surfaces. Vilain et al. (2009) found that attachment and biofilm formation
by B. cereus were enhanced when eDNA was present on the surface. Finally, Das et al. (2010)
found that treatment of staphylococci and streptococci with DNase I resulted in reduced
attachment to hydrophilic and hydrophobic surfaces, suggesting surface DNA is also involved
in the initial attachment process. Das et al. (2010) also observed that eEDNA was more important
for attachment of Gram-positive bacteria to hydrophobic than to hydrophilic surfaces. On a
cautionary note, the role of eDNA should be considered carefully in studies in which removal
of eDNA has been achieved using DNAses, as commercial DNAses often contain trace amounts
of host proteases, which may contribute to biofilm disruption (Marti et al., 2010).

Several questions still remain about the structure and composition of eDNA. For exam-
ple, is the primary sequence of eDNA distinguishable from genomic DNA? Steinberger and
Holden (2005) concluded that cellular DNA and eDNA appeared identical in P. aeruginosa
biofilms. On the other hand, Bockelmann et al. (2006) reported that eDNA produced in bio-
films by a y proteobacteria strain, and analysed by random amplified polymorphic DNA
(RAPD), had some noticeable differences from genomic DNA. Another question that still
needs to be answered is whether eDNA is actively excreted into and maintained within the
biofilm matrix or whether the presence of eDNA is solely a result of cell lysis.The exact role
of teichoic acids and eDNA in bacterial attachment to surfaces and biofilm development is
still in its infancy, and many questions remain about how teichoic acids and eDNA interact
with other bacterial surface components and influence bacterial cell attachment.

2.4 Role of the abiotic surface in attachment
2.4.1 Are all abiotic surfaces created even?
Modern food processing equipment is fabricated using a wide variety of materials, including

stainless steels, elastomers, polyester, polyurethane, polytetrafluoroethylene (PTFE) and
even rubber, often used as O-rings when joining sections of stainless steel pipes. Stainless
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steel is the most common material used for food contact surfaces, because it is easy to
fabricate and is durable, chemically and physiologically inert, corrosion resistant and easy to
clean (Holah & Gibson, 2000).

Some studies have found that bacteria attach in higher numbers to hydrophobic surfaces,
such as PTFE, than to hydrophilic surfaces, such as glass and metals (Pasmore et al., 2002;
Teixeira et al., 2005). Others, such as Marouani-Gardi et al. (2009), have found little difference
between biofilm formation by E. coli O157:H7 on stainless steel (hydrophilic) versus
polyurethane (hydrophobic) surfaces.

The hydrophobicity rating of stainless steel surfaces is a topic with limited published
work, with surfaces often only described as simply ‘hydrophilic’ or ‘hydrophobic’ in nature
(Carpentier & Cerf, 1993). Descriptions of the hydrophobic/hydrophilic nature of stainless
steel vary within the literature. Brugnoni et al. (2007) and Teixeira et al. (2005) described
stainless steel as a hydrophobic surface, while Li and Logan (2004) listed all metal oxides
used in their study as hydrophobic. However, Lejeune (2003), Planchon et al. (2007) and
Lerebour et al. (2004) described stainless steel surfaces as hydrophilic in nature and
Boulangé-Petermann (1996) commented that all metal surfaces are hydrophilic compared
with polymers. The hydrophilic/hydrophobic nature of stainless steel appears to be relative:
it is hydrophobic when compared with glass (a very hydrophilic material), but hydrophilic
when compared with PTFE (a very hydrophobic surface). The hydrophobicity also depends
on the grade and surface finish of the stainless steel, with electropolished 316 stainless steel
appearing more hydrophilic than 316 stainless steel with a 2B finish. The confusion and
contradiction relating to the hydrophilic/hydrophobic nature of stainless steel will most
likely remain until there is an agreement on the most appropriate method by which to
measure surface hydrophobicity.

The surface charge of an abiotic surface is also likely to play an important role in bacterial
attachment. Fukuzaki et al. (1995) reported that the zeta-potential of stainless steel particles
at pH7 was weakly negative, with the stainless steel having an isoelectric point between
pH4.0 and 4.5. Bren et al. (2004) proposed that hydroxyl groups of surface oxides can
interact with H* and OH~ groups according to the following reaction:

MeOH; «*—>MeOH+ H" «*—>MeO™ +2H" 2.1

The relative levels of oxide groups that are protonated (positively charged), neutral or
dissociated (negatively charged) are very dependent upon the pH of the overlying medium.
Thus, in a low-pH medium, the dominant group would be MeOH.,*, but at neutral or high pH
values, MeOH or MeO~ groups might dominate. Different metal oxides may also have slightly
different pKa and pKb values. Thus, altering the relative levels of metal oxides at the surface
may lead to changes in the surface charge. This was demonstrated by Takehara and Fukuzaki
(2002), who observed that stainless steel treated with nitric acid and ozone at 300 °C
contained different ratios of chromium and iron oxides at the surface. The surfaces also had
different relative adsorption curves for H* and OH" titrations, suggesting that the surface
treatment can play an important role in determining the surface charge of stainless steel.

However, it is very difficult to make broad assumptions that certain abiotic surfaces are
more prone to biofilm formation in all food environments, as abiotic surfaces are largely
influenced by environmental conditions and the bacterial species or strains that may be
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present. Some manufacturing operations, such as milk powder production, provide highly
selection conditions, resulting in a single-species biofilm (Scott er al., 2007). In this
industrial situation, it may be possible to use surface modification not to stop biofilm
formation, but to limit biofilm formation and extend production run times.

2.4.2 Surface modification and ion impregnation of stainless steel to
reduce cell attachment

The modification of stainless steel surfaces to prevent or reduce bacterial attachment and
biofilm formation is a challenging issue. There has been some success in creating antifouling
paints for ship hulls (Srinivasan & Swain, 2007), but these paints generally leach toxic
compounds into the environment, making them unsuitable for the food industry. The use of
poylethylene glycol (PEG)-based compounds has also been proposed; these block microbial
and protein attachment to surfaces, an approach termed a ‘molecular brush’ (Kingshott et al.,
2003). Roosjen et al. (2003) achieved reductions in attachment by 2log for Gram-negative
and Gram-positive bacteria by coating glass surfaces with PEG. However, when Wei et al.
(2003) coated stainless steel with PEG it prevented adsorption of B-lactoglobulin but had no
effect on attachment of strains of Listeria and Pseudomonas.

It would be surprising if the application of an antiadhesive compounds such as PEG to
stainless steel surfaces saw use in industrial situations. In real environments, once surfaces
become coated with organic material and bacteria start to attach, changes to the surface
properties lead to failure of the antiadhesive surface.

Zhao et al. (2008) found that stainless steel implanted with N*, O* or SiF,* ions had a
lower surface energy, higher contact angle and lower surface roughness compared with
native stainless steel, with SiF,* having the lowest surface energy. Attachment of S. epidermidis
and S. aureus, over a period of 24 hours, was approximately 0.5 log lower for stainless steel
implanted with SiF,* than for native stainless steel. Unfortunately, only Gram-positive
bacteria were tested in this study, so it was not possible to assess the effect SiF,* might have
on Gram-negative bacteria. Pereni et al. (2006) reported Ni-P-PTFE- and silicone-coated
stainless steel had a lower surface energy than native stainless steel and reduced attachment
of a P. aeruginosa strain by approximately 0.5logs. The significance of a 0.5log reduction
in attachment within the food processing environment is debatable. The most likely benefit
obtained from this approach will come from a reduced attachment strength between biofilms
(bacterial cells and EPS) and the surface, which may result in biofilms that are easier to
remove during cleaning.

2.4.3 Surface roughness and microtopography

Stainless steel can be manufactured with a number of surface finishes, which differ in
surface characteristics such as surface roughness and microtopography. Both roughness and
microtopography may contribute to cell attachment and biofilm formation.

There is no consensus on whether surface roughness is an important factor influencing
cell attachment. Some groups have observed greater cell attachment on surfaces with higher
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Figure 2.1 Adhesion of Streptococcus thermophilus cells to 304-grade stainless steel.

levels of surface roughness (Pedersen, 1990; Leclerog-Perlat & Lalande, 1994), but others
have observed no correlation between the two (Mafu et al., 1990; Vanhaecke et al., 1990;
Flint et al., 2000). The lack of consensus here may be a result of the degree of surface roughness
considered in each of these studies.

Surface topography may also play a part in cell attachment to surfaces (Kumar &
Anand, 1998). Surface topography can include features such as the parallel grooves
obtained from polishing stainless steel with silicon carbide and the cracks and scratches
that have been observed on stainless steel using scanning electron microscopy (SEM)
(Zoltai et al., 1981) and AFM (Arnold & Bailey, 2000). Verran and Whitehead (2006a)
found that cell attachment was greater on surfaces with surface features (scratches and
pits) that were of similar size to microbial cells, compared with surface features that were
much larger than microbial cells. Several groups have observed through SEM that bacteria
are able to attach within the surface cavities of stainless steel surfaces (Zoltai et al., 1981;
Verran & Whitehead, 2006a).

Verran et al. (2001) and Jullien et al. (2002) suggested that surface topography had little
effect on the total number of bacterial cells attaching, but might protect cells from removal
during cleaning and thus allow biofilm regrowth to occur more rapidly. Flint et al. (2000)
also commented that surface topography around the critical size close to the diameter of the
bacterial cells might entrap bacteria on the stainless steel surface, thus providing cells with
some degree of protection from cleaning agents (Figure 2.1).

Nature has also played a role in advancing our understanding of how to control biofilm
growth in industrial situations. An example is the development of Sharklet technology, which
is an engineered surface based upon the microtopography of shark skin. Chung et al. (2007)
reported that biofilm formation of S. aureus was disrupted over a 21-day test period and that
biofilm coverage was significantly reduced. More recently, Graham et al. (2013) tested
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bacterial attachment to silicone-based polydimethylsiloxane (PDMS) surfaces displaying an
array of topographical features, including rib features and holes with various spacing. All of
the PDMS surfaces with engineered topographical features demonstrated reduced cell
attachment compared to smooth PDMS surfaces.

2.5 Staphylococcus and attachment, an example: Surface proteins
implicated in cell attachment to abiotic surfaces

The frequency of isolation of staphylococci from food contact surfaces in food processing
plants varies a great deal. Sharma and Anand (2002) reported that for a dairy processing
plant in India, 16% of all bacteria isolated were identified as S. aureus. In the United
Kingdom, Staphylococcus was the second most common genus, after Pseudomonas, amongst
bacteria isolated from biofilms within food factories (Gibson et al., 1999). However, in Italy,
Normanno et al. (2005) reported that of 1515 food contact surfaces tested, only 1.6% were
positive for coagulase-positive staphylococci. The contamination of ready-to-eat foods by
staphylococci is generally thought to occur through the raw materials or the hands of the
people making the food. It is generally believed that between 10 and 40% of the population
are carriers of enterotoxogenic S. aureus (Soriano et al., 2002), and, as a consequence, much
of the blame for coagulase-positive staphylococci contamination of foods comes from poor-
quality raw materials or poor hygiene standards.

Studies have found that many, but not all, staphylococci isolated from cases of bovine
mastitis (Darwish and Asfour, 2013) and dairy farms (Tremblay et al., 2013; Lee et al., 2014)
are strong biofilm producers on a range of surfaces, including stainless steel (Heilmann et al.,
1997), milk-coated stainless steel (Hamadi et al., 2014) and polystyrene (Cucarella et al.,
2001). Although the study of staphylococci biofilms tend to be mainly based on medical
strains and medically relevant surfaces, biofilm formation by staphylococci on materials used
in food processing and dairy plants is gaining more attention.

Key aspects of the initial attachment of staphylococci to solid surfaces are thought to
include surface hydrophobicity (Hogt ef al., 1983, 1986), surface proteins (Timmerman
etal., 1991; Veenstra et al., 1996; Heilmann et al., 1997; Cucarella et al., 2001; Knobloch
et al., 2001; Geoghegan et al., 2010) and teichoic acid structure (Gross et al., 2001).
Several surface proteins have been implicated in the ability of staphylococci to attach to
surfaces. Cucarella et al. (2001) identified two mutants of S. aureus, through the use of the
transposon Tn917, which demonstrated significantly lower attachment to surfaces. Both
mutants had the Tn917 transposon inserted at the same locus on the chromosome of the
bacteria. This locus encoded a cell wall-associated protein of 2276 amino acids, with a
size of 254 kDa, termed ‘biofilm-associated protein’ (BAP) (Arrizubieta et al., 2004). All
isolates of S. aureus harbouring the BAP gene showed high levels of attachment to inert
surfaces and were strong biofilm producers. Tormo et al. (2005) reported that strong
biofilm-producing strains from the species S. epidermidis, Staphylococcus chromogenes,
Staphylococcus xylosus, Staphylococcus simulans and Staphylococcus hyicus all pro-
duced a BAP-like protein with an amino acid sequence similarity to BAP of greater than
80%, suggesting that the BAP surface protein is an important protein in the attachment of
staphylococci to surfaces.
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Other groups have also described the isolation of mutants unable to attach to solid
surfaces or unable to form a biofilm due to the loss of a surface protein. Heilmann ez al.
(1996) isolated a transposon-insertion mutant of S. epidermidis unable to attach to poly-
styrene. In comparison with the wild type, the mutant lacks five cell surface-associated
proteins with masses of 120, 60, 52, 45 and 38 kDa. Restoration of the 60 kDa protein by
complementation studies demonstrated that only the 60kDa protein was required for
initial attachment to polystyrene. Also noted was a decrease in the hydrophobicity of
the mutant compared with the wild-type strain and the more pronounced ability of the
mutant to attach to a hydrophilic surface, in this case glass. Heilmann et al. (1996)
suggested that the increase in attachment to glass may be a result of the mutant lacking
the five surface proteins, allowing hydrophilic surface structures to become unmasked
and thus making the cell surface more hydrophilic. This in turn increases the likelihood
of hydrophilic/hydrophilic interaction between the mutant bacterial cell surface and the
glass surface.

Further analysis by Heilmann et al. (1997) showed that the 60kDa adhesion protein
appeared to be a fragment of a much larger protein bearing sequence homology to an
autolysin (AtIE) found in S. aureus. Heilmann et al. (1997) proposed that the 60 and 52kDa
protein fragments were produced by cleavage of the 120kDa protein. This is similar to an
AtIE found in S. aureus, which is composed of two lytic active domains of 60 and 52kDa
in size. The ability of the 60kDa adhesion protein to bind to both polystyrene surfaces and
plasma protein-coated surfaces suggests that it is a multifunctional surface protein that
allows cells to attach to solid surfaces and host cell surfaces.

Veenstra et al. (1996) identified a 280 kDa surface protein from S. epidermidis, subsequently
named SSP1 (Staphylococcus surface protein), and through the use of immunogold labelling
and examination by electron microscopy suggested that it was located on fimbriae-like
structures on the cell surface. Proteolytic cleavage of SSP1 by trypsin resulted in the
production of SSP2, a 250 kDa product, as demonstrated by SDS-PAGE. The proteolytic
cleavage of cells with SSP1 on the surface coincided with the loss of adhesive function
and increased concentration of SSP2, suggesting the conversion of SSP1 to SSP2.
Veenstra et al. (1996) suggested that the bacterial cell may be able to control its own
phenotype between high and low adhesion states through the proteolytic cleavage of
SSP1 to SSP2.

The question of the distribution of the previously mentioned surface proteins among
staphylococci remains open: do Staphylococcus isolates possess all three surface proteins
or do some isolates only have one or even none? Tremblay et al. (2013) concluded that
the presence of intracellular polysaccharide (icaA) and/or the BAP surface protein was
associated with a greater ability to form biofilms. However, initial attachment was not
investigated. If some Staphylococcus isolates possess all three surface proteins associated
with attachment, then does each protein have a specific affinity with a particular surface
(e.g. hydrophobic or hydrophilic surfaces) or are they all generic in terms of overall surface
affinity? Do other bacteria associated with attachment to solid surfaces also possess multi-
ple surface proteins, as Staphylococcus strains appears to, or do they have a smaller or
possibly larger repertoire of surface proteins that can be called upon to help in initial
attachment of cells?



Significance of Bacterial Attachment: A Focus on the Food Industry 29

References

Ahimou, F., Poquot, M., Thonart, P. & Rouxhet, P. G. 2001. Influence of electrical properties on the
evaluation of the surface hydrophobicity of Bacillus subtilus. Journal of Microbiological Methods,
45, 119-26.

Allison, D. A. & Sutherland, I. W. 1987. The role of exopolysaccharides in adhesion of freshwater
bacteria. Journal of General Microbiology, 133, 1319-27.

Arnold, J. W. & Bailey, G. W. 2000. Surface finishes on stainless steel reduce bacterial attachment and
early biofilm formation: scanning electron and atomic force microscopy study. Poultry Science, 79,
1839-45.

Arrizubieta, M. J., Toledo-Arana, A., Amorena, B., Penadés, J. R. & Lasa, 1. 2004. Calcium inhibits
BAP-dependent multicellular behavior in Staphylococcus aureus. Journal of Bacteriology, 186,
7490-8.

Azeredo, J. & Oliveira, R. 2000. The role of exopolymers in the attachment of Sphingomonas
paucimobilis Biofouling, 16, 59-67.

Barnes, L-M., Lo, M. E,, Adams, M. R. & Chamberlain, H. H. L. 1999. Effect of milk proteins on
adhesion of bacteria to stainless steel surfaces. Applied and Environmental Microbiology, 65,
4543-8.

Beech, I. B. & Summer, J. 2004. Biocorrosion: towards understanding interactions between biofilms
and metals. Current Opinion in Biotechnology, 15, 181-6.

Bernbom, N., Ng, Y. Y., Jgrgensen, R. L., Arpanaei, A., Meyer, R. L., Kingshott, P., Vejborg, R. M.,
Klemm, P. & Gram. L. 2009. Adhesion of food-borne bacteria to stainless steel is reduced by food
conditioning films. Journal of Applied Microbiology, 106, 1268-79.

Bockelmann, U., Janke, A., Kuhn, R., Neu, T. R., Wecke, J., Lawrence J. R. & Szewzyk, U. 2006.
Bacterial extracellular DNA forming a defined network-like structure. FEMS Microbiology Letters,
262, 31-8.

Boulangé-Petermann, L. 1996. Processes of bioadhesion on stainless steel surfaces and cleanability: a
review with special reference to the food industry. Biofouling, 10, 275-300.

Bren, L., English, L., Fogarty, J., Policoro, R., Zsidi, A., Vance, J., Drelich, J., Istphanous, N. & Rohly, K.
2004. Hydrophilic/electron acceptor surface properties of metallic biomaterials and their effect on
osteoblast activity. Journal of Science and Technology, 18, 1711-22.

Brugnoni, L. I., Lozano, J. E. & Cubitto, M. A. 2007. Potential of yeast isolated from apple juice to
adhere to stainless steel surfaces in the apple juice processing industry. Food Research International,
40, 332-40.

Busscher, H. J., Weerkamp, A. H., Van der Mei, H. C., Van Pelt, A. W. J., Jong, H. P. & Arends, J. 1984.
Measurement of the surface free energy of bacterial cell surfaces and its relevance for adhesion.
Applied and Environmental Microbiology, 48, 980-3.

Busscher, H. J., Van De Belt-Gritter, B. & Van der Mei, H. C. 1995. Implications of microbial adhesion
to hydrocarbons for evaluating cell surface hydrophobicity 1. Zeta potentials of hydrocarbon
droplets. Colloids and Surfaces B: Biointerfaces, 5, 111-16.

Carpentier, B. & Cerf, O. 1993. Biofilms and their consequences with particular reference to hygiene
in the food industry. Journal of Applied Bacteriology, 75, 499-511.

Chung K. K., Sahumacher, J. F., Sampson, E. M., Antonelli, P.J. & Brennan, A. B. 2007. Impact of
engineered surface microtopography on biofilm formation of Staphylococcus aureus. Biointerphases,
2, 89-94.

Cucarella, C., Solano, C., Valle, J., Amorena, B., Lasa, I. & Penades, J. R. 2001. BAP a Staphylococcus
aureus surface protein involved in biofilm formation. Journal of Bacteriology, 183, 2888-96.

Dan, N. 2003. The effect of charge regulation on cell adhesion to substrates: salt-induced repulsion.
Journal of Colloid Interface Science, 27, 41-7.



30 Biofilms in the Dairy Industry

Darwish, S. F. & Asfour, H. A. E. 2013. Investigation of biofilm forming ability in staphylococci
causing bovine mastitis using phenotypic and genotypic assays. The Scientific World Journal,
2013, 1-9.

Das, T., Sharma, P. K., Busscher, H. J., Van der Mei, H.C. & Krom, B.P. 2010. Role of extracellular
DNA ininitial bacterial adhesion and surface aggregation. Applied and Environmental Microbiology,
76, 3405-8.

Dickson, J. S. & Koohmarare, M. 1989. Cell surface charge characteristics and their relationship to
bacterial attachment to meat surfaces Applied and Environmental Microbiology, 55, 832—6.

Donlan, R. M. 2002. Microbial life on surfaces. Emerging Infectious Diseases, 8, 881-90.

Doyle, R. J. 2000. Contribution of the hydrophobic effect to microbial infection. Microbes Infection, 2,
391-400.

Difrene, Y. F., Boonaert, C. J. P. & Rouxhet, P. G. 1996. Adhesion of Azospirillum brasilense: role of
proteins at the cell-support interface. Colloids and Surfaces B—Biointerfaces, 7, 113-28.

Flemming, H. & Wingender, J. 2010. The biofilm matrix. Nature Reviews Microbiology, 8, 623-33.

Flint, S. H., Brooks, J. D. & Bremer, P. J. 1997. The influence of cell surface properties of thermophilic
streptococci on attachment to stainless steel. Journal of Applied Microbiology, 83, 508—17.

Flint, S. H., Brooks, J. D. & Bremer, P. J. 2000. Properties of the stainless steel substrate influencing
the adhesion of thermo-resistant streptococci. Journal of Food Engineering, 43, 235-42.

Fukuzaki, S., Urano, H. & Hagata, K. 1995. Adsorption of pectin onto stainless steel surfaces: role of
electrostatic interactions. Journal of Japanese Society Food Science Technol-Nippon Shokuhin
Kagaku Kogaku Kaishi, 12, 700-8.

Gallardo-Moreno, A. M., Navarro-Pérez, M. L., Vadillo-Rodriguez, V., Bruque, J. M. & Gonzailez-Martin,
M. L. 2011. Insights into bacterial contact angles: Difficulties in defining hydrophobicity and
surface Gibbs energy. Colloids and Surfaces B: Biointerfaces, 88, 373-80.

Geoghegan, J. A., Corrigan, R. M., Gruszka, D. T., Speziale, P., O’Gara, J. P,, Potts, J. R., Foster,
T. J. 2010. Role of surface protein SasG in biofilm formation by Staphylococcus aureus. Journal of
Bacteriology, 192, 5663-73.

Giaouris, E., Chorianopoulos, N. & Nychas, G.-J. E. 2005. Effect of temperature, pH, and water
activity on biofilm formation by Salmonella enterica Enteritidis PT4 on stainless steel surfaces as
indicated by the bead vortexing method and conductance measurements. Journal of Food Protection,
68, 2149-54.

Gibson, H., Taylor, J. H., Hall, K. H. & Holah, J. T. 1999. Effectiveness of cleaning techniques used in
the food industry in terms of removal of bacterial biofilms. Journal of Applied Microbiology, 87,
41-8.

Gilbert, P., Evans, D. J., Evans, E., Duguid, I. G. & Brown, M. R. W. 1991. Surface characteristics
and adhesion of E. coli and Staphylococcus epidermidis. Journal of Applied Bacteriology, 71,
72-17.

Gomez-Suarez, C., Pasma, J., Van der Borden, A. J., Wingender, J., Flemming, H., Busscher, H. &
Van der Mei, H. 2002. Influence of extracellular polymeric substances on deposition and redeposition
of Pseudomonas aeruginosa to surfaces. Microbiology-SGM, 148, 1161-9.

Graham, M. V., Mosier, A. P, Kiehl, T. R., Kaloyeros, A. E. & Cady, N. C. 2013. Development of
antifouling surfaces to reduce bacterial attachment. Soft Matter, 9, 6235-44.

Gross, M., Cramton, S. E., Gotz, F. & Peschel, A. 2001. Key role of teichoic acid net charge in
Staphylococcus aureus colonization of artificial surfaces. Infection and Immunity, 69, 3423-6.

Hamadi, F., Asserne, F., Elabed, S., Bensouda, S., Mabrouki, M. & Latrache, H. 2014. Adhesion of
Staphylococcus aureus on stainless steel treated with three types of milk. Food Control, 38, 104-8.

Harimawan, A., Zhong, S., Chwee-Teck, L. & Yin-Peng, T. 2013. Adhesion of Bacillus subtilis spores
and vegetative cells onto stainless steel — DLVO theories and AFM spectroscopy. Colloids and
Surfaces B: Biointerfaces, 405, 233—41.

Harmsen, M., Lappann, M., Kngchel, S. & Molin, S. 2010. Role of extracellular DNA during biofilm
formation by Listeria monocytogenes. Applied and Environmental Microbiology, 76, 2271-9.



Significance of Bacterial Attachment: A Focus on the Food Industry 31

Heilmann, C., Gerke, C., Perdreau-Remington, F. & Gotz, F. 1996. Characterization of Tn917
insertion mutants of Staphylococcus epidermidis affected in biofilm formation. Infection and
Immunity, 64, 277-82.

Heilmann, C., Hussan, M., Peters, G. & Gotz, F. 1997. Evidence for autolysin mediated primary
attachment of Staphylococcus epidermidis to a polystyrene surface. Molecular Microbiology, 24,
1013-24.

Helke, D. M., Somers, E. B. & Wong, A. C. L. 1993. Attachment of Listeria monocytogenes and
Salmonella typhimurium to stainless steel and buna-N in the presence of milk and milk components.
Journal of Food Protection, 56, 479-84.

Heptinstall, S., Archibald, A. R. & Baddiley, J. 1970. Teichoic acids and membrane function in
bacteria. Nature, 225, 519-21.

Herald, P. J. & Zottola, E. A. 1989. Effect of various agents upon the attachment of Pseudomonas fragi
to stainless steel. Journal of Food Science, 54, 461-4.

Hogt, A. H., Dakart, J., Vries, J. A. & Feijen, J. 1983. Adhesion of coagulase negative Staphylococcus
to biomaterials. Journal of General Microbiology, 129, 2959-68.

Hogt, A. H., Dankart, J., Hulstaert, C. E. & Feijen, J. 1986. Cell surface characteristics of coagulase
negative Staphylococcus and their adherence to fluorinated poly(ethylenepropylene). Infection and
Immunity, 51, 294-301.

Holah, J. & Gibson, H. 2000. Food industry biofilms. In: Allison, D., Gilbert, J. P., Lappin-Scott, H. &
Wilson, M. (eds) Community Structure and Co-operation in Biofilms. Cambridge University Press,
Cambridge, pp. 211-35.

Holland. L. M., Conlon, B. & O’Gara, J. P. 2011. Mutation of 7agO reveals an essential role for wall
teichoic acids in Staphylococcus epidermidis biofilm development. Microbiology-SGM, 157,
408-18.

Hood, S. K. & Zottola, E. A. 1995. Biofilms in food processing. Food Control, 6, 9—18.

Hughes, A. H., Hancock, 1. C. & Baddiley, J. 1973. The function of teichoic acids in cation control in
bacterial membranes. Biochemical Journal, 132, 83-93.

Husmark, U. & Ronner, U. 1990. Forces involved in adhesion of Bacillus spores to solid surfaces under
different environmental conditions. Journal of Applied Bacteriology, 69, 557-62.

Iwabuchi, N., Sunairi, M., Anzai, H., Morisaki, H. & Nakajima, M. 2003. Relationships among colony
morphotypes, cell surface properties and bacterial adhesion to substrata in Rodococcus. Colloids
and Surfaces B: Biointerfaces, 30, 51-60.

Jeong, D. K. & Frank, J. F. 1994. Growth of Listeria monocytogenes at 21 °C in biofilms with micro-
organisms isolated from meat and dairy environments. Lebensm-Wiss Technology, 27, 415-24.

Johal, S. 1988. Bacterial adhesion to processing surfaces in the meat industry. PhD thesis, University
of Surrey, UK.

Jucker, B. A., Harms, H. & Zehnder, A. J. B. 1996. Adhesion of the positively charged bacterium
Stenotrophomanas (Xanthomonas) maltophilia 70401 to glass and teflon. Journal of Bacteriology,
178, 5472-9.

Jullien, C., Benezech, T., Carpentier, B., Lebret, V. & Faille, C. 2002. Identification of surface
characteristics relevant to the hygienic status of stainless steel for the food industry. Journal of Food
Engineering, 56, 77-87.

Kim, K. Y. & Frank, J. F. 1994. Effect of nutrients on biofilm formation by Listeria monocytogenes on
stainless steel. Journal of Food Protection, 58, 246-51.

Kingshott, P., Wei, J., Baggee-Ravn, D., Gadegaard, N. & Gram, L. 2003. Covalent attachment of
poly(ethylene glycol) to surfaces, critical for reducing bacterial adhesion. Langmuir, 19, 6912-21.

Knobloch, J. K. M., Bartscht, K., Sabottke, A., Rohde, H., Feucht, H. & Mack, D. 2001. Biofilm formation
by Staphylococcus epidermidis depends on functional RsbU. An activator of the zyB operon: differential
activation mechanisms due to ethanol and salt stress. Journal of Bacteriology, 183, 2624-33.

Kumar, C. G. & Anand, S. K. 1998. Significance of microbial biofilms in food industry: a review.
International Journal of Food Microbiology, 42, 9-27.



32 Biofilms in the Dairy Industry

Leclerog-Perlat, M-N. & Lalande, M. 1994. Cleanability in relation to surface chemical composition
and surface finishing of some materials commonly used in food industries. Journal of Food
Engineering, 23, 501-17.

Lee, S. H. L., Mangolin, B. L. C., Goncalves, J. L., Neeff, D. V., Silva, M. P, Cruz, A. G. & Oliveira,
C. A. F. 2014. Biofilm-producing ability of Staphylococcus aureus isolates from Brazilian dairy
farms. Journal of Dairy Science, 97, 1812-16.

Lehner, A., Riedel, K., Eberl, L., Breeuwer, P., Diep, B. & Stephan, R. 2005. Biofilm formation,
extracellular polysaccharide production and cell to cell signalling in various Enterobacter sakazakii
strains: aspects promoting environmental persistence. Journal of Food Protection, 68, 2287-94.

Lejeune, P. 2003. Contamination of abiotic surfaces: what a colonizing bacterium sees and how to blur
it. Trends in Microbiology, 11, 179-84.

Lerebour, G., Cupferman, S. & Bellon-Fontaine, M. N. 2004. Adhesion of Staphylococcus aureus and
Staphylococcus epidermidis to Episkin® reconstructed epidermis model and to an inert 304 stainless
steel substrate. Journal of Applied Microbiology, 97, 7-16.

Li, B. & Logan, B. E. 2004. Bacterial adhesion to glass and metal-oxide surfaces. Colloids and Surfaces
B: Biointerfaces, 36, 81-90.

Liu, Y, Yang, S., Li, Y., Xu, H., Qin, L. & Tay, J. 2004. The influence of cell and substratum surface
hydrophobicities on microbial attachment. Journal of Bacteriology, 110, 251-6.

Mafu, A. A., Roy, D., Foulet, J. & Magny, P. 1990. Attachment of Listeria monocytogenes to stainless
steel, glass, polypropylene and rubber surfaces after short contact times. Journal of Food Protection,
53, 742-6.

Marouani-Gardi, N., Chassaing, D. & Carpentier, B. 2009. Comparative evaluation of biofilm formation
and tolerance to a chemical shock of pathogenic and nonpathogenic Escherichia coli O157:H7
strains. Journal of Food Protection, 72, 157-64.

Marti, M., Trotonda, M. P., Tormo-Mas, M. A., Vergara-Irigaray, M., Cheung, A. L., Lasa, I. &
Penades, J. R. 2010. Extracellular proteases inhibit protein-dependent biofilm formation in
Staphylococcus aureus. Microbes and Infection, 12, 55—64.

Millsap, K. W., Reid, G., Van der Mei, H.C. & Bussher, H. 1997. Cluster analysis of genotypically
characterized Lactobacillus species based on physicochemical cell surface properties and their
relationship with adhesion to hexadacane. Canadian Journal of Microbiology, 43, 284-91.

Neu, T. R. 1992. Microbial footprints and the general ability of microorganisms to label interfaces.
Canadian Journal of Microbiology, 38, 1005-8.

Normanno, G., Firinu, A., Virgilio, S., Mula, G., Dambrosio, A., Poggiu, A., Decastelli, L., Mioni,
R., Scuota, S., Bolzoni, G., Di Giannatale, E., Salinetti, A. P., La Salandra, G., Bartoli, M., Zuccon,
F, Pirino, T., Sias, S., Parisi, A., Quaglia, N. C. & Celano, G. V. 2005. Coagulase-postive staphylococci
and Staphylococcus aureus in foods products marketed in Italy. International Journal of Food
Microbiology, 98, 73-9.

Parkar, S. G., Flint, S. H., Palmer, J. S. & Brooks, J. D. 2001. Factors influencing attachment of
thermophilic bacilli to stainless steel. Journal of Applied Microbiology, 90, 901-8.

Parment, P. A., Svanborg-Eden, C., Chaknis, M. J., Sawant, A. D., Hagber, G. L., Wilson, L. A. &
Adhearn, D. G. 1992. Hemagglutination (Fimbriae) and hydrophobicity in adherence of Serratia
marcescens to urinary tract epithelium and contact lenses. Current Microbiology, 25, 113-18.

Pasmore, M., Todd, P., Pfirfer, B., Rhodes, M. & Boeman, C. N. 2002. Effect of polymer surface
properties on the reversibility of attachment of Pseudomonas aeruginosa in the early stages of
biofilm development. Biofouling, 18, 65-71.

Pedersen, K. 1990. Biofilm development on stainless steel and PVC surfaces in drinking water. Water
Research, 24, 239-43.

Peng, J. S., Tsai, W. C. & Chou, C. C. 2001. Surface characteristics of Bacillus cereus and its adhesion
to stainless steel. International Journal of Food Microbiology, 65, 105-11.

Pereni, C. 1., Zhao, Q., Liu, Y. & Abel, E. 2006. Surface free energy effect on bacterial retention.
Colloids and Surfaces B: Biointerfaces, 48, 143-7.



Significance of Bacterial Attachment: A Focus on the Food Industry 33

Peschel, A., Otto, M., Jack, R.W., Kalbacher, H., Jung, G. & Gotz, F. 1999. Inactivation of the dlt
operon in Staphylococcus aureus confers sensitivity to defensins protegrins and other antimicrobial
peptides. Journal of Biological Chemistry, 274, 8405-10.

Planchon, S., Gaillard-Martinie, B., Leroy, S., Bellon-Fontaine, M. N., Fada, S. & Talon, R. 2007. Surface
properties and behaviour on abiotic surfaces of Staphylococcus carnosus, a genetically homogeneous
species. Food Microbiology, 24, 44-51.

Reid, G., Bialowska-Hobrzanska, H., Van der Mei, H. C. & Busscher, H. J. 1999. Correlation between
genetic, physic-chemical surface characteristics and adhesion of four strains of Lactobacillus. Colloids
and Surfaces B: Biointerfaces, 13, 75-81.

Rijnaarts, H. H. M., Norde, W., Lyklema, J. & Zehnder, A. J. B. 1999. DLVO and steric contributions
to bacterial deposition in media of different ionic strengths. Journal of Colloid Interface Science, 14,179-95.

Romani, A. M., Fund, K., Artigas, J., Schwartz, T., Sabater, S. & Obst, U. 2008. Relevance of polymeric
matrix enzymes during biofilm formation. Microbial Ecology, 56, 427-36.

Roosjen, A., Kaper, H.J., Van der Mei, H.C., Norde, W. & Busscher, H. J. 2003. Inhibition of adhesion
of yeasts and bacteria by poly(ethylene oxide)-brushes on glass in a parallel plate flow chamber.
Microbiology, 149, 3239-46.

Rosenberg, M., Gutnick, D. & Rosenberg, E. 1980. Adherence of bacteria to hydrocarbons: a simple
method for measuring cell-surface hydrophobicity. FEMS Microbiology Letters, 9, 29-33.

Schlag, M., Biswas, R., Krismar, B., Kohler, T., Zoll, S., Yu, W., Schwarz, H., Peschel, A. & Gotz, F.
2010. Role of staphylococcal wall teichoic acid in targeting the major autolysin Atl. Molecular
Microbiology, 75, 864-73.

Scott, S. A., Brooks, J. D., Rakonjac, J., Walker, K. M. R. & Flint, S. H. 2007. The formation of
thermophilic spores during the manufacture of whole milk powder. International Journal of Dairy
Technology, 60, 109-17.

Seale, R. B., Bremer, P. J., Flint, S. H. & Mcquillen, A. J. 2010. Characterization of spore surfaces from
a Geobacillus sp. isolate by pH dependence of surface charge and infrared spectra. Journal of
Applied Microbiology, 109, 1339-48.

Sharma, M. & Anand, S. K. 2002. Characterization of constitutive microflora of biofilms in dairy
processing lines. Food Microbiology, 19, 627-36.

Smyth, C. J., Jonsson, P., Olsson, E., Soderland, O., Rosengren, J., Hjerten, A. & Adstrom, T. 1978.
Differences in hydrophobic surface characteristics of porcine enteropathogenic E. coli with or
without K88 antigen as revealed by HIC. Infection and Immunity, 22, 462—72.

Sodagari, M., Wang, H., Newby, Z. & Ju, L. K. 2013. Effect of rhamnoilpids on initial attachment of
bacteria on glass and octadecyltrichorosilane-modified glass. Colloids and Surfaces B: Biointerfaces,
103, 121-8.

Soriano, J. M., Font, G., Molto, J. G. & Manes, J. 2002. Enterotoxigenic staphylococci and their toxins
in restaurant foods. Trends in Food Science and Technology, 13, 60-7.

Sorongon, M. L., Bloodgood, R. A. & Burchard, R. P. (1991) Hydrophobicity adhesion and surface
exposed proteins of gliding bacteria. Applied Environmental Microbiology, 57, 3193-9.

Speers, J. G. S. & Gilmour, A. 1985. The influence of milk and milk components on the attachment of
bacteria to farm dairy equipment surfaces. Journal of Applied Bacteriology, 59, 325-32.

Srinivasan, R. & Swain, G. 2007. Managing the use of copper based antifouling paints. Environmental
Management, 39, 423-41.

Steinberger, R. E. & Holden, P. A. 2005. Extracellular DNA in single- and multiple-species unsaturated
biofilms. Applied and Environmental Microbiology, 71, 5404-10.

Sutherland, I. W. 2001. Biofilm exopolysaccharides: a strong and sticky framework. Microbiology,
147, 3-9.

Takehara, A. & Fukuzaki, S. 2002. Effect of the surface charge of stainless steel on adsorption behav-
iour of pectin. Biocontrol Science, 7, 9-15.

Tang, L., Pillai, S., Revsbech, N. P., Schramm, A., Bischoff, C. & Meyer R. L. 2011. Biofilm retention
on surfaces with variable roughness and hydrophobicity. Biofouling, 27, 111-21.



34 Biofilms in the Dairy Industry

Teixeira, P, Lopes, Z., Azeredo, J., Oliveira, R. & Vieira, M. J. 2005. Physico-chemical surface
characterization of a bacterial population isolated from a milking machine. Food Microbiology, 22,
247-51.

Timmerman, C. P, Fleer, A., Besnier, L., Degraff, L., Cremers, F. & Verhoef, J. 1991. Characterisation
of a proteinaceous adhesion of Staphylococcus epidermidis which mediates attachment to
polystyrene. Infection and Immunity, 59, 4187-92.

Tormo, M. A., Knecht, E., Gotz, F.,, Lasa, N. & Penadés, J. R. 2005. Bap-dependent biofilm formation
by pathogenic species of Staphylococcus: evidence of horizontal gene transfer? Microbiology, 151,
2465-175.

Tremblay, Y., Lamarche, D., Chever, P., Haine, D., Messier, S. & Jacques, M. 2013. Characterisation
of the ability of coagulase-negative staphylococci isolated from the milk of Canadian farms to form
biofilms. Journal of Dairy Science, 96, 234—46.

Ukuku, D. O. & Fett, W. F. 2002. Relationship of cell surface change and hydrophobicity to strength
of attachment of bacterial to cantaloupe rind. Journal of Food Protection, 65, 1093-9.

Van der Mei, H. C., De Vries, J. & Buscher, H. J. 1993. Hydrophobic and electrostatic cell surface
properties of thermophilic dairy streptococci. Applied and Environmental Microbiology, 59,
4305-12.

Van der Mei, H. C., Van De Belt-Gritter, B. & Busscher, H. J. 1995. Implications of microbial adhesion
to hydrocarbons for evaluating cell surface hydrophobicity 2. Adhesion mechanisms. Colloids and
Surfaces B: Biointerfaces, 5, 117-26.

Van der Mei, H. C., Bos, R. & Busscher, H. J. 1998. A reference guide to microbial cell surface
hydrophobicity based on contact angles. Colloids and Surfaces B: Biointerfaces, 11, 213-21.

Van der Wal, A., Norde, W., Zehnder, A. J. B. & Lyklema, J. 1997. Determination of the total charge in
the cell walls of gram-positive bacteria. Colloids Surfaces B—Biointerfaces, 9, 81-100.

Van Loosdrecht, M. C. M., Lyklema, J., Norde, W., Schroa, G. & Zehnder, A. J. B. 1987. Electrophoretic
mobility and hydrophobicity as a measure to predict the initial steps of bacterial adhesion. Applied
and Environmental Microbiology, 53, 1898-901.

Van Lossdrecht, M. C. M, Lyklema, J., Norde, W., Schroa, G. & Zehnder, A. J. B. 1987. The role of
bacterial cell wall hydrophobicity in adhesion. Applied and Environmental Microbiology, 53,
1893-7.

Vanhaecke, E., Remon, J-P. Mears, M., Roes, F., Rudder, D. D. & Van-Peteghem, A. 1990. Kinetics of
Pseudomonas aeruginosa adhesion to 304 and 316-1 stainless steel role of cell surface hydrophobicity.
Applied and Environmental Microbiology, 56, 788-95.

Veenstra, G. C., Cremers, F. F. M., Van Dijk, H. & Fleer, H. 1996. Ultrastructural organization and
regulation of biomaterial adhesion of Staphylococcus epidermidis. Journal of Bacteriology, 178,
537-41.

Verran, J. & Whitehead, K. A. 2006a. The effect of surface topography on the retention of
microorganisms. Food and Bioproducts Processing, 84, 253-9.

Verran, J. & Whitehead, K. A. 2006b. Assessment of organic materials and microbial components on
hygiene surfaces. Food and Bioproducts Processing, 84, 260—4.

Verran, J., Rowe, D. L. & Boyd, R. D. 2001. The effect of nanometer dimension topographical features
on the hygienic status of stainless steel. Journal of Food Protection, 64, 1183-7.

Vilain, S., Pretorius, J. M., Theron, J. & Brozel, V. S. 2009. DNA as an adhesion: Bacillus cereus
requires extracellular DNA to form biofilms. Applied and Environmental Microbiology, 75,
2861-8.

Vinogradov, E., Sadovskaya, 1., Li, J. & Jabbouri, S. 2006. Structural elucidation of extracellular and
cell wall teichoic acids of Staphylococcus aureus MN8m, a biofilm forming strain. Carbohydrate
Research, 342, 738—43.

Walker, S. L., Hill, J. E., Redman, J. A. & Elimelech, M. 2005. Influence of the growth phase on
adhesion kinetics of Escherichia coli D12g. Applied and Environmental Microbiology, T1,
3093-9.



Significance of Bacterial Attachment: A Focus on the Food Industry 35

Wei, J., Ravn, D. B., Gram, L. & Kingshott, P. 2003. Stainless steel modified with poly(glycol) can
prevent protein adsorption but not bacterial adhesion. Colloids and Surfaces B: Biointerfaces, 32,
275-91.

Weidenmaier, C. & Peschel, A. 2008. Teichoic acids and related cell wall glycopolymers in Gram
positive physiology and host interactions Nature Reviews Microbiology, 6, 276-86.

Whitchurch, C. B., Tolker-Nielsen, T., Ragas, P. C. & Mattick, J. S. 2002, Extracellular DNA required
for bacterial biofilm formation. Science, 295, 1487.

Wiencek, M. K., Klapes, A. N. & Foegeding, P. M. 1990. Hydrophobicity of Bacillus and Clostridium
spores. Applied and Environmental Microbiology, 56, 2600-5.

Xia, G., Kohler, T. & Peschel, A. 2010. The wall teichoic acid and lipoteichoic acid polymers of
Staphylococcus aureus. International Journal of Medical Microbiology, 300, 148-54.

Zhao, Q., Liu, Y., Wang, C., Wang, S., Peng, N. & Jeynes, C. 2008. Reduction of bacterial adhesion on
ion-implanted stainless steel surfaces. Medical Engineering and Physics, 30, 341-9.

Zoltai, P. T., Zoltola, E. A. & Mckay, L. 1981. Scanning electron microscopy of microbial attachment
to milk contact surface. Journal of Food Protection, 44, 204-8.



3 The Effect of Milk Composition on the
Development of Biofilms

Steve Flint', Norshhaidah Mohd Jamaludin?,
Ben Somerton’, Jon Palmer' and John Brooks3

'Institute of Food, Nutrition and Human Health, Massey University,
Palmerston North, New Zealand

?Institute of Fundamental Sciences, Massey University, Palmerston North,
New Zealand

3School of Applied Sciences, Faculty of Health and Environmental
Sciences, Auckland University of Technology, Auckland, New Zealand

3.1 Introduction

Biofilms are a biologically complex structure of microorganisms associated with solid
surfaces (Kumar & Anand, 1998). Generally, biofilm formation begins when microorga-
nisms transition from an aqueous phase and attach to a solid surface (Costerton et al.,
1987). Often, such a surface is conditioned with nutrients that enable the microorganism
to grow and develop (Costerton et al., 1987), which may promote interspecies and
intraspecies interactions (Teh et al., 2012).

Biofilm formation was first discussed by Zobell (1943), who investigated the attach-
ment of soil bacteria using a buried-slide method. Costerton ef al. (1987) described a
biofilm as a functional group of microorganisms embedded on to a surface alongside
resultant extracellular polymeric substances (EPS). Once deposited, such microorganisms
grow and multiply rapidly to form a colony of cells large enough to trap nutrients and
debris (Kumar & Anand, 1998).

Conditioning is the accumulation of molecules at the solid-liquid interface on a food
contact surface, leading to a higher concentration of nutrients than at the overlying aqueous
phase (Kumar & Anand, 1998). According to Kumar and Anand (1998), conditioning occurs
when nutrients such as proteins and lipids (e.g. from milk) become adsorbed on to a surface
via a diffusion process. It has been shown that the rate of transport and the duration of
adsorption on to the surface play an integral part in this process (Characklis, 1981). Kumar
and Anand (1998) further indicated that the turbulent flow of the liquid also plays a key part
in enhancing the transition of the bacteria.

The process of microbial attachment is generally considered to involve two phases: a
reversible phase and an irreversible phase. The initial, reversible phase is associated with
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weak interaction via van der Waals bonds and electrostatic and hydrophobic interactions
(Ortega et al., 2008). The later, irreversible phase consists of stronger attachment, leading
to the formation of biofilm via anchoring by appendages and/or excretion of EPS. The
process of conditioning and biofilm development is affected by the type of surface, the
type of microorganism and the available nutrients (Speers & Gilmour, 1985; Herald &
Zottola, 1988; Austin & Bergeron, 1995). The presence of milk in dairy plants provides
sustenance for microorganisms, encouraging their growth and propagation in a biofilm
(Speers & Gilmour, 1985). Since milk is frequently in contact with stainless steel surfaces
during dairy production, it has the potential to influence biofilm production (Barnes
et al., 1999). Other factors, such as the type of surface and the type of microbial strain,
will also influence the dynamics of the adherence of microorganisms. Understanding
how changes in the composition of milk influence the biofilm formation process may
help identify potential measures by which to control biofilm production in dairy plants.

3.2 Milk composition

Milks consist of water, specific proteins, easily digested fats, lactose, minerals and vitamins.
All milks have a nearly neutral pH (Jensen, 1995). Proteins include casein, serum albumin
and whey proteins (lactalbumin and lactoglobulin) (Swaisgood, 1995). Casein micelles are
the largest structures in the fluid portion of the milk, making up 80% of the total protein
content (Jensen, 1995). The typical concentration of protein is 3.3% w/v. Fats consist mostly
of triacylglycerol (TAG) molecules, which contain over 400 types of fatty acid (FA) (Rudd,
2013). The fat component is secreted in the form of a fat globule and is surrounded by a
membrane called a milk lipid globule membrane (MLGM) (Jensen, 1995). The typical con-
centration of fat in milk is 3.4% w/v. The carbohydrate portion consists mostly of lactose,
followed by small amounts of glucose and galactose (Newburg et al., 1995). Minerals
include sodium, potassium, chloride, calcium, magnesium, citrate, phosphate, and sulphate
(Atkinson et al., 1995).

The composition of a given cow’s milk is influenced by several factors, including its
lactation phase, breed and diet (Chandan & Kilara, 2010).

A study had demonstrated the influence of milk composition on the adherence of 15 different
bacterial cultures isolated from soiled milking equipment to glass, rubber and stainless steel
surfaces. Lactose and non-casein protein caused a slight increase in the number of bacteria that
attached to all three surfaces (Speers & Gilmour, 1985), due to the synthesis of a polymer essen-
tial to cell adherence (similar to the attachment of oral streptococci to tooth surfaces in plaque
development; Mukasa & Slade, 1973). In a separate study, it was shown that positively charged
ions such as sodium, calcium, magnesium and cationic surfactants can encourage bacterial
attachment to a filter membrane by binding to and neutralising negatively charged surfaces
(Bellona & Drewes, 2005). A third study found that ferrous ions promote the attachment of
Listeria monocytogenes and Serratia marcesens to clean stainless steel by shielding the negative
surface charge on bacteria and steel (Barnes et al., 1999). Recent studies have shown enhanced
biofilm formation in the presence of divalent cations, and have demonstrated that changes in
the monovalent to divalent cation ratio have the potential to influence the biofilm formation of
thermophilic bacilli (Somerton et al., 2012, 2013).
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3.3 Influence of organic molecules (protein and lipid) on the
development of biofilms in the dairy industry

Kirtley and McGuire (1989) showed that the development of a protein conditioning film may
influence the formation of a biofilm in a dairy plant. Speers and Gilmour (1985) investigated
the effect of milk and various milk components on the attachment of different milk microflora
to a variety of surface types. The highest number of attached bacteria occurred in the presence
of non-casein protein (lactoglobulin and a-lactalbumin). However, casein showed little effect
on bacterial attachment to the surface. In contrast, Meadows (1971) observed that bacteria
immersed in casein or gelatin suspensions attached in large numbers. This could be due to the
different strains and surfaces used in the two studies. According to Speers and Gilmour (1985),
the viscosity of the non-casein protein may have caused an accumulation of bacteria and aided
in the attachment to the surface, stabilising the formation of biofilms. However, since non-
casein and casein protein possess comparable viscosity, this reason for this is vague and unclear.

Some studies have attempted to elucidate the influence of lipids on the formation of biofilms
(Maxcy, 1973; Pasvolsky et al., 2014). Maxcy (1973) demonstrated that all samples with
phospholipid presoiling produced a yellow film on stainless steel surfaces. This yellow layer,
associated with the phospholipid fraction, also resulted in high bacterial counts on the yellow
surface. Maxcy (1973) concluded that the accumulation of high bacterial counts on the equipment
was attributable to inadequate sanitation of the equipment and a build-up of the fatty materials.
The dipolar nature of the phospholipid promoted the adsorption of bacteria to stainless steel and
caused subsequent interaction with other soil components. Pasvolsky et al. (2014) examined the
influence of fatty acids — particularly butyric acid — in milk on the production of ‘floc’ biofilm
(bundle) among Bacillus species. Bacillus species can survive pasteurisation due to their ability
to form heat-resistant spores, and may survive in dairy farm equipment, forming robust biofilms.
Pasvolsky et al. (2014) hypothesised that bacteria grown in milk were attracted to fat molecules.
To support this hypothesis, they experimented with Bacillus subtilis 3610 grown in lysogeny
broth with and without butyric acid at different concentrations (0.01-0.02%). Their study
showed that butyric acid triggers the formation of the floc bundles and that the formation of floc
increases with the concentration of butyric acid. They proposed that butyric acid served as a
‘stress signal’ for the bacteria, enhancing biofilm formation and thus protecting the bacteria
from the toxic effect of butyric acid. Further investigations showed that butyric acid
triggered the upregulation of the tapA gene, which was responsible for the stimulation of
biofilm formation (Winkelman et al., 2013; Pasvolsky et al., 2014). Teh et al. (2013)
showed that lipolytic enzymes released by heat-resistant bacteria originating from raw milk
caused lipolysis of milk fat, which produced butyric acid. Perhaps butyric acid present in
dairy plants stimulates the biofilm formation of bacteria.

3.4 Protein and lipid molecules reduce attachment
of bacteria to surfaces

Not all milk components aid the attachment of bacteria to surfaces. A study conducted by
Barnes et al. (1999) on the effect of milk proteins on the attachment of bacteria to clean
stainless steel showed that skim milk reduced the attachment of Staphylococcus aureus,
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L. monocytogenes and Serratia marcesens. The individual milk components a-casein,
[-casein and k-casein also decreased the attachment of S. aureus and L. monocytogenes to
the stainless steel, as compared to untreated stainless steel. In addition, Barnes et al. (1999)
investigated the potential role of surface roughness in the attachment of bacteria, comparing
stainless steel 2B with No. 8 mirror-finished stainless steel. However, no significant differ-
ence was observed in bacterial attachment between the two surfaces, although the reduction
in bacterial attachment caused by the addition of milk components was still observed.

Barnes et al. (2001) carried out a further study to investigate the effect of milk proteins on
bacterial attachment to stainless steel. This study showed that S. aureus and L. monocytogenes
attached at the lowest extent in the presence of k-casein, and the authors suggested that the
protein might prevent bacterial attachment due to its hydrophilic regions. Bacterial attachment
was greatest in the presence of a-lactalbumin, and this was believed to be due to a-lactalbumin
covering less of the surface, allowing a greater surface area of stainless steel to be exposed for
bacterial attachment. Barnes also showed that, as the milk dilution increased, the coverage of the
surface by milk proteins also decreased, as measured by x-ray photoelectron spectroscopy,
resulting in an increased extent of attachment of bacteria to the surface. Barnes et al. (2001) also
speculated that, as the concentration of protein on the surface lowers, the adsorbed protein mol-
ecules may orientate themselves in such a way as to reduce the steric hindrance as bacteria
approach the attachment surface. Speers and Gilmour (1985) noted that the presence of whole
milk, fat and casein did not cause any significant increase in bacterial attachment in the presence
of milk components, except for casein protein and lactose. Fletcher (1976), meanwhile, showed
that different types of protein influence bacterial attachment differently, highlighting that pro-
teins such as bovine serum albumin (BSA), gelatin, fibrinogen and pepsin inhibited the attach-
ment of bacteria to an exposed surface, while casein protein, after adsorbtion to the surface, had
little effect on bacterial attachment. However, Fletcher (1976) also stated that the extent of bacte-
rial attachment depended on the type of surface and the species of bacteria involved. Both
Fletcher (1976) and Speers and Gilmour (1985) agree that the competition between various
components present in the milk might be the reason behind the reduction of bacteria attachment.
Speers and Gilmour (1985) also suggested that milk fat globules and naturally occurring anti-
bodies in milk might cause the inhibition of bacterial attachment. Brooks and Seaman (1973)
proposed that certain protein molecules modify the ionic condition of the surface, forming a
macromolecular ‘scaffolding’ to which the bacteria are unable to attach (Maroudas, 1975).

In a study investigating the impact of dairy lipids on bacterial adherence to stainless
steel surfaces, Dat ef al. (2014) reported that skim milk-, buttermilk- and butter serum-
conditioned surfaces reduced bacterial attachment of Lactococcus lactis, Leuconstoc
cremoris and Lactobacillus casei. Bacterial attachment was lower in buttermilk and butter
serum relative to skim milk. Skim milk contains less fat (0.2%) than butter serum (3.1%)
or buttermilk (1.8%). Dat et al. (2014) proposed that the different compositions created
different surface roughness after conditioning, changing the bacterial attachment
behaviour. Conditioning the surfaces of some areas of dairy plants with particular protein
molecules and lipids might reduce bacterial attachment and thus, perhaps, reduce biofilm
production on milk processing equipment. Barnes et al. (1999) highlighted that a pretreat-
ment with macromolecules possessing particular properties could provide a temporary
solution in tackling the biofouling problem in the food industry. Similarly, Dat ef al.
(2014) stated that surface conditioning with milk byproducts such as buttermilk, butter
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serum and skim milk might provide an initial control for bacterial attachment. This is
supported by a study conducted by Busscher et al. (1998), who showed that the daily
consumption of buttermilk reduced biofilm formation on a silicone rubber voice prosthesis
over a period of at least 8 days.

3.5 Effect of ions on the development of biofilms
of thermophilic bacilli

Observations made in New Zealand milk powder manufacturing plants have indicated that,
during the processing of milk formulations high in sodium and low in calcium and magne-
sium ions, biofilm formation and contamination by thermophilic bacilli, predominantly con-
sisting of Geobacillus spp. and Anoxybacillus flavithermus, is markedly abated (Somerton
etal.,2012). As it is perceived that biofilms in the manufacturing lines of milk powder manu-
facturing plants act as the main reservoir of thermophilic bacilli, the influence on biofilm
growth of these bacteria appears a likely explanation. A range of free sodium (Na*), potas-
sium (K*), calcium (Ca*") and magnesium (Mg?*) ion concentrations and ratios was tested on
Geobacillus spp. and A. flavithermus throughout biofilm formation, which involved the tran-
sition of planktonic cells to an irreversibly attached form and the subsequent establishment
of a biofilm. Somerton ef al. (2012) aimed to increase our understanding of the observed
decrease in thermophile counts in final milk powder products with high monovalent to divalent
cation ratios, and to obtain insights of practical significance.

Three mechanisms for the effect of Na*, K*, Ca®>* and Mg* on Geobacillus spp. and
A. flavithermus biofilm formation were proposed:

1. Their effect on cation homeostasis and their requirement as a nutrient source.

2. Their direct electrostatic effect on cohesive forces among bacterial cells, the stainless
steel attachment substrate and extracellular matrix polymers.

3. Their effect on the physiology and metabolism of bacteria, which may indirectly influence
the attachment and cohesive forces of a biofilm.

The effects of Na*, K*, Ca** and Mg?* on planktonic Geobacillus spp. and A. flavithermus
were investigated in order to gain insights into the effect of cations on the bacteria prior to
their transition to a surface-attached form. It was hypothesised that if cations influenced
Geobacillus spp. and A. flavithermus in the planktonic form, this might subsequently
influence their ability to transition from a planktonic to a stainless steel-attached form. It was
found that the response of Geobacillus spp. and A. flavithermus to Ca** and Mg* was
predominantly responsible for an increase in the optical density of the planktonic cultures
(Somerton et al., 2012). It was concluded that the optical density of the cultures depended on
surface protein production, rather than differences in total viable cell counts, spore counts,
cell size, cell aggregation or the production of surface polysaccharide. This is a novel finding,
as usually the optical density of planktonic bacterial cultures is proportional to cell and spore
numbers (Rippey & Watkins, 1992; Griffiths et al., 2011). Also, it was proposed that Ca*
and Mg** stimulated the production of surface protein by Geobacillus spp. and A. flavithermus,
which increases the metabolic diversity of the bacteria, increases their interaction with the
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environment and may enhance their ability to attach to a substrate (Somerton et al., 2013).
These findings indicated that the cations had a physiological effect on planktonic Geobacillus
spp. and A. flavithermus, and, conversely, the electrostatic effects of the cations had no
apparent influence on culture optical density. These findings are of fundamental significance
to our knowledge of the effect of cations on Geobacillus spp. and A. flavithermus metabo-
lism, physiology and biofilm formation.

In addition, it was found that when a cation was supplemented alone, high Na*, K* or Ca*
concentrations of between 63 and 250mM significantly decreased the optical density of
Geobacillus spp. cultures. It was proposed that the high individual cation concentrations
imbalanced cation homeostasis of the Geobacillus spp., which inhibited their metabolism and
growth. This is an example of an effect of cations on the homeostasis of the Geobacillus spp.
Furthermore, Mg?* protected the Geobacillus spp. strains from inhibitory concentrations of
Na*, K* or Ca?* (63-250mM). These results have a practical significance as they indicate that
growth of Geobacillus spp. in a milk formulation with a high monovalent to divalent cation
ratio (i.e. high Na* and low Mg** concentrations) may be inhibitory. In addition, they have a
fundamental significance, as they indicate that cations at high monovalent to divalent cation
ratios inhibit the growth and metabolism of bacteria by imbalancing cation homeostasis.

Overall, the results obtained from investigations of the effect of cations on planktonic
Geobacillus spp. and A. flavithermus indicate that the divalent cations Ca** and Mg** promote
growth and physiologically prime bacteria for biofilm formation, and that high concentrations
of the monovalent cations Na* and K* inhibit the growth of Geobacillus spp. These findings
have a practical significance as they indicate that Geobacillus spp. growth and biofilm forma-
tion may be inhibited in a milk formulation with a high monovalent to divalent cation ratio.

The effect of different Na*, K*, Ca?* and Mg>* concentrations and monovalent to divalent
cation ratios on both the transition of planktonic Geobacillus spp. and A. flavithermus to
an irreversibly attached form on stainless steel and the subsequent establishment of a
biofilm was investigated by Somerton et al. (2013). The same authors also investigated
the effect of preconditioning planktonic Geobacillus spp. and A. flavithermus with different
cation concentrations and monovalent to divalent cation ratios prior to attachment and biofilm
formation. They found that the attachment and biofilm formation of Geobacillus spp. and
A. flavithermus were not altered when the ionic strength of the growth medium ranged
between 2 and 125 mM, or when monovalent to divalent cation ratios of 2: 1 and 10: 1 were
compared. This indicated that the electrostatic effects of the cations did not influence the
transition of planktonic Geobacillus spp. and A. flavithermus to a stainless steel-attached
form or the proliferation of the bacteria in an established biofilm. Preconditioning
Geobacillus spp. and A. flavithermus with cations often increased subsequent attachment of
the bacteria relative to unconditioned bacteria. This indicated that the bacteria physiolog-
ically responded to the cations during preconditioning, subsequently increasing their
ability to attach to stainless steel. For example, the Geobacillus spp. and A. flavithermus
may have responded to the cations by upregulating the expression of surface-exposed
polymers that assist attachment. These findings indicate that the transition of Geobacillus
spp. and A. flavithermus from milk formulations to stainless steel product contact surfaces
in milk powder manufacturing plants is predominantly mediated by bacterial physiological
factors (e.g. surface-exposed adhesins), rather than the direct electrostatic effect of
cations surrounding bacteria.
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Interestingly, biofilm formation after 6 hours by Geobacillus sp. F75 tended to decrease
as the monovalent to divalent cation ratio of milk formulations increased. This demonstrated
the potential for Geobacillus spp. biofilm formation to be inhibited in milk formulations
with high monovalent to divalent cation ratios during milk powder manufacture.

MALDI-TOF mass spectroscopy was used to investigate the influence of Na*, K*, Ca?* and
Mg** on protein expression by Geobacillus sp. F75 grown in a biofilm. Protein expression
was investigated in order to gain insights into the influence of the cations on the physiology
of Geobacillus spp., so as to test the hypothesis that in the presence of different cations leads
to different physiologies (Somerton et al., 2013).

In cultures supplemented with 2mM Mg?*, 16 Geobacillus sp. F75 proteins were not
expressed (they were speculated to be downregulated) and one protein was expressed (i.e.
upregulated) compared to cultures that were not supplemented with cations or cultures
supplemented with all cations (Na*, K*, Ca?* and Mg?>*). This finding has a fundamental
significance, as it indicates that Mg?* influences the physiology of Geobacillus spp. during
biofilm formation.

Five of the downregulated proteins were identified as having functions involved in sporulation,
so it was proposed that Mg?* prevents sporulation and thereby promotes the cell division and
metabolism of Geobacillus spp. in a biofilm. This finding provides evidence to suggest that in
milk formulations with high monovalent to divalent cation ratios (which have low Mg?* concen-
trations), Geobacillus spp. will have a tendency to opt for sporulation as opposed to cell division
and growth. Thus, this finding has a practical significance as it indicates that the proliferation
of Geobacillus spp. biofilms in the processing of milk formulations with high monovalent to
divalent cation ratios may be abated, lowering the thermophillic bacilli cell counts in the final
milk powder products thereby derived.

In order to further investigate the observation that biofilm formation 6 hours after attachment
by Geobacillus sp. F75 was inhibited in a milk formulation with a high monovalent to divalent
cation ratio, up to 18 hours’ biofilm formation by three Geobacillus spp. isolates and three
A. flavithermus isolates was investigated in milk formulations with varied Na*, Ca?* and Mg?*
concentrations and monovalent to divalent cation ratios (Somerton et al., 2013). This study was
conducted for three reasons: first, to investigate the prevalence of the inhibition of biofilm
formation by isolates from the Geobacillus spp. and A. flavithermus groups in milk formulations
with high monovalent to divalent cation ratios; second, to investigate the bacterial isolates’
potential to inhibit biofilm formation across the entire 18-hour duration of operation of a typical
milk powder manufacturing plant; and third, to characterise the role of high Na*, low Ca®* and
low Mg?* concentrations in the inhibition of biofilm formation of the bacterial isolates in milk
formulations with high monovalent to divalent cation ratios.

Biofilm formation by all three Geobacillus spp. isolates was inhibited for up to 18 hours
in a milk formulation with a high monovalent to divalent cation ratio, whereas biofilm
formation by all three A. flavithermus isolates was similar for between 6 and 18 hours in
a milk formulation with a high monovalent to divalent cation ratio as compared to that in a
milk formulation with an average monovalent to divalent cation ratio. These results
demonstrated that biofilm formation by Geobacillus spp. in the manufacturing lines of
milk powder manufacturing plants is markedly compromised throughout the processing
duration of milk formulations with high monovalent to divalent cation ratios. This has a
practical significance, as, given that a substantial proportion of thermophillic bacilli that
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may contaminate milk powders belong to the Geobacillus spp. group and Geobacillus spp.
spores have a greater tolerance to high temperatures than A. flavithermus spores (Scott
et al., 2007), it is proposed that milk powders derived from milk formulations with high
monovalent to divalent cation ratios have the potential to record markedly decreased
thermophilic bacilli counts and, as a consequence, have a superior quality and may fetch
higher selling prices.

It was concluded that high Na*, low Ca?* and low Mg** concentrations were collectively
required to maximally inhibit Geobacillus spp. biofilm formation. When a milk formulation
with a high monovalent to divalent cation ratio was supplemented with either Ca** or Mg?*,
the increased Ca** and Mg?* concentrations protected the Geobacillus spp. isolates from the
toxic effect of the high Na* concentration. This finding is similar to results observed in plank-
tonic experiments, where it was observed that Mg?* protected Geobacillus spp. from toxic
concentrations of Na*, K* or Ca** (Somerton et al., 2012). These findings have a fundamental
and practical significance, as they show that Mg+ has a protective effect against toxic Na*
concentrations and that a high monovalent to divalent cation ratio can inhibit Geobacillus
spp. in both a planktonic and a biofilm form.

It was proposed to be unlikely that the electrostatic effects of the cations in a milk formu-
lation with a high monovalent to divalent cation ratio were responsible for the inhibition of
biofilm formation by the Geobacillus spp. isolates. The electrostatic effects of cations with
surface-exposed polymers and the extracellular matrices of bacteria are similar for all types
of bacteria (Neuhaus & Baddiley, 2003). Given that biofilm formation by the Geobacillus
spp. isolates, but not the A. flavithermus isolates, was inhibited in the milk formulation with
a high monovalent to divalent cation ratio, this finding has a fundamental significance, as it
is proposed that the predominant mechanism influencing the inhibition of the Geobacillus
spp. was not an electrostatic effect.

It is proposed that the dominant mechanism influencing the inhibition of Geobacillus spp.
was either an imbalance of cation homeostasis or a physiological response of the bacteria to
the high Na*, low Ca? and low Mg?*" concentrations. These findings are of a fundamental
significance, as they provide insights into how cations, at high monovalent to divalent cation
ratios, inhibit Geobacillus spp. biofilm formation. High Na* concentrations may either have
a toxic effect or cause a physiological response compromising the growth of the Geobacillus
spp. in a biofilm. Low Ca* and Mg** concentrations may deprive the Geobacillus spp. of
sufficient Ca** and Mg?* for growth and metabolism or cause the bacteria to elicit a physio-
logical response that decreases the growth of the Geobacillus spp. in a biofilm.

In contrast to Geobacillus spp., biofilm formation by A. flavithermus is not affected by the
high monovalent to divalent cation ratios present in some milk formulations. A. flavithermus
may have a greater tolerance than Geobacillus spp. to the Na* concentrations present in the
milk formulations studied, or may have a greater capacity to acquire Ca** and Mg**. This
suggests that A. flavithermus growth and biofilm formation are not inhibited in manufac-
turing lines during the manufacture of milk powders with high monovalent to divalent
cation ratios.

Figure 3.1 shows the effect of sodium ions and calcium ions on the biofilm formation of
a Geobacillus species. Adding sodium ions to a standard milk formulation (Figure 3.1b,c)
shows some inhibition of biofilm formation. Adding calcium ions to a milk formulation
lacking in calcium increases the formation of biofilm.
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Figure 3.1 Biofilm formation, after 6-18 hours of incubation at 55°C, by viable Geobacillus spp. 183 cells (log CFU/cm?) on stainless steel
coupons completely submerged in (a) a standard milk formulation, (b) the same milk formulation supplemented with 50mM NaCl or (c) the
same milk formulation supplemented with 100mM NaCl, or in (d) a reduced-calcium milk formulation (2), (e) the same milk formulation sup-
plemented with 2mM CaCl, or (f) the same milk formulation supplemented with 2mM MgCl,. Experiments were repeated as triplicates and
error bars represent £1 standard deviation (on~'). Asterisk denotes a significant difference (P<0.05) between cation-supplemented and unsup-
plemented milk formulations for the respective milk formulation and time point.
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If the Na* concentration of a milk formulation is to be increased and the Ca** and Mg*
concentrations of a milk formulation are to be reduced, the cation concentrations should be
manipulated as early in the manufacturing process as possible. This will have the benefit of
preventing biofilm formation of Geobacillus spp. during milk powder manufacture. This has
the potential to lower the thermophilic bacilli count in a milk powder product, which can
increase the quality and selling price of the product.

Further investigations of the prevalence of Geobacillus spp. strains that are inhibited when
grown in milk formulations with high monovalent to divalent cation ratios will more accu-
rately and conclusively determine the extent of growth inhibition of the Geobacillus spp.
group in milk formulations with a high monovalent to divalent cation ratio. Furthermore, if
the growth inhibition of Geobacillus spp. strains in milk formulations with high monovalent
to divalent cation ratios proves to be widespread, a Na* toxicity test might be developed which
could be used to differentiate between the Geobacillus spp. and A. flavithermus groups.

It would be useful to investigate the possibility that Geobacillus spp. biofilm formation is
inhibited for longer than 18 hours (i.e. for up to 30 hours) when grown in milk formulations
with high monovalent to divalent cation ratios. If it is found that many Geobacillus spp.
strains are inhibited for up to 30 hours then the manufacturing run time could be extended.
This would decrease manufacturing costs associated with cleaning regimes, such as the cost
of cleaning chemicals and loss of production time.

Further investigations are needed to clarify whether it is low Ca**, low Mg** or both low Ca*
and Mg?* which inhibits Geobacillus spp. biofilm formation in milk formulations with a high
monovalent to divalent cation ratio. If it is found that only one of the two cation concentra-
tions needs to be low to inhibit Geobacillus spp. biofilm formation, then only one will have to
be targeted when developing strategies by which to decrease such formation during milk powder
manufacture. Identifying the minimum inhibitory concentration of Na* and the maximum
inhibitory concentrations of Ca?* and Mg?* which inhibit Geobacillus spp. biofilm formation
would also provide target concentrations when developing such strategies, while identifying the
molecular mechanisms used by Geobacillus spp. and A. flavithermus to detect, monitor and
respond to fluctuations in external cation concentrations would provide insights into the molecular
mechanisms which liberate the effects of cations on cation homeostasis and into the physiology
of Geobacillus spp. and A. flavithermus. Identification of the physiological factors which either
make Geobacillus spp. susceptible to high monovalent to divalent cation ratios in milk formu-
lations or enable A. flavithermus to tolerate high monovalent to divalent cation ratios in milk
formulations would help our understanding of the observations made by Somerton et al. (2013).

Investigations into the potential for Na* to competitively exclude Ca* and Mg** from the
cell envelope would provide further insights into the molecular mechanisms that liberate the
effects of cations on cation homeostasis and into the physiology of Geobacillus spp. and
A. flavithermus. Identification and characterisation of the proteins upregulated by Geobacillus
spp. and A. flavithermus in response to Ca?* and Mg?* in planktonic culture would provide
some insight into the involvement of the surface-exposed proteins in attachment and biofilm
formation. Identification and characterisation of the physiological factors, such as adhesion,
that assist attachment by Geobacillus spp. and A. flavithermus would help our understanding
of the attachment mechanism used by thermophilic bacilli and aid in the development of
strategies by which to negate their attachment to stainless steel in the manufacturing lines of
milk powder manufacturing plants.
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Investigating the effect of Mg?* on the number of spores in Geobacillus sp. biofilms might
support results obtained from protein expression experiments, which indicate that Mg?*
induces a downregulation of sporulation protein expression, and thus of sporulation.

Finally, investigations into the effect of a range of cation concentrations and monovalent
to divalent cation ratios on Geobacillus spp. and A. flavithermus biofilm formation in a
continuous-flow reactor would create circumstances more closely aligned to those found
in a milk powder manufacturing plant. Under such circumstances, the direct electrostatic
effects of cations on bacterial attachment and biofilm formation might be more
influential.

3.6 Conclusion

Biofilm formation may be enhanced or reduced through simple changes in milk composition,
including the content of both organic and inorganic compounds. Our understanding of these
effects is by no means complete, but already we have enough information to suggest that
biofilm formation in a dairy manufacturing environment might be controlled by manipulation
of the composition of the milk or milk product.
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4.1 Introduction

Milk is an excellent medium for the growth of microorganisms. While bacteria have traditionally
been studied in terms of their planktonic growth, recently, studies have focused on bacteria
adhered to and growing on surfaces and the problems they can cause in milk products. This
chapter will discuss how biofilms can affect food safety, spoilage and processing efficiency within
dairy manufacturing plants.

4.2 Microbiological flora associated with dairy manufacturing

Within a dairy manufacturing plant, a wide range of temperatures and conditions are used in
the production of diverse products, such as butter, cheese, liquid milk and milk powder. These
conditions can provide unique ecological niches for the growth of a range of organisms,
including psychrophilic (cold-loving), psychrotrophic (cold-tolerant), mesophilic, thermo-
duric (heat-tolerant) and thermophilic (heat-loving) organisms. This section discusses each of
these types of organism in some detail.

4.2.1 Psychrotrophs

Bacterial spoilage of milk caused by psychrotrophic microorganisms results in significant eco-
nomic losses for the dairy industry (Randolph, 2006), particularly since many dairy products are
stored and transported at low temperatures in order to limit the growth of microorganisms.
Facultative psychrotrophs can persist and potentially grow within a temperature range of
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0-40°C. They typically occur at higher numbers in milk than do obligate psychrophiles, which
will grow only between 0 and 15 °C. Psychrotrophic bacteria are ubiquitous and can be found in
anumber of environments, including soil, water and vegetation (Cousins, 1982). They consist of
both Gram-positive and Gram-negative bacteria. The majority of psychrotrophs belong to the
genera Pseudomonas, Aeromonas, Acinetobacter, Serratia, Alcaligenes, Achromobacter,
Enterobacter, Flavobacteriumm, Klebsiella, Bacillus, Arthrobacter, Clostridium, Lactobacillus,
Listeria, Staphylococcus, Corynebacterium, Microbacterium and Micrococcus. During chilled
storage, the predominant microflora in milk shifts from being Gram-positive to predominantly
Gram-negative.

Pseudomonas are the predominant Gram-negative bacteria found in chilled milk, owing to
their ability to grow within the bulk phase and on the surface of refrigerated milk containers.
Many Pseudomonas spp. produce heat-stable extracellular lipases, proteases and lecithinases
that can cause spoilage of milk. While the pseudomonads that created them are destroyed by
pasteurisation, these heat-stable enzymes can remain active post-pasteurisation and cause
spoilage, as discussed in further detail in Section 4.4.

The growth of Paenibacillus spp. in milk at refrigerated temperatures has recently been
identified as a concern in the dairy industry (Ivy et al., 2012). Isolates from Bacillus spp.
represent the predominant bacteria found early in the shelf life of liquid pasteurised milk
products, as they can survive pasteurisation. However, in the absence of post-pasteurisation
contamination caused by Pseudomonads, Paenibacillus spp. can become the predominant
microorganism and reduce the shelf life of the product (Ranieri & Boor, 2010). Isolates of
Paenibacillus are typically found in raw milk in very low numbers and remain in low num-
bers in post-pasteurised milk, but are able to grow at the low temperatures in refrigerated
liquid milk. High numbers of Paenibacillus spp. can cause off-flavours and curdling of milk
(Huck et al., 2007; Ranieri et al., 2009; De Jonghe et al., 2010). Yegorenkova et al. (2011)
have shown that Paenibacillus polymyxa is able to form biofilms on abiotic surfaces, but it
remains unknown whether biofilms produced by dairy isolates of Paenibacillus are respon-
sible for the spoilage of refrigerated milk (Yegorenkova et al., 2011).

4.2.2 Mesophiles

Mesophiles are a group of bacteria that grow between 10 and 45 °C. Like psychrotrophs, they are
ubiquitous, being found in soil, water, vegetation and animals. A number of pathogens that are of
concern for the dairy industry are mesophiles. These include Campylobacter spp., Salmonella,
Staphylococcus aureus, Bacillus cereus and Cronobacter sakazakii (van Acker et al., 2001;
Oliver et al., 2005). They can be controlled in a dairy environment through refrigeration, pasteuri-
sation and implementation of Good Manufacturing Practices (GMP) in a manufacturing plant.
These organisms will be discussed in further detail in Section 4.3.

4.2.3 Thermodurics

Thermoduric microorganisms consist of mesophiles and thermophiles that are able to survive
temperatures considerably higher than those under which they are able to grow. Specifically,
thermoduric organisms are able to survive, but not grow, at pasteurisation temperatures.
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Thermoduric bacteria include species of Micrococcus, Streptococcus, Lactobacillus and
Bacillus. Streptococcus thermophilus is able to survive the pasteurisation process and attach
to surfaces downstream. The adhered cells are considerably more resistant to sanitisers and
heat than planktonic cells and are able to form biofilms in post-pasteurisation processing
lines. More information regarding S. thermophilus will be discussed in Chapter 6.

4.2.4 Thermophiles

Thermophiles are organisms that grow at between 45 and 70°C. Geobacillus spp.,
Anoxybacillus flavithermus and Bacillus licheniformis are thermophiles that are commonly
found in milk. These organisms are typically associated with soil and compost and are
believed to be introduced into raw milk in low numbers (<10CFU/ml) during milking
(McGuiggan et al., 2002). Like thermodurics, these organisms can survive pasteurisation,
and, if conditions such as water activity and temperature are suitable, can attach, grow and
form biofilms. While not pathogenic, their presence in milk can lead to the production of
enzymes that break down the milk proteins, creating off-flavours in the final product. These
organisms also have the ability to form endospores that enable them to survive even greater
extremes of temperature, low water activity and chemical activity, which means they can be
extremely difficult to eradicate from a dairy manufacturing plant. More details regarding
thermophilic bacilli, their spores and their impact on the dairy industry is found in Chapter 7.

4.3 Effects of biofilms on food safety

Food safety is a serious concern for the food processing industry. The monitoring and con-
trol of pathogens in processing lines is crucial in order to avoid contamination of products
and prevent potentially unsafe or low-quality products being sold to consumers. Over the last
30 years, the importance of biofilms in the contamination of foods has gained prominence
(Shi & Zhu, 2009). In dairy manufacturing plants, biofilms can be divided into two categories:

1. Process biofilms: Biofilms that are unique to a dairy manufacturing plant and form on
surfaces that are in direct contact with the flowing product.
2. General biofilms: Biofilms that form in the general food processing environment.

4.3.1 Bacillus cereus

Biofilms created by Bacillus spp. are a serious problem in food processing environments,
owing to the potential of Bacillus spp. to cause illness or spoil food products (Faille ef al.,
2014). Among the various species of bacilli, B. cereus is the major concern in a large range of
food processing environments, due to the ability of some strains to cause gastrointestinal illness
(Rusul, 1995). Bacillus cereus is a Gram-positive, spore-forming, facultative aerobic rod-
shaped bacterium. It is ubiquitous in the environment and can be found in soil, plants and even
within the intestinal tract of insects and mammals (Granum & Lund, 1997; Pirttijarvi et al.,
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1999; Stenfors Arnesen et al., 2008). Vegetative cells are able to produce enterotoxins, which
can result in either diarrhoeal or emetic food poisoning (Granum, 1994). Diarrhoeal food
poisoning resulting from toxicoinfection can occur if the vegetative cells produce complex
enterotoxin while growing in the small intestine. Foodborne intoxication due to an emetic toxin
can result if the vegetative cells have the opportunity to grow up to large numbers in food.

There have been a number of studies on the growth of B. cereus in pasteurised milk
products (Becker et al., 1994; Larsen & Jgrgensen, 1997; Notermans et al., 1997; Faille
et al., 2001). The ability of B. cereus to form spores undoubtedly plays an important role in
its ability to become established within dairy manufacturing plant processing lines as a
process biofilm (Ronner & Husmark, 1992; Shaheen et al., 2010). Spores are able to survive
pasteurisation and adhere to surfaces downstream in a processing line. Spores of B. cereus
are particularly interesting because they possess an exosporium, which has a greater surface
hydrophobicity than the spores of other bacilli (Ronner et al., 1990; Husmark & Ronner,
1992). The increased surface hydrophobicity of these spores enables them to adhere in
higher numbers to stainless steel than most other microorganisms (Husmark & Ronner,
1990; Faille et al., 2002; Tauveron et al., 2006). If conditions are favourable, these spores
can germinate and the vegetative cells can grow, multiply and form a biofilm.

Vegetative cells of B. cereus are able to form biofilms under static or flow conditions (Wijman
et al., 2007) and can produce extracellular polymeric substances (Karunakaran & Biggs, 2011)
and DNA (Vilain et al., 2009), which play a role in biofilm formation and structure. Several
studies have also shown that sporulation can occur within established biofilms of B. cereus
(Storgards et al., 2006; Faille et al., 2014); these spores can subsequently leave the biofilm and
contaminate other parts of the processing line or the product being processed.

4.3.2 Listeria monocytogenes

Listeria monocytogenes has been recognised for many years as an important foodborne path-
ogen (Schlech er al., 1983). It is associated with a number of foodborne disease outbreaks
and has a relatively high mortality rate, particularly among immune-compromised or elderly
people and pregnant mothers and their unborn children (Farber & Peterkin, 1991).
L. monocytogenes is a facultative psychrotroph that can grow and replicate at refrigerated
temperatures (Rosso et al., 1996), creating a serious problem for many food industries, and
in particular the dairy industry, where refrigeration is the main hurdle in many products to
the growth of microorganisms. L. monocytogenes is believed to be associated with general
biofilms growing in the processing environment. A previous study observed biofilms of
L. monocytogenes in milking equipment, such as milk meters (Latorre et al., 2010). The
growth of L. monocytogenes as biofilms is dependent upon the growth of other isolates
within a dairy or meat processing plant (Jeong & Frank, 1994a,b). It has been reported that
species of Pseudomonas, Bacillus and Streptococcus can reduce the number of
L. monocytogenes that adhere to a surface, indicating competition for adhesion sites. In
contrast, other studies have reported that the presence of other bacteria promotes the
establishment of pathogenic bacteria such as L. monocytogenes through the formation of
multispecies biofilms and enhances its resistance to sanitisers (Sashara and Zottola, 1993;
Bremer et al., 2001, 2002). A study by Borucki et al. (2003) showed that persistent strains in
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bulk milk samples increased biofilm formation capability compared with nonpersistent
strains. However, no relationship was observed between the ability of certain strains to form
biofilms and their virulence.

4.3.3 Cronobacter sakazakii

Cronobacter sakazakii (previously known as Enterobacter sakazakii) is a concern for food
manufacturers globally, as its presence in food products is a serious threat to infants and can
cause a number of illness, such as necrotising enterocolitis (van Acker et al., 2001),
bacteraemia (Muytjens et al., 1988) and a rare form of infant meningitis (Bar-Oz et al.,
2001). It has been isolated from powdered infant milk formula (Simmons et al., 1989). Two
separate studies have found that C. sakazakii is able to adhere to and form biofilms on a
number of different surfaces associated with dairy manufacturing plants (Iversen et al.,
2004; Kim et al., 20006). It also has the ability to survive spray drying, desiccation and
osmotic stress (Osaili & Forsythe, 2009). Studies using genotyping methods to track isolates
of C. sakazakii in dairy manufacturing plants have reported that the microorganism can be
found external to the processing lines and not associated with raw milk (Craven et al., 2010;
Jacobs et al., 2011; Sonbol et al., 2013). A study by Jacobs ef al. (2011) reported that
C. sakazakii isolates present in textile filters at the top of the spray dryer were of the same
genotype as isolates found in the final product. These studies indicate that the source of the
contamination lies not within the processing lines but in external sources entering near
the final stages of manufacture. However, more research is required in order to determine
whether biofilms in these areas are the source of contamination.

4.4 Effects of biofilms on spoilage

Spoilage caused by the growth of microorganisms and their production of enzymes such as
lipases and proteases is a serious concern for the dairy industry. Spoilage can result from the
production of heat-stable enzymes by bacteria in raw milk holding tanks prior to pasteurisa-
tion, from microorganisms that survive pasteurisation or from post-pasteurisation contami-
nating microorganisms that actively grow and produce enzymes. This section will examine
the effects of biofilms on the spoilage of dairy products.

The production of spoilage enzymes by dairy biofilms has until recently been an unrecog-
nised source of degradation of dairy products (Teh et al., 2014a). Teh et al. (2012, 2013) have
recently shown that the production of spoilage enzymes is generally higher in biofilms than in
enzymes produced by planktonic cells. This raises the possibility that these spoilage enzymes
can be secreted from dairy biofilms during milk transportation, handling and processing and
might end up in the final dairy product. Heat-stable enzymes that are produced by psychro-
trophic biofilms upstream of pasteurisation could remain active post-pasteurisation and spoil the
final product, as only trace amounts of an enzyme are required to cause damage (Shah, 1994).

The increased enzymatic activity within biofilms can be explained by their different
metabolic activity and physiology compared with planktonic cells (Oosthuizen et al.,
2001). Proteolysis has been found to be strain-, temperature- and growth mode-dependent
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(Teh et al., 2014a). For example, proteolysis and growth were observed at 37 °C (and only
at 37°C) by the biofilm cells of Pseudomonas fluorescens but not by the corresponding
planktonic cells. This could be linked with the ability of cells in biofilms to grow at higher
temperatures than their planktonic counterparts (Rogers et al., 1994; Nilsson et al., 2011).
The accumulation of enzymes within biofilms may also aid in the survival of the bacteria
in a dairy environment. In another study the hydrolysis of tributyrin within a Staphylococcus
aureus biofilm was greater when the biofilm was grown under a low-nutrient environment
(Teh et al., 2013). This was postulated to be due to a stress response, with an accumulation
of enzymes within the biofilm acting as a survival mechanism (Budhani & Struthers, 1998;
Thomason et al., 2012). Furthermore, butyric acid released from the lipolysis of milk has
been shown to promote biofilm formation by Bacillus subtilis (Pasvolsky et al., 2014).

Recent research has examined the effect of multispecies biofilms on the production of spoil-
age enzymes. Isolates of B. licheniformis and Pseudomonas fragi, growing as a multispecies
biofilm, displayed greater proteolysis than their corresponding single-culture biofilms (Teh
et al.,2012). This observation was in agreement with a previous study, which found that the pro-
duction of amyloyltic enzymes increased in co-culture biofilms of Bacillus amyloliquefaciens
and Zymomonas mobilis compared with either single-culture biofilm (Abate et al., 1999). The
effect of nutrient availability on lipolysis in co-culture biofilms was inconclusive, perhaps as a
result of the complexities of microbial interaction. In general, mutualistic interactions were
observed where the amount of lipolysis was increased in all of the co-culture biofilms of
Streptococcus uberis CO5 when grown in a nutrient-rich environment (Teh et al., 2013). The
bacterial strain, the co-culture combinations and the availability of nutrients can all influence
the lipolytic effect of a biofilm.

In addition to psychrotrophic bacteria, mesophilic and thermophilic bacteria found in raw
milk may also be entrapped within biofilms, and the populations within these biofilms may
shift to favour the growth of mesophilic and thermophilic bacteria in a dairy manufacturing
plant. Bacterial populations within multispecies biofilms can shift due to environmental fac-
tors and microbial interactions (Martiny et al., 2003; Elias & Banin, 2012). Thermophilic
bacteria, such as Geobacillus stearothermophilus, are common contaminants in milk powder
manufacturing and are known to produce heat-stable enzymes (Chopra & Mathur, 1985;
Burgess et al., 2010). During heat treatment, the heat-stable enzymes produced within these
biofilms may be secreted into the heat-treated products, thereby shortening their shelf life.

Another study by Teh et al. (2014a,b) demonstrated that proteolysis can occur in ultra-high-
temperature (UHT) milk that was previously exposed to biofilms for 10 hours in an in vitro
model simulating the transportation of raw milk by a milk tanker. The effects of the enzymes
produced by bacteria within a biofilm formed on an in vitro model of a milk tanker with three
different microbial loads (10%, 10° and 10’ CFU/ml), comprising P. fluorescens, Serratia lique-
faciens and S. aureus, were examined. The degradation of the UHT milk exposed to a slightly
contaminated vessel (10°CFU/ml) was observed only at 40°C within 6 months of storage,
while degradation after exposure to a moderately contaminated vessel (10°CFU/ml) was
observed at both 30 and 40 °C. Milk exposed to a highly contaminated vessel (10’ CFU/ml) was
extensively degraded, and the effect was observed immediately when the milk was heat treated,
resulting in the coagulation of the milk. The degradation of milk was most likely caused by the
presence of heat-stable proteases, as the milk was previously subjected to heat treatment
(141 °C for 15 seconds). This is in agreement with other studies, in which heat-stable proteases
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were able to retain their activity and affect the quality of UHT product during storage
(Champagne et al., 1994; Shah, 1994; Celestino et al., 1997). This study demonstrated that the
presence of multispecies biofilms on the internal surfaces of a milk tanker during raw milk
transportation may have detrimental effects on the quality of manufactured products, as a result
of enzyme secretion (Teh et al., 2014b).

Nonstarter lactic acid bacteria (NSLAB) can contribute to the development of undesirable
flavours and undesirable appearance in cheese. The majority of NSLABs are Lactobacillus spp.,
but Pediococcus and Leuconostoc spp. can also be present (Peterson & Marshall, 1990). The
source of NSLABs in cheese is believed to be post-pasteurisation contamination from biofilms
in the equipment (Austin & Bergeron, 1995; Somers et al., 2001; Agarwal et al., 2006). A study
by Somers et al. (2001) demonstrated that biofilms formed during the cheese-making process
can potentially survive cleaning, resulting in the contamination of subsequent batches of cheese.
All NSLABs can generate problems during cheese processing, and modification of cleaning
regimes to target biofilms and reduce the chances of contamination is required (Somers et al.,
2001; Agarwal et al., 2006).

The presence of proteolytic activity by Lactobacillus spp. can contribute to desirable
flavours in Cheddar cheese, but can also cause an increase in bitter peptides that results in
undesirable flavours (Driessen et al., 1984; Arihara & Luchansky, 2000). NSLABs can also
cause gas formation and calcium lactate crystallisation, resulting in a white haze on the
cheese (Agarwal et al., 2006). However, not all NSLABs create undesirable effects. Ragusano
cheese is created from brine-salted raw milk without the addition of a starter culture. Lactic
acid is produced by bacteria naturally occurring in the milk and growing on the surface of
traditional wooden vats called tinas (Licitra et al., 2007). It has also been reported that bio-
films that naturally reside on the surfaces of wooden shelves can inhibit the growth of
L. monocytogenes on the surface of cheese by 2 orders of magnitude after 12 days of
incubation at 15°C (Mariani et al., 2011).

The research presented in this section highlights how enzymes produced by bacterial cells
within biofilms can result in the spoilage of final dairy products, even following milk treatment
steps such as pasteurisation and UHT. Biofilms can form on the internal surface of a milk
tanker regardless of the quality of the raw milk. When milk tankers are not adequately cleaned,
biofilm growth and enzyme secretion can damage even good-quality milk. Raw milk that is
extensively degraded causes relatively little damage to a dairy company, as the milk will be
either rejected or diverted to less critical products. Milk that is contaminated with a low level
of heat-stable enzymes, however, is potentially damaging to a dairy company’s products, its
financial return and its reputation, as there is a risk the damage will go undetected until the
product is consumed.

4.5 Effects of biofilms on processing efficiency

The presence of established biofilms in milk processing lines can have a serious effect on
processing efficiency in a dairy manufacturing plant. The adherence of denatured proteins to
a surface can promote bacterial adhesion and growth. The build-up of proteins and biofilms
can restrict the flow of products, reduce thermal transfer through stainless steel and promote
corrosion. In order to remove these build-ups, longer and more intensive cleaning regimes
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are required, which result in financial loss due to increased downtime between product runs
and use of greater volumes of cleaning chemicals. The metabolic activity of established
biofilms can also cause biocorrosion of the underlying stainless steel. This section will dis-
cuss the effects of biofilm growth on processing efficiency in a dairy manufacturing plant.

4.5.1 Effects of fouling and biofilms on heat transfer and flow rates

Many dairy manufacturing plant processes require heating of milk products flowing at very high
flow rates (1.5m/s). At temperatures greater than 65 °C, whey proteins begin to denature and
aggregate, which can result in faster adherence to surfaces compared with the native state
(Belmar-Beiny & Fryer, 1992). These adhered proteins create fouling layers that can restrict
fluid and flow and reduce thermal conductivity through stainless steel surfaces (Yoon & Lund,
1989) (Figure 4.1). These fouling layers can also alter the characteristics of the stainless steel
surfaces, resulting in a higher number of bacteria adhering to them (De Jong, 1997). A study by
Flint et al. (2001) found that vegetative cells and spores of G. stearothermophilus adhered in
10-100 times greater numbers to a fouled stainless steel surface than to a clean surface. Fouling
and biofilms can result in decreased production run times, increased product losses and increased
cleaning times as attempts are made to control the fouling problem. A decrease in heat-transfer
coefficients and fluid flow caused by the build-up of deposits requires the use of increased
energy to maintain specific temperatures and flow rates (Russell, 1993; De Jong, 1997).

Figure 4.1 Accumulation of fouling and biofilm on the plates of a plate heat exchanger, which will result
in reduced heat transfer and restrict the flow of product.
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Figure 4.2 Severely blocked ultrafiltration membrane with biofilm visible on the edge of the cartridge.

Fouling and biofilms can become a serious issue for dairy processing membranes after
prolonged use (Tang et al., 2009a,b, 2010; Anand et al., 2014) (Figure 4.2). Membranes are
used to remove bacteria from skim milk, to concentrate casein micelles and to recover serum
proteins from whey. Research by Tang et al. (2009b) showed that the predominant organisms
causing biofilm production on membranes are of the genera Bacillus, Pseudomonas and
Klebsiella. Fouling can cause a severe flux decline and affect the quality of the final product,
resulting in higher production costs due to an increase in cleaning frequency and replacement
of membranes (Tang et al., 2010). The effects of biofilms on product quality and processing
efficiency will be discussed in further detail in Chapter 8.

4.5.2 C(leaning

Cleaning-in-place (CIP) regimes are generally used in dairy processing plants. A typical CIP
regime consists of five steps, with the rinse and circulation times depending on pipe length
and the equipment being cleaned. The typical steps in a CIP regime, as defined by Stewart
and Seiberling (1996), are:

1. Pre-rinse: The purpose of this step is to remove as much ‘loose’ soil as possible prior
to the formulated alkaline wash. Removal of most of the organic fat, carbohydrate or
proteinaceous soil is generally accomplished with ambient- or warm-temperature water.

2. Alkaline wash: This step uses heated (70-80 °C), recirculated, formulated solutions.
Since relatively long contact times are required, recirculation of cleaning solution is
essential for economical operation.

3. Post-rinse with water: This step normally occurs at ambient temperature. Its purpose
is to rinse away most of the alkaline cleaner. This solution is sometimes recovered for
the pre-rinse in the next CIP cleaning program.
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4. Acid rinse: This step occurs at ambient or heated (55-80°C) temperatures, using
recirculated acid solutions. Its purpose is two-fold: (i) to neutralise and remove residual
alkaline cleaner, which would otherwise form films on equipment that cannot readily be
removed by a simple post-rinse with water; and (ii) to remove mineral deposits.

5. Post-rinse: This step uses water or recirculated sanitising rinse. It is used to apply a
bactericidal agent to all cleaned surfaces. The post-rinse is sometimes heated to permit
faster drying of equipment.

CIP regimes were designed to remove foulant and bacterial growth from the food contact sur-
faces within dairy manufacturing plants. A feature of CIP regimes, evident in both industrial-
and laboratory-scale systems, is their variable effectiveness in eliminating surface-adherent
bacteria (Austin & Bergeron, 1995; Faille et al., 2001; Dufour et al., 2004; Bremer et al.,
2006). The most important factors influencing the effectiveness of the CIP are the cleaning
time, the cleaning agent temperature, the cleaning agent concentration and chemistry, the
degree of turbulence of the cleaning solution and the characteristics of the surface being
cleaned. The standard chemicals used in CIP regimes can be formulated to contain compounds
such as surfactants that improve their surface wetting, soil penetration and cleaning properties
(Bremer et al., 20006).

Bacterial contaminants, such as S. thermophilus, Salmonella spp. and L. monocytogenes,
have a greater resistance to heat and sanitisers in the presence of organic material when
growing on surfaces compared with planktonic cells (Frank & Koffi, 1990; Flint et al., 2002).
The increased resistance is associated with the amount of growth, biofilm structure and the
potential change in the physiology of the adhered cells (Frank & Koffi, 1990; Dhir & Dodd,
1995; Joseph et al., 2001).

The efficacy of CIP is also dependent on the washing temperatures used. For example, a
study by Latorre et al. (2010) showed that high bacterial cell counts were detected in dairy
farms with low washing temperatures (47-53 °C). This may have been caused by an old or
incorrect setting of the heating systems (Bava er al., 2011). The same thing was observed in a
study by Elmoslemany et al. (2009), in which bacterial spores were found attached to stainless
steel surfaces in dairy manufacturing plants following cleaning. Furthermore, a reduction in the
caustic concentration and temperature can reduce the efficiency of CIP by approximately 2log
in mixed-culture biofilms (Bremer et al., 2006).

4.5.3 Corrosion

Corrosion of a metal surface results from physicochemical interactions between the
surface and its environment, in which electrons are transferred from the metal to an
external electron acceptor (Beech, 2004). This causes a release of metal ions from the
surface, leading to its deterioration (Figure 4.3). This process can occur through
oxidation or reduction reactions. In aerobic environments, corrosion of metal occurs
through the reduction of water, while in anaerobic environments it occurs through the
production of hydrogen (Borenstein, 1994). However, the rate at which these reactions
occurs is determined by a number of factors, including corrosion products, metal type, micro-
organisms and the chemical composition of the aqueous environment (Borenstein, 1994).
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Figure 4.3 Biofilm build-up in a pipe used to transport waste, showing signs of corrosion of the steel surface.

A number of studies have looked at microbiologically influenced corrosion, which is
defined as the initiation or aggravation of corrosion due to microbial activity on a surface
(Hamilton, 1991; Zuo, 2007).

The dairy industry uses 304- and 316-grade stainless steel for metal surfaces and
machinery, because they are durable, corrosion-resistant (resistant to phosphoric acid)
and easy to clean. Typically, 304-grade stainless steel is used for refrigerated storage
tanks, pasteurisers, maturation tanks and cheese racks, while 316-grade stainless steel
is used for pasteurisers, plate and tubular heat exchangers, packing machinery and
ultrafiltration equipment. Grade 316 contains of 2-3% molybdenum, which improves its
resistance to chlorides.

There is a lack of knowledge at present of the effects of biofilms on the corrosion of
metal surfaces within a dairy manufacturing plant. One study found that dairy microflora
such as Bacillus, Pseudomonas, Micrococcus, Niesseria, Streptococcus and Lactobacillus
could cause pitting on stainless steel surfaces in dairy effluent (Babu et al., 2006). This
corrosion was caused by oxygen reduction and fermentation processes, which converted
sulphate and iron into ferrous sulphide, which acted as a cathode to the parent metal’s
anode. However, concentrations of sulphate in raw and pasteurised milk should be extremely
low. Currently, not much is known about the occurrence of corrosion due to biofilms present
in product pipelines.

4.6 Conclusion

In conclusion, biofilm contamination in a dairy manufacturing plant can have serious effects
on the quality and safety of dairy products. Biofilms can also affect processing efficiency by
reducing flow and heat transfer rates within processing pipelines. Established biofilms are
difficult to remove with CIP and are resistant to sanitising agents. They can also promote
corrosion of stainless steel surfaces, mainly in waste systems.



60 Biofilms in the Dairy Industry

References

Abate, C. M., Castro, G. R., Sifieriz, F. & Callieri, D. A. S. 1999. Production of amylolytic enzymes by
Bacillus amyloliquefaciens in pure culture and in co-culture with Zymomonas mobilis. Biotechnology
Letters, 21, 249-52.

Agarwal, S., Sharma, K., Swanson, B. G., Yiiksel, G. & Clark, S. 2006. Nonstarter lactic acid bacteria
biofilms and calcium lactate crystals in Cheddar cheese. Journal of Dairy Science, 89, 1452—66.
Anand, S., Singh, D., Avadhanula, M. & Marka, S. 2014. Development and control of bacterial biofilms on
dairy processing membranes. Comprehensive Reviews in Food Science and Food Safety, 13, 18-33.
Arihara, K. & Luchansky, J. B. 2000. Dairy Lactobacilli. In: Hui, Y. H. & Khachatourians, G. G. (eds)

Food Biotechnology: Microorganisms. VCH, New York, NY.

Austin, J. W. & Bergeron, G. 1995. Development of bacterial biofilms in dairy processing lines.
Journal of Dairy Research, 62, 509-19.

Babu, B. R., Maruthamuthu, S., Rajasekar, A., Muthukumar, N. & Palaniswamy, N. 2006.
Microbiologically influenced corrosion in dairy effluent. International Journal of Environmental
Science and Technology, 3, 159-66.

Bar-Oz, B., Preminger, A., Peleg, O., Block, C. & Arad, 1. 2001. Enterobacter sakazakii infection in
the newborn. Acta Paediatrica, 90, 356-8.

Bava, L., Zucali, M., Sandrucci, A., Brasca, M., Vanoni, L., Zanini, L. & Tamburini, A. 2011. Effect of
cleaning procedure and hygienic condition of milking equipment on bacterial count of bulk tank
milk. Journal of Dairy Research, 78, 211-19.

Becker, H., Schaller, G., Von Wiese, W. & Terplan, G. 1994. Bacillus cereus in infant foods and dried
milk products. International Journal of Food Microbiology, 23, 1-15.

Beech, 1. B. 2004. Corrosion of technical materials in the presence of biofilms — current understanding and
state-of-the art methods of study. International Biodeterioration and Biodegradation, 53, 177-83.

Belmar-Beiny, M. T. & Fryer, P. J. 1992. Initial stages of fouling from whey protein solutions. 3rd UK
Heat Transfer Conference, Birmingham, UK, 1021-7.

Borenstein, S. 1994. Microbiologically Influenced Corrosion Handbook. Elsevier, Amsterdam.

Borucki, M. K., Peppin, J. D., White, D., Loge, F. & Call, D. R. 2003. Variation in biofilm formation
among strains of Listeria monocytogenes. Applied and Environmental Microbiology, 69, 7336—42.

Bremer, P. J., Monk, I. & Osborne, C. M. 2001. Survival of Listeria monocytogenes attached to
stainless steel surfaces in the presence or absence of Flavobacterium spp. Journal of Food
Protection, 64, 1369-76.

Bremer, P. J., Monk, 1. & Butler, R. 2002. Inactivation of Listeria monocytogenes/Flavobacterium spp.
biofilms using chlorine: impact of substrate, pH, time and concentration. Letters in Applied
Microbiology, 35, 321-5.

Bremer, P, Fillery, S. & Mcquillan, A. J. 2006. Laboratory scale Clean-In-Place (CIP) studies on the
effectiveness of different caustic and acid wash steps on the removal of dairy biofilms. International
Journal of Food Microbiology, 106, 254-62.

Budhani, R. K. & Struthers, J. K. 1998. Interaction of Streptococcus pneumoniae and Moraxella
catarrhalis: Investigation of the indirect pathogenic role of -lactamase-producing moraxellae by
use of a continuous-culture biofilm system. Antimicrobial Agents and Chemotherapy, 42, 2521-6.

Burgess, S. A., Lindsay, D. & Flint, S. H. 2010. Thermophilic bacilli and their importance in dairy
processing. International Journal of Food Microbiology, 144, 215-25.

Celestino, E. L., Iyer, M. & Roginski, H. 1997. Reconstituted UHT-treated milk: Effects of raw milk,
powder quality and storage conditions of UHT milk on its physico-chemical attributes and flavour.
International Dairy Journal, 7, 129-40.

Champagne, C. P, Laing, R. R., Roy, D., Mafu, A. A., Griffiths, M. W. & White, C. 1994. Psychrotrophs in
dairy products: their effects and their control. Critical Reviews in Food Science & Nutrition, 34, 1-30.
Chopra, A. K. & Mathur, D. K. 1985. Purification and characterization of heat-stable proteases from

Bacillus stearothermophilus RM-67. Journal of Dairy Science, 68, 3202-3211.



Overview of the Problems Resulting from Biofilm Contamination in the Dairy Industry 61

Cousins, M. A. 1982. Presence and activity of psychrotropic microorganisms in milk and dairy products:
a review. Journal of Food Protection, 45, 172-207.

Craven, H. M., Mcauley, C. M., Dufty, L. L. & Fegan, N. 2010. Distribution, prevalence and persistence
of Cronobacter (Enterobacter sakazakii) in the nonprocessing and processing environments of five
milk powder factories. Journal of Applied Microbiology, 109, 1044-52.

De Jong, P. 1997. Impact and control of fouling in milk processing. Trends in Food Science and
Technology, 8, 401-5.

De Jonghe, V., Coorevits, A., De Block, J., Van Coillie, E., Grijspeerdt, K., Herman, L., De Vos, P. &
Heyndrickx, M. 2010. Toxinogenic and spoilage potential of aerobic spore-formers isolated from
raw milk. International Journal of Food Microbiology, 136, 318-25.

Dhir, V. K. & Dodd, C. E. R. 1995. Susceptibility of suspended and surface-attached Salmonella enter-
itidis to biocides and elevated temperatures. Applied and Environmental Microbiology, 61, 1731-8.

Driessen, F. M., Vries, J. D. & Kingma, F. 1984. Adhesion and growth of thermoresistant streptococci
on stainless steel during heat treatment of milk. Journal of Food Protection, 11, 836-901.

Dufour, M., Simmonds, R. S. & Bremer, P. J. 2004. Development of a laboratory scale clean-in-place
system to test the effectiveness of ‘natural’ antimicrobials against dairy biofilms. Journal of Food
Protection, 67, 1438-43.

Elias, S. & Banin, E. 2012. Multi-species biofilms: Living with friendly neighbors. FEMS Microbiology
Reviews, 36, 990-1004.

Elmoslemany, A. M., Keefe, G. P., Dohoo, L. R. & Jayarao, B. M. 2009. Risk factors for bacteriological
quality of bulk tank milk in Prince Edward Island dairy herds. Part 1: Overall risk factors. Journal
of Dairy Science, 92, 2634-43.

Faille, C., Fontaine, F. & Benezech, T. 2001. Potential occurrence of adhering living Bacillus spores in
milk product processing lines. Journal of Applied Microbiology, 90, 892-900.

Faille, C., Jullien, C., Fontaine, F., Bellon-Fontaine, M. N., Slomianny, C. & Benezech, T. 2002. Adhesion
of Bacillus spores and Escherichia coli cells to inert surfaces: role of surface hydrophobicity. Canadian
Journal of Microbiology, 48, 728-38.

Faille, C., Bénézech, T., Midelet-Bourdin, G., Lequette, Y., Clarisse, M., Ronse, G., Ronse, A. & Slomianny, C.
2014. Sporulation of Bacillus spp. within biofilms: a potential source of contamination in food
processing environments. Food Microbiology, 40, 64—74.

Farber, J. M. & Peterkin, P. I. 1991. Listeria monocytogenes, a food-borne pathogen. Microbiological
Reviews, 55, 476-511.

Flint, S., Palmer, J., Bloemen, K., Brooks, J. & Crawford, R. 2001. The growth of Bacillus stearother-
mophilus on stainless steel. Journal of Applied Microbiology, 90, 151-7.

Flint, S., Brooks, J., Bremer, P., Walker, K. & Hausman, E. 2002. The resistance to heat of thermo-
resistant streptococci attached to stainless steel in the presence of milk. Journal of Industrial
Microbiology and Biotechnology, 28, 134-6.

Frank, J. F. & Koffi, R. A. 1990. Surface-adherent growth of Listeria monocytogenes is associated with
increased resistance to surfactant sanitizers and heat. Journal of Food Protection, 53, 550-4.

Granum, P. E. 1994. Bacillus cereus and its toxins. Journal of Applied Microbiology, 76, 61S—6S.

Granum, P. E. & Lund, T. 1997. Bacillus cereus and its food poisoning toxins. FEMS Microbiology
Letters, 157, 223-8.

Hamilton, W. A. 1991. Sulphate-reducing bacteria and their role in biocorrosion. In: Flemming, H.-C. &
Geesey, G. G. (eds) Biofouling and Biocorrosion in Industrial Water Systems. Springer, Berlin.

Huck, J. R., Woodcock, N. H., Ralyea, R. D. & Boor, K. J. 2007. Molecular subtyping and characteri-
zation of psychrotolerant endospore-forming bacteria in two New York State fluid milk processing
systems. Journal of Food Protection, 70, 2354-64.

Husmark, U. & Ronner, U. 1990. Forces involved in adhesion of Bacillus cereus spores to solid surfaces
under different environmental conditions. Journal of Applied Microbiology, 69, 557-62.

Husmark, U. & Ronner, U. 1992. The influence of hydrophobic, electrostatic and morphological properties
on the adhesion of Bacillus spores. Biofouling, 5, 335-44.



62 Biofilms in the Dairy Industry

Iversen, C., Lane, M. & Forsythe, S. J. 2004. The growth profile, thermotolerance and biofilm
formation of Enterobacter sakazakii grown in infant formula milk. Letters in Applied
Microbiology, 38, 378-82.

Ivy, R. A., Ranieri, M. L., Martin, N. H., Den Bakker, H. C., Xavier, B. M., Wiedmann, M. & Boor, K. J.
2012. Identification and characterization of psychrotolerant sporeformers associated with fluid milk
production and processing. Applied and Environmental Microbiology, 78, 1853-64.

Jacobs, C., Braun, P. & Hammer, P. 201 1. Reservoir and routes of transmission of Enterobacter sakazakii
(Cronobacter spp.) in a milk powder-producing plant. Journal of Dairy Science, 94, 3801-10.

Jeong, D. K. & Frank, J. F. 1994a. Growth of Listeria monocytogenes at 10°C in biofilms with
microorganisms isolated from meat and dairy processing environments. Journal of Food Protection,
57, 576-86.

Jeong, D. K. & Frank, J. F. 1994b. Growth of Listeria monocytogenes at 21 °C in biofilms with micro-
organisms isolated from meat and dairy processing environments. LWT-Food Science and
Technology, 27, 415-24.

Joseph, B., Otta, S. K., Karunasagar, I. & Karunasagar, I. 2001. Biofilm formation by Salmonella spp.
on food contact surfaces and their sensitivity to sanitizers. International Journal of Food
Microbiology, 64, 367-72.

Karunakaran, E. & Biggs, C. A. 2011. Mechanisms of Bacillus cereus biofilm formation: an investigation
of the physicochemical characteristics of cell surfaces and extracellular proteins. Applied Microbiology
and Biotechnology, 89, 1161-75.

Kim, H., Ryu, J.-H. & Beuchat, L. R. 2006. Attachment of and biofilm formation by Enterobacter
sakazakii on stainless steel and enteral feeding tubes. Applied and Environmental Microbiology,
72, 5846-56.

Larsen, H. D. & Jgrgensen, K. 1997. The occurrence of Bacillus cereus in Danish pasteurized milk.
International Journal of Food Microbiology, 34, 179-86.

Latorre, A. A., Van Kessel, J. S., Karns, J. S., Zurakowski, M. J., Pradhan, A. K., Boor, K. J., Jayarao,
B. M., Houser, B. A., Daugherty, C. S. & Schukken, Y. H. 2010. Biofilm in milking equipment on a
dairy farm as a potential source of bulk tank milk contamination with Listeria monocytogenes.
Journal of Dairy Science, 93, 2792-802.

Licitra, G., Ogier, J. C., Parayre, S., Pediliggieri, C., Carnemolla, T. M., Falentin, H., Madec, M. N., Carpino,
S. & Lortal, S. 2007. Variability of bacterial biofilms of the ‘tina’ wood vats used in the Ragusano cheese-
making process. Applied and Environmental Microbiology, 73, 6980-7.

Mariani, C., Oulahal, N., Chamba, J. F., Dubois-Brissonnet, F., Notz, E. & Briandet, R. 201 1. Inhibition
of Listeria monocytogenes by resident biofilms present on wooden shelves used for cheese ripening.
Food Control, 22, 1357-62.

Martiny, A. C., Jgrgensen, T. M., Albrechtsen, H.-J., Arvin, E. & Molin, S. 2003. Long-term succession
of structure and diversity of a biofilm formed in a model drinking water distribution system. Applied
and Environmental Microbiology, 69, 6899-907.

Mcguiggan, J. T. M., Mccleery, D. R., Hannan, A. & Gilmour, A. 2002. Aerobic spore-forming bacteria
in bulk raw milk: factors influencing the numbers of psychrotrophic, mesophilic and thermophilic
Bacillus spores. International Journal of Dairy Technology, 55, 100-7.

Muytjens, H. L., Roelofs-Willemse, H. & Jaspar, G. H. 1988. Quality of powdered substitutes for
breast milk with regard to members of the family Enterobacteriaceae. Journal of Clinical
Microbiology, 26, 743-6.

Nilsson, R. E., Ross, T. & Bowman, J. P. 2011. Variability in biofilm production by Listeria monocy-
togenes correlated to strain origin and growth conditions. International Journal of Food Microbiology,
150, 14-24.

Notermans, S., Dufrenne, J., Teunis, P., Beumer, R., Te Giffel, M. & Peeters Weem, P. 1997. A risk
assessment study of Bacillus cereus present in pasteurized milk. Food Microbiology, 14, 143-51.
Oliver, S. P, Jayarao, B. M. & Almeida, R. A. 2005. Foodborne pathogens in milk and the dairy
farm environment: food safety and public health implications. Foodbourne Pathogens and

Disease, 2, 115-29.



Overview of the Problems Resulting from Biofilm Contamination in the Dairy Industry 63

Oosthuizen, M. C., Steyn, B., Lindsay, D., Brozel, V. S. & Holy, A. 2001. Novel method for the proteomic
investigation of a dairy-associated Bacillus cereus biofilm. FEMS Microbiology Letters, 194, 47-51.

Osaili, T. & Forsythe, S. 2009. Desiccation resistance and persistence of Cronobacter species in infant
formula. International Journal of Food Microbiology, 136, 214-20.

Pasvolsky, R., Zakin, V., Ostrova, I. & Shemesh, M. 2014. Butyric acid released during milk lipolysis trig-
gers biofilm formation of Bacillus species. International Journal of Food Microbiology, 181, 19-27.
Peterson, S. D. & Marshall, R. T. 1990. Nonstarter lactobacilli in Cheddar cheese: a review. Journal of

Dairy Science, 73, 1395-410.

Pirttijarvi, T. S. M., Andersson, M. A., Scoging, A. C. & Salkinoja-Salonen, M. S. 1999. Evaluation of
methods for recognising strains of the Bacillus cereus group with food poisoning potential among
industrial and environmental contaminants. Systematic and Applied Microbiology, 22, 133-44.

Randolph, H. 2006. Identifying spoilage bacteria and potential shelf-life problems. Dairy Foods, 107, 67.

Ranieri, M. L. & Boor, K. J. 2010. Tracking and eliminating sporeformers in dairy systems. Australian
Journal of Dairy Technology, 65, 74-80.

Ranieri, M. L., Huck, J. R., Sonnen, M., Barbano, D. M. & Boor, K. J. 2009. High temperature, short
time pasteurisation temperatures inversely affect bacterial numbers during refrigerated storage of
pasteurized fluid milk. Journal of Dairy Science, 92, 4823-32.

Rogers, J., Dowsett, A. B., Dennis, P. J., Lee, J. V. & Keevil, C. W. 1994. Influence of temperature and
plumbing material selection on biofilm formation and growth of Legionella pneumophila in a model
potable water system containing complex microbial flora. Applied and Environmental Microbiology,
60, 1585-92.

Ronner, U. & Husmark, U. 1992. Adhesion of Bacillus cereus spores — a hazard to the dairy industry.
In: Melo, L. F. (ed.) Biofilms — Science and Technology. Kluwer Academic Publishers, The
Netherlands.

Ronner, U., Husmark, U. & Henriksson, A. 1990. Adhesion of bacillus spores in relation to hydropho-
bicity. Journal of Applied Bacteriology, 69, 550-6.

Rosso, L., Bajard, S., Flandrois, J. P, Lahellec, T. C., Fournaud, J. & Veit, P. 1996. Differential growth
of Listeria monocytogenes at 4 and 8C: Consequences for the shelf life of chilled products. Journal
of Food Protection, 59, 944-9.

Russell, P. 1993. The formation of biofilms. Milk Industry London, 95, 10—11.

Rusul, G. 1995. Prevalence of Bacillus cereus in selected foods and detection of enterotoxin using
TECRA-VIA and BCET-RPLA. International Journal of Food Microbiology, 25, 131-9.

Sashara, K. C. & Zottola, E. A. 1993. Biofilm formation by Listeria monocytogenes utilizes a primary
colonizing microorganism in flowing systems. Journal of Food Protection, 56, 1022-8.

Schlech, W. E,, Lavigne, P. M., Bortolussi, R. A., Allen, A. C. & Haldane, E. V. 1983. Epidemic listeri-
osis: evidence for transmission by food [Listeria monocytogenes]. New England Journal of
Medicine, 308, 203-6.

Shah, N. P. 1994. Psychrotrophs in milk: a review. Milchwissenschaft, 49, 432-7.

Shaheen, R., Svensson, B., Andersson, M. A., Christiansson, A. & Salkinoja-Salonen, M. 2010.
Persistence strategies of Bacillus cereus spores isolated from dairy silo tanks. Food Microbiology,
27, 347-55.

Shi, X. & Zhu, X. 2009. Biofilm formation and food safety in food industries. Trends in Food Science
& Technology, 20, 407-13.

Simmons, B. P., Gelfand, M. S., Haas, M., Metts, L. & Ferguson, J. 1989. Enterobacter sakazakii
infections in neonates associated with intrinsic contamination of a powdered infant formula.
Infection Control and Hospital Epidemiology: The Official Journal of the Society of Hospital
Epidemiologists of America, 10, 398-401.

Somers, E. B., Johnson, M. E. & Wong, A. C. L. 2001. Biofilm formation and contamination of cheese
by nonstarter lactic acid bacteria in the dairy environment. Journal of Dairy Science, 84, 1926-36.

Sonbol, H., Joseph, S., Mcauley, C. M., Craven, H. M. & Forsythe, S. J. 2013. Multilocus sequence
typing of Cronobacter spp. from powdered infant formula and milk powder production factories.
International Dairy Journal, 30, 1-7.



64 Biofilms in the Dairy Industry

Stenfors Arnesen, L. P., Fagerlund, A. & Granum, P. E. 2008. From soil to gut: Bacillus cereus and its
food poisoning toxins. FEMS Microbiology Reviews, 32, 579-606.

Stewart, J. C. & Seiberling, D. A. 1996. Clean in place. Chemical Engineering, 102, 72-79.

Storgérds, E., Tapani, K., Hartwall, P., Saleva, R. & Suihko, M. L. 2006. Microbial attachment and
biofilm formation in brewery bottling plants. Journal of the American Society of Brewing Chemists,
64, 8-15.

Tang, X., Flint, S. H., Bennett, R. J., Brooks, J. D. & Morton, R. H. 2009a. Biofilm growth of indi-
vidual and dual strains of Klebsiella oxytoca from the dairy industry on ultrafiltration membranes.
Journal of Industrial Microbiology and Biotechnology, 36, 1491-7.

Tang, X., Flint, S. H., Brooks, J. D. & Bennett, R. J. 2009b. Factors affecting the attachment of micro-
organisms isolated from ultrafiltration and reverse osmosis membranes in dairy processing plants.
Journal of Applied Microbiology, 107, 443-51.

Tang, X., Flint, S. H., Bennett, R. J. & Brooks, J. D. 2010. The efficacy of different cleaners and sanitis-
ers in cleaning biofilms on UF membranes used in the dairy industry. Journal of Membrane Science,
352, 71-5.

Tauveron, G., Slomianny, C., Henry, C. & Faille, C. 2006. Variability among Bacillus cereus strains in
spore surface properties and influence on their ability to contaminate food surface equipment.
International Journal of Food Microbiology, 110, 254—62.

Teh, K. H., Flint, S., Palmer, J., Andrewes, P., Bremer, P. & Lindsay, D. 2012. Proteolysis produced
within biofilms of bacterial isolates from raw milk tankers. International Journal of Food
Microbiology, 157, 28-34.

Teh, K. H., Lindsay, D., Palmer, J., Andrewes, P., Bremer, P. & Flint, S. 2013. Lipolysis within single culture
and co-culture biofilms of dairy origin. International Journal of Food Microbiology, 163, 129-35.

Teh, K. H., Flint, S., Palmer, J., Andrewes, P., Bremer, P. & Lindsay, D. 2014a. Biofilm — an unrecog-
nised source of spoilage enzymes in dairy products? International Dairy Journal, 34, 32-40.

Teh, K. H., Lindsay, D., Palmer, J., Andrewes, P., Bremer, P. J. & Flint, S. H. 2014b. Proteolysis in
ultra-heat-treated skim milk after exposure to multispecies biofilms under conditions modelling a
milk tanker. International Journal of Dairy Technology, 67, 176-81.

Thomason, M. K., Fontaine, F., De Lay, N. & Storz, G. 2012. A small RNA that regulates motility and
biofilm formation in response to changes in nutrient availability in Escherichia coli. Molecular
Microbiology, 84, 17-35.

Van Acker, J., De Smet, F., Muyldermans, G., Bougatef, A., Naessens, A. & Lauwers, S. 2001. Outbreak
of necrotizing enterocolitis associated with Enterobacter sakazakii in powdered milk formula.
Journal of Clinical Microbiology, 39, 293-7.

Vilain, S., Pretorius, J. M., Theron, J. & Brozel, V. S. 2009. DNA as an adhesin: Bacillus cereus requires
extracellular DNA to form biofilms. Applied and Environmental Microbiology, 75, 2861-8.

Wijman, J. G. E., De Leeuw, P. P. L. A., Moezelaar, R., Zwietering, M. H. & Abee, T. 2007. Air-liquid
interface biofilms of Bacillus cereus: formation, sporulation, and dispersion. Applied and
Environmental Microbiology, 73, 1481-8.

Yegorenkova, 1. V., Tregubova, K. V., Matora, L. Y., Burygin, G. L. & Ignatov, V. V. 2011. Biofilm
formation by Paenibacillus polymyxa strains differing in the production and rheological properties
of their exopolysaccharides. Current Microbiology, 62, 1554-9.

Yoon, J. & Lund, D. B. 1989. Effect of operating conditions, surface coatings and pretreatment on milk
fouling in a plate heat exchanger. In: Kessler, H. G. (ed.) Fouling and Cleaning in Food Processing.
University of Munich, Germany, pp. 59-80.

Zuo, R. 2007. Biofilms: strategies for metal corrosion inhibition employing microorganisms. Applied
Microbiology and Biotechnology, 76, 1245-53.



5 Raw Milk Quality Influenced by Biofilms
and the Effect of Biofilm Growth on
Dairy Product Quality

Koon Hoong Teh', Steve Flint' and Phil Bremer?

'Institute of Food, Nutrition and Human Health, Massey University,
Palmerston North, New Zealand

2Department of Food Science, University of Otago, Dunedin,

New Zealand

5.1 Introduction

The international growth in the consumption of dairy products has led to the development of
a large, state-of-the art dairy industry that can handle and process large volumes of milk and
milk products. The quality of dairy products, such as pasteurised milk, cheese and butter,
and clinical products, such as phospholipid concentrates, gangliosides and colostrum, is
influenced by the quality of raw milk, which in turn is determined by what occurs on dairy
farms and during the transportation and storage of raw milk.

The quality of raw milk can have a major impact on the manufacturing of dairy products,
by influencing product yields and functionality and the occurrence of sensory defects, such
as bitterness and rancidity (Shah, 1994; Guinotthomas et al., 1995; Celestino et al., 1997b;
Chen et al., 2003). Raw milk is a perishable product that can easily be compromised by
both operational factors (handling, transportation, temperature abuse) and natural factors
(microbial contaminants, naturally occurring enzymes).

An important measure of raw milk quality is the number or count of microorganisms
present. The microorganisms in raw milk can originate from multiple and diverse sources,
including the cow itself, the dairy farm environment, milking equipment, raw milk storage
tanks and milk transport vehicles, as well as raw milk storage silos and processing equipment
(e.g. separators) at the dairy manufacturing plant (Figure 5.1) (LeJeune et al., 2001; Coorevits
et al., 2008; Vacheyrou et al., 2011). Biofilms have been shown to play an important role in
microbial contamination from each of these sources, and can have an impact on the final
quality of dairy products.
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Figure 5.1 Microbial contamination of raw milk can occur at every stage of the supply chain, from its
production on the dairy farm up to its processing into a dairy product. Contamination sources include (a) the
dairy farm environment, (b) milking equipment and premises, (c) raw milk storage tanks, (d) raw milk transport
tankers, and (e) the raw milk silos and handling equipment at the dairy manufacturing plant.

5.2 Composition of raw milk

Milk is composed of water, protein, fat, carbohydrate and minerals. The fat is present as fat
globules, which are suspended in the water phase and are surrounded by a membrane
consisting of phospholipids and proteins. Caseins, which are categorised into four groups —
aS1-, aS2-, f- and k- casein — make up approximately 80% of the total protein in milk. The
remaining proteins are the whey proteins. Lactose, a disaccharide containing a molecule of
glucose and a molecule of galactose, is the main carbohydrate in milk. The components in
milk are subjected to enzymatic reactions that can either be beneficial or detrimental to the
final products.

The composition of raw milk can vary with the breed of cow, type of feed, condition of
the animal and the season. The ratio of the components is important in the manufacture of a
number of dairy products, as it can affect the manufacturing efficiency, yield, composition
and quality of the dairy products (Bruhn & Franke, 1991; Guinee et al., 2007). To maintain
consistency and meet compositional specifications, the protein to fat ratio (PFR) of raw milk
is often standardised to a narrow range for the manufacture of a number of dairy products.

5.3 Measurement of raw milk quality
The quality of milk is measured by the standard plate count (SPC) and somatic cell count

(SCC). The lower the SPC and SCC, the better the quality of the raw milk. The use of incentive
programs for dairy farmers has proven to be an effective way of reducing the SCC in raw milk
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without disrupting milk production (Nightingale et al., 2008). Lower SCC and SPC can be
achieved in raw milk when the milk yield on the farm increases (Berry et al., 2006), due to the
dilution of cell counts in larger volumes of raw milk yield per cow.

The SPC is generally influenced by specific groups of bacteria, which may include
mesophilic, pathogenic and spoilage microorganisms, as well as thermoduric, psychrotrophic
and mastitis-causing bacteria from the environment (Holm et al., 2004; Jayarao et al., 2004).
Microbial contamination of raw milk initially occurs through low-level contamination on the
farm. On-farm sources can include teats (skin flora and bacteria associated with soil, plant and
faecal material), milking equipment and raw milk storage tanks. Poor hygiene of the udder
will lead to increased numbers of bacteria in the raw milk, as dirty udders can harbour a wide
variety of bacteria (Jayarao et al., 2004). Persistent milk residues in the milking equipment
may harbour thermoduric bacteria (Holm et al., 2004). During milking, thermoduric bacteria
associated with these residues can detach and enter the raw milk, leading to an increase in the
SPC (Hayes et al., 2001). Finally, poor handling of raw milk during transportation and storage
may lead to an increase in the microbial population, especially of microorganisms responsible
for spoilage (Hayes et al., 2001; Holm et al., 2004; Jayarao et al., 2004). Recontamination of
processed milk with psychrotrophic bacteria can occur after pasteurisation in the dairy plant,
especially during filling (Eneroth et al., 1998).

The SCC can be used to gauge the health of the dairy herd, as a high count of SCC is a
good indicator of mastitis. Somatic cells are released when the parenchyma of the mammary
gland is infected. The inflammation of the udder is caused by a wide range of bacteria; how-
ever, the most common bacteria infecting the udder are Staphylococcus aureus and
Streptococcus species. The most common species of Streptococcus isolated from raw milk is
Streptococcus uberis, followed by Streptococcus agalactiae (Hayes et al., 2001; Zadoks
et al., 2004; Howard, 2006). Increased levels of mastitis-causing pathogens in the udder can
lead to a direct increase in the SPC of the raw milk, as well as contamination of milking cups
by pathogens (Zadoks et al., 2004). Therefore, cleaning of teats pre- and post-milking is
important to reducing the bacterial load of raw milk, as well as inflammatory infections in
dairy herds (Jayarao et al., 2004).

5.4 Regulations and guidelines for the production of raw milk

In order to produce quality finished products, the bacterial counts of raw milk should be low.
Regulations and guidelines for maintaining raw milk quality vary for different countries.
Most of these regulations and guidelines require raw milk to be kept at low temperatures to
prevent microbial growth.

5.4.1 In Europe

A consolidated version of Regulation (EC) No 853/2004 as at 1 July 2013 (EU, 2013) lays
down provisions on hygiene rules for foods of animal origin; Annex III Section XI thereof
contains specific rules for the production and placing on the market of raw milk, colostrum,
dairy products and colostrum-based products.
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Milking equipment and raw milk storage tanks must be constructed of materials with
surfaces that can be easily cleaned, so as to limit the chance of contamination. Before milking,
the teats, udder and adjacent parts of the cow need to be cleaned; however, teat dips or spray
can only be used after authorisation or registration in accordance with the procedures laid
down in Directive 98/9/EC of the European Parliament and of the Council of 16 February
1998 (EU, 2013).

Raw milk and colostrum must be cooled immediately after collection to a temperature of
8°C or lower, in the case of daily collection, or to 6°C if not collected daily (EU, 2013).
Colostrum may be frozen until collection. During transportation of raw milk and colostrum
to the treatment and/or processing establishment, the cold chain must be maintained and the
temperature of the cooled milk must not exceed 10 °C, unless the milk is used for the manu-
facture of dairy products that require warmer temperatures or has been collected within
2 hours of milking prior to processing.

5.4.2 In the United States

The USDA standard (USDA, 2011), as of July 2011, requires milking premises to be of
adequate size and to be arranged to permit normal sanitary milking operations. The milking
premises are also required to be kept clean and to have procedures in place to prevent access
by other animals. In addition, equipment used for milking and for handling of raw milk
should be maintained in good, clean, working condition. The milking equipment must be
properly cleaned and sanitised after each milking session, while the udders and teats of
cows need to be cleaned before milking, by washing, wiping or any other sanitary method.
In the event that a cow produces abnormal milk, the milking equipment must be cleaned
and sanitised immediately after milking.

The milk stored in a raw milk storage tank needs to be cooled to 4 °C or lower within
2 hours after milking and maintained at 10 °C or lower prior to transfer to the dairy manu-
facturing plant. The tank should be easily accessible for cleaning and servicing, should not
be located over a floor drain or under a ventilator and should not be accessible by animals
and fowl.

5.4.3 In New Zealand

Dairy farm operators in New Zealand are required to follow regulations under the Animal
Products Act 1999 and Animal Products (Dairy) Regulations 2005 (MAF, 2005; MPI, 2014).
This is to ensure the quality and safety of the milk. The Animal Products Act requires dairy
operators to implement an approved risk management programme that identifies, controls,
manages, eliminates or minimises hazards and other risks during milking. As of July 2011,
Animal Products (Dairy Processing Specifications) Notice 2011 specified the requirements
for processing of dairy material and dairy products (MAF, 2011). The general requirements
state that the milking premises need to be kept clean and tidy, and free from birds, rodents,
insects and other pests. The milking premises must only be used to milk animals with clean
teats, which must be cleaned with approved detergents and sanitisers in accordance with
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regulation 24(1) (d) of the Animal Products (Dairy) Regulation 2005 (MAF, 2005). The
milking premises need to be cleaned in a way that minimises the risk of contaminating the
milk with detergents or sanitisers.

The raw milk must be filtered and cooled to 7 °C or below within 3 hours of the completion
of milking. The temperature of raw milk must be maintained at 7 °C or below until the collection
of additional milk from the next milking session.

The approved process is currently under review, with the following requirements to be in
place by 2018 (Ministry of Primary Industries):

1. Raw milk must be cooled to 10°C or below within 4 hours of the commencement of
milking.

2. Raw milk must be cooled to 6 °C or below within 6 hours of the commencement of
milking and within 2 hours of the completion of milking.

3. Raw milk must be held at or below 6 °C until collection or the next milking.

4. Raw milk must not exceed 10 °C during subsequent milkings.

In situations where there is continuous milking, such as in an automated milking system, the
milk must enter the bulk milk tank at 6 °C or below. Continuous milking is defined as milk-
ing for 6 hours or longer from the time that milk first enters any bulk milk tank.

Farm dairy operators must have an auditable system that confirms milk cooling
requirements are met. As a minimum, milk cooling performance must be monitored and
recorded on at least three occasions per dairy season, including:

1. Within the first two months of lactation, once the full herd has calved.
2. About the time of peak milk production.
3. February each year.

Where electronic data-capture and recording systems are installed, it is recommended that
such systems should be capable of holding delivery line and bulk milk tank temperature data
for the previous 30 days for both milk and cleaning regimes.

5.5 Microbial profile of raw milk and its effect on the dairy industry

The indigenous microbial community in raw milk plays an important role in the dairy
industry and can influence the value of the final dairy product. The microbial community of
raw milk is diverse and can include pathogenic and spoilage microorganisms, as well as
beneficial or technological bacteria, which include starter and probiotic bacteria. A large
number of other bacterial species have been detected in raw milk that do not appear to have
any impact on the quality of dairy products.

The microbial community in bovine raw milk is highly diverse (Table 5.1) and is often
dominated by lactic acid-producing bacteria (Lactococcus, Streptococcus, Lactobacillus,
Leuconsostoc and Enterococcus species) and psychrotrophic bacteria (Pseudomonas,
Acinetobacter and Aeromonoas species) (Quigley et al., 2013). The diversity of the microbial
community in raw milk can be assessed by either the isolation of bacteria using agar-based
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Table 5.1 The diversity of microbial community detect in bovine raw milk. Adapted from Quigley et al.

(2013).
Genera of bacteria detected in bovine raw milk
Acidobacteria Enterobacter Pantoea
Acinetobacter Enterococcus Paracoccus
Adhaeribacter Escherichica Phyllobacterium
Aerococcus Facklamia Propionibacterium
Aeromonas Frigoribacterium Proteobacteria
Achrombacter Hafnia Providencia
Arthrobacter Halomonas Pseudoclavibacter
Bacillus Janibacter Pseudomonas
Bacteriodetes Janthinobacterium Psychrobacter
Bosea Klebsiella Rahnella
Brachybacterium Kocuria Ralstonia
Bradyrhizobium Lactobacillus Renibacterium
Brevibacterium Lactococcus Rhodoccus
Campylobacter Leconostoc Rothia
Caryophanon Leucobacter Salmonella
Chryseobacterium Leuconostoc Serratia
Clavibacter Listeria Sphingomonas
Clostridium Microbacterium Stapylococcus
Comamonas Micrococcus Stenotrophomonas
Corynebacterium Nocadioides Streptococcus
Deinococcus Ochrobacterum Thauera
Delftia Orinthinicoccus Trichococcus
Dermacoccus Paenibacillus Yania
Empedobacter Pandoraea Yersina

methods followed by characterisation using phenotypic or genotypic methods, or the
isolation of bacterial genomic DNA from raw milk followed by application of molecular
methods such as Denaturing Gradient Gel Electrophoresis (DGGE), Single-strand confor-
mation polymorphism (SSCP), generation of a clone library or pyro sequencing (Quigley
etal.,2013).

5.5.1 Spoilage microorganisms in raw milk

Spoilage microorganisms have an economic impact on the dairy industry because of their
ability to decrease the sensory properties and yield of final milk products. In the most severe
cases, the growth of spoilage microorganisms and the production of metabolic byproducts
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and/or extracellular enzymes can result in dairy products becoming unfit for sale. In cheese
making, for example, the yield and quality of cheese is reduced when the number of spoilage
bacteria in the milk becomes greater than 10° CFU/ml (Ledenbach & Marshal, 2010).

Psychrotrophic bacteria and heat-stable spoilage enzymes

Most of the bacteria responsible for the spoilage of dairy products are psychrotrophic, and
many of these have the ability to grow at low temperatures (<4 °C), either as planktonic
cells or within biofilms; they also have the ability to produce extracellular enzymes
(Nornberg et al., 2011; Teh et al., 2011). The secretion of bacterial enzymes is a complex
process that is influenced by a variety of environmental factors, such as oxygen concentration,
temperature and iron content, as well as bacterial population factors, such as quorum
sensing and phase variation (Jaspe et al., 2000; Woods et al., 2001; Haddadi et al., 2005;
Nicodeéme et al., 2005; van den Broek et al., 2005; Liu et al., 2007). The secretion of bacterial
enzymes usually peaks during the mid to late exponential phase or the early stationary
phase of bacterial population growth. Members of the genus Pseudomonas are very common
examples of psychrotrophic spoilage bacteria associated with milk and other dairy products.
Pseudomonads isolated from raw milk have been reported to produce proteases with
molecular weights ranging from 39 to 45kDa (Marchand et al., 2009a). The amount of
protease secreted varies among different species of Pseudomonas. For example, the amount
produced by P. chlororaphis is greater than the amount produced by P. fluorescens (Nicodeme
et al., 2005). Bacterial species belonging to genera other than Pseudomonas, such as
Bacillus, Micrococcus, Aerococcus, Serratia and Lactococcus, also have the potential to
spoil dairy products through the production of spoilage enzymes.

Heat treatment processes used in the dairy industry, such as pasteurisation, will inactivate
vegetative cells of psychrotrophic bacteria but will not inactivate heat-stable enzymes. The
heat-stability of the bacterial enzymes increases when multiple heat-stable enzymes, such as
proteases, are present (Chopra & Mathur, 1985). Heat-stable bacterial enzymes can remain
active throughout the storage of dairy products, and only trace amounts of bacterial enzymes
may be required to cause spoilage (Shah, 1994).

Bacterial enzymes secreted by psychrotrophic bacteria have been found to reduce the
shelf-life of ultra-high-temperature (UHT) milk during storage at room temperature
(Celestino et al., 1997a; Sgrhaug & Stepaniak, 1997; Barbano et al., 2006). The reduction
in shelf-life of dairy products is likely the result of the degradation of milk casein by the
different types of bacterial protease that remain active after heat treatment (Fairbairn &
Law, 1986; Grufferty & Fox, 1988; Akerstedt et al., 2012). This degradation of the
casein micelle structure causes the coagulation of the milk (Fairbairn & Law, 1986). In
another study, whole milk powder manufactured from fresh raw milk was shown to have
a lower concentration of free fatty acids (FFAs) than milk powder manufactured from
raw milk that had been stored at 4 °C for 2 days (Celestino et al., 1997a). The increased
concentration of FFAs in milk powder made from the stored milk was believed to be
caused by lipases, secreted by psychrotrophic bacteria during storage of the raw milk,
breaking down the milk fat. Besides causing lipolysis of milk fat, heat-stable lipases are
also known to reduce the stability of milk foam in beverages such as cappuccino
(Huppertz, 2010).
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Biofilms as a source of spoilage enzymes

Some bacteria that produce heat-stable enzymes also have the ability to form biofilms
(Teh et al., 2011). Enzymes produced by microorganisms growing in biofilms can remain
attached to or be trapped within the biofilm matrix, or they can be released from the biofilm
(Bagge et al., 2004; Khajanchi et al., 2009; Rajendran et al., 2010). The pores within the bio-
films can provide microenvironments for enzymatic activities, as well as protection for both the
bacterial cells and the enzymes against hazardous conditions (Li et al., 2006; Licitra et al.,
2007; Rosche et al., 2009; Wang & Chen, 2009). Furthermore, enzymes within biofilms have
been reported to occupy particular niches (Iwashita et al., 2001). Within Aspergillus biofilms,
for example, B-glucosidases tended to be bound within the surfaces of cells when A. kawachii
is grown in biofilms, whereas in solid-state fermentation, the f-glucosidases tend to be extra-
cellular (Iwashita et al., 1998). The authors suggested that the extracellular soluble polysac-
charide from A. kawachii influenced the stability and the localisation of the f-glucosidases
within the biofilm (Iwashita et al., 2001). In another study, proteases were found to be tightly
bound to cell walls within sludge biofilms, while a-amylase and a-glucosidase were immobilised
in the matrix as cell-free enzymes (Yu et al., 2007).

The dispersal of cells and cell clumps (containing cells and enzymes) from mature biofilms
into milk during storage and processing may further increase the risk of spoilage (Teh et al.,
2014). Bacterial cells embedded within alginate beads have been used as a model of a dis-
persed biofilm matrix (Xu et al., 1996) and immobilised cells within alginate beads have been
shown to secrete enzymes (Zakaria et al., 1992). In addition, it is possible that the biofilm
matrix that binds cells together in dispersed clumps may protect both the enzymes and the
bacterial cells from inactivation during processing.

The realisation that biofilms may be a potential source of spoilage enzymes is a relatively
recent concept, derived from studies showing that the proteolytic and lipolytic activity of bac-
teria within dairy biofilms was greater than that of bacteria in a planktonic state (Teh et al.,
2012, 2013). It has similarly been reported for fungal and wastewater biofilms that enzymatic
activities were greater than in their planktonic counterparts (Frglund et al., 1995; Gamarra
et al., 2010). In fungal biofilms, Gamarra et al. (2010) reported that even though the biomass
of A. niger from a biofilm fermentation was lower than that of the biomass in a submerged or
solid-state fermentation, the yield of cellulase was significantly higher in the biofilm. This
increase in activity can be explained by the differences in metabolic activities and physiologies
of biofilms and planktonic cells (Oosthuizen et al., 2001; Wang & Chen, 2009; Gamarra et al.,
2010). In addition, co-culture biofilms had higher enzymatic activity than their corresponding
single-culture biofilms (Abate et al., 1999; Teh et al., 2012).

Enzyme production by bacteria within biofilms has been shown to depend upon several fac-
tors, including temperature, growth mode and nutrient availability (Teh et al., 2012, 2013). It
has been shown that P. fluorescens, which is psychrotrophic, is able to grow and produce pro-
teases at 37 °C only when it is in a biofilm, and not in a planktonic state (Teh et al., 2012). This
can be explained by the ability of cells in biofilms to grow at higher temperatures than their
planktonic counterparts (Rogers et al., 1994; Nilsson et al., 2011). Furthermore, stress response
may facilitate the production of enzymes, where the accumulation of enzymes in biofilms
increases the ability of cells to survive in biofilms (Budhani & Struthers, 1998; Spector &
Kenyon, 2012; Thomason ef al., 2012). For example, lipolytic activity was found to be higher
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in S. aureus biofilm when it was grown in a nutrient-limited environment rather than a nutrient-
rich environment (Teh et al., 2013).

Enzyme production in biofilms may also be influenced by quorum sensing (Khiyami et al.,
2006). Quorum-sensing signal molecules have been shown to be responsible for the produc-
tion of proteases and biofilms (Swift et al., 1999; Liu et al., 2007; Khajanchi et al., 2009).
Interestingly, while quorum sensing has been reported to influence the production of enzymes
in biofilms, correlations between the number of quorum-sensing signal molecules (such as
N-acylhomoserine lactone (AHL)) present, biofilm formation and enzyme production have
not been reported (Khajanchi et al., 2009; Marchand et al., 2009b).

Detection of bacterial proteases and lipases

Early detection of bacterial enzymes in raw milk is crucial in preventing the escalation of
spoilage defects during storage, when the commercial investment (e.g. distribution) and
potential losses (product recall) are at their greatest. For example, the recall of 11 Blue Slim
Line Brick Packs of Pura (a brand name of National Foods) was required in Australia in 2000
when UHT dairy products started to curdle and produce off-odours and gas, which resulted
in swelling of the cartons (http://www.recalls.gov.au/content/index.phtml/itemld/955901,
last accessed 12 March 2015).

Several methods are available for the detection of bacterial enzymes, including general
detection using electrophoresis, high-performance liquid chromatography (HPLC) and
spectrophotometric, fluorimetric and immunological methods (Teh er al., 2014). The
quantification of proteolysis can be determined by gel electrophoresis, in which the
intensity of the clearing of milk protein and/or large polypeptides is measured (Chove et al.,
2011). Electrophoresis has also been used to identify the molecular weight of bacterial
protease, and the proteolysis of the substrates (Recio et al., 1997; Marchand et al.,
2009b). For example, the byproducts of the proteolysis of milk proteins such as y1-, y2- and
y3- caseins can be detected using electrophoresis (Recio et al., 1997). However, the limi-
tations of this method are the requirement for the use of hazardous chemicals, the poor
resolution of low—molecular-weight peptides and the long time it takes to produce a result
(Chove et al., 2011).

HPLC is regarded as a simple, reproducible, accurate and sensitive method by which to
detect proteolysis. It has been used to differentiate proteolysis by plasmin and bacterial
protease in UHT milk (Chen er al., 2003; Chove et al., 2011). HPLC can also be used to
quantify the hydrolytic products of lipolysis, such as FFAs and mono- and diglycerides,
during the incubation of lipase with an ester substrate; however, gas chromatography (GC)
is generally preferred over HPLC as GC is more sensitive. GC may be used to separate and
quantify the hydrolytic products of lipase (Louwrier et al., 1996; Patel et al., 1996). The
advantage of HPLC over GC analysis on lipolysis is that GC analysis requires fatty acids
(FAs) to be derivaitised before chromatographic separation (Thomason et al., 1999). Sample
preparation for HPLC is simple, requiring incubation of the lipase with a substrate emul-
sion. A chloroform—methanol mixture is then used to stop the reaction and to extract the
reaction products. Normal phase separation using silica columns enables FFAs from mixed
triacylglycerols to be eluted in one peak, which adds to the sensitivity of the method. By
modifying the analytical column conditions, the substrates and products of the lipase
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reaction can be monitored. However, the cost of the equipment and the difficulty of finding
suitable standards for quantification limit its use for routine testing (Chen et al., 2003;
Chove et al., 2011).

Spectrophotometric and fluorimetric methods have been used to measure proteolysis
using modified substrates such as synthetic chromogenic (azocaseins) and fluorogenic sub-
strates (fluorescein-thiocarbamoyl-f-casein) (Recio et al., 1997; Chen et al., 2003,).
Fluorescamine has been used to quantify the number of free peptides produced by proteoly-
sis: the fluorogenic compound reacts with the free peptides to form a highly fluorescent
product (Le et al., 2006). The advantage of fluorescamine is that it is simple, rapid and sensi-
tive to low levels of protease (Chove et al., 2011), while the acyl esters of the fluorescent
compound 4-methylumbelliferone (4-MU) can be used as a substrate in detecting lipolysis
in skim milk, skim milk powder, whey powder and whey protein concentrate (Fitzgerald &
Deeth, 1983). With this assay, the activity is expressed as the amount of 4-MU released per
unit time, where the increased fluorescence indicates lipolysis. Immunological methods
such as the enzyme-linked immunosorbent assay (ELISA) are very sensitive; however,
ELISA may overestimate the amount of active enzyme, as it cannot differentiate between
active and inactive enzymes. It has been suggested that a combination of ELISA and spec-
trophotometric assays may be suitable for use in quality control during processing (Chen
et al., 2003) and in detecting the early stages of spoilage in dairy products.

Spore-forming bacteria

Historically, the spore-forming bacteria responsible for causing spoilage of dairy products
belonged to the genus Bacillus, which comprised Gram-positive and Gram-variable, aerobic,
rod-shaped bacteria that produce heat-resistant spores. The vegetative cells of Bacillus species
were 0.5x1.2 to 2.5x 10um, and occured singly or in chains (Schoeni & Wong, 2005). The
genus was also very diverse and included psychrotrophic, mesophilic and thermophilic species.
Developments in microbial taxonomy led to a revision of the genus Bacillus and the creation
of a large number of new genera, which include Geobacillus, Anoxybacillus and Paenibacillus
(Ash et al., 1991, 1993; Pikuta et al., 2000; Nazina et al., 2001). Many of the spore-forming
bacteria of concern to the dairy industry have remained within the genus Bacillus, including
B. cereus and B. licheniformis. Others, such as G. stearothermophilus and A. flavithermus,
have been transferred to new genera.

Spore-forming bacteria are ubiquitous in the farm environment and can be isolated from
a wide variety of materials, including feed, bedding materials, manure, silage, soils and
milking shed wash water, all of which come into contact with the teats of cows (te Giffel
et al., 2002; Howard, 2006; Magnusson et al., 2006, 2007; Huck et al., 2008). In fact, the
teats appear to be one of the primary routes by which bacteria, and in particular spores, enter
raw milk. There is a large diversity of bacterial spores, which can survive heating at 100 °C
for 30 minutes and germinate when conditions are ideal (Scheldeman et al., 2005). These
spoilage bacteria can contaminate milk in both vegetative and spore state.

Teats that have been in contact with soil are likely to be contaminated with more bacterial
spores than are teats that have come into contact with faecal or bedding materials (Vissers
etal.,2007b). The transmission of relatively small amounts of contaminated soils (1-13 mg/l)
into raw milk can increase the concentration of bacterial spores to more than 3log, spores/l
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(Vissers et al., 2007a). High concentrations of bacterial spores in bedding materials during
housing can also lead to increased concentrations of spores in milk. Feeding of cows with
silage, which can contain greater than 5log, spores/g, can lead to concentrations of greater
than 4log, spores/g in faecal materials and increases the risk of milk being contaminated
with bacterial spores (Magnusson et al., 2007).

Contamination of raw milk by spore-forming bacteria usually demonstrates a seasonal
influence. In the northern hemisphere, where cows are often housed over the winter months,
there can be large seasonal variations in the types and levels of spore-forming bacteria in raw
milk. For example, cows that are housed indoors have a lower prevalence of contamination
by spore-forming bacteria than cows on pasture (Slaghuis et al., 1997). In addition, B. cereus,
which is associated with soil, is usually found in raw milk during summer, while B. licheni-
formis, which is associated with bedding material, is usually found in winter (Crielly et al.,
1994; Sutherland & Murdoch, 1994; Svensson et al., 1999, 2004).

A very important property of bacterial spores is their ability to survive many of the heat
treatments, such as pasteurisation, that are employed during manufacturing of dairy products.
One example of spoilage of dairy products caused by Bacillus and related genera is flat sour
spoilage of evaporated milk, caused by acid production during fermentation of carbohy-
drates (Kalogridou-vassiliadou, 1992). Spores can germinate during the storage of pasteur-
ised and UHT-treated products and cause off-flavours or curdling of milk (Ranieri et al.,
2009; De Jonghe et al., 2010). Spore-forming bacteria that contaminate dairy products may
originate from raw milk, but it is believed they also originate from post-pasteurisation con-
tamination and from growth within the manufacturing process (Svensson et al., 1999, 2004,
2006; Banyko & Vyletelova, 2009).

Psychrotrophic spore-forming bacilli belonging to the genus Paenibacillus have recently
been identified as a cause of spoilage of pasteurised milk (Figure 5.2). The spores of these
bacteria survive pasteurisation and, in the absence of Gram-negative post-pasteurisation
contaminants, such as pseudomonads, can germinate and grow in pasteurised milk at refrig-
eration temperatures (Ranieri & Boor, 2010). A recent study showed that the spore-forming
population in pasteurised milk shifts from one dominated by Bacillus to one dominated by
Paenibacillus after 10 days of refrigerated storage (Martin et al., 2011). Strains of Paenibacillus
can be differentiated from Bacillus by phenotypic characteristics, such as the ability to grow at
6 °C and produce f-galactosidase, and using molecular methods, such as real-time polymerase
chain reaction (RT-PCR) (Ivy et al., 2012; Ranieri et al., 2012). Paenibacilli are present in very
low numbers in raw milk, but their numbers increase during prolonged storage of pasteurised
milk. This may be the result of germination of spores and the ability of spores to grow at low
temperatures. They have been isolated from faecal materials, raw milk and pasteurised dairy
products (Scheldeman et al., 2004; Velaquez et al., 2004; Coorevits et al., 2008).

It has been suggested that the source of paenibacilli in dairy products is the raw milk and
that contamination can occur at any of a number of points along the production chain, from
milking on the dairy farm to transportation of raw milk to the processing plant (Huck et al.,
2007a). Furthermore, paenibacilli can also be found in processing plants, which can result in
pre- or post-pasteurisation of dairy products (Huck et al., 2007b). Certain species of
Paenibacillus have the ability to produce exopolysaccharides and to form biofilms (Timmusk
etal.,2005; Aguilera et al., 2008), which may increase their persistence in the dairy farm and
milking premises, as some strains of Paenibacillus are known to persist for extended periods
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Figure 5.2 Scanning electron microscopy (SEM) of Paenibacillus species.

of time in dairy manufacturing plants (Durak et al., 2006). Understanding the effect of
Paenibacillus species on raw milk quality and their ability to form biofilms on dairy farms
may potentially reduce the source of contamination, which might contribute to the overall
quality of dairy products.

5.5.2 foodborne pathogens

Pathogenic bacteria found in raw milk that have been responsible for food poisoning
outbreaks include Campylobacter jejuni, Salmonella species, Listeria monocytogenes,
Escherichia coli and S. aureus (Oliver et al., 2009; Claeys et al., 2013).

Campylobacter

Campylobacteriosis is caused by the consumption of food products contaminated by either
C. jejuni or C. coli. It is usually associated with the consumption of contaminated poultry,
but C. jejuni/coli have been found in raw milk, inadequately pasteurised milk and cheese
(Hussain et al., 2007). At least 39 campylobacteriosis outbreaks associated with the con-
sumption of raw milk were reported worldwide between 1970 and 2010 (Claeys et al., 2013).
In the United States, most reported cases of campylobacteriosis are due to the consumption
of raw milk (Taylor et al., 2013).

The number of Campylobacter in dairy cattle faeces has been reported to increase during
spring and autumn, which suggests that dairy-related campylobacteriosis is more prevalent
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during these seasons (Stanley & Jones, 2003; Taylor et al., 2013). Even though only a small
proportion of a dairy herd may be shedding high numbers of C. jejuni (>10°CFU/g), cross-
contamination can occur through transmission via their hides, water troughs or grazing pasture.
This may result in the contamination of raw milk during milking, as Campylobacter species
have been isolated from in-line milk filters (Stanley & Jones, 2003; Serraino et al., 2013).

Although C. jejuni is a microaerophilic microorganism, it has been found in the dairy
environment, which suggests that C. jejuni can survive in an aerobic environment, possi-
bly within biofilms. C. jejuni has been reported to form and survive in a mixed-species
biofilm (Teh et al., 2010), and its survival is enhanced in pre-established biofilms (Hanning
et al., 2008). Studies have shown that isolates of C. jejuni obtained from poultry process-
ing plants can form biofilms (Hanning et al., 2008; Kudirkiene et al., 2012). However, no
studies have been carried out to determine whether C. jejuni strains isolated from dairy
environments have such an ability. Furthermore, the effects of the biofilm-forming capabil-
ity of C. jejuni on campylobacteriosis cases associated with the consumption of raw milk
have yet to be investigated.

Salmonella

Nontyphoidal salmonellosis is one of the leading foodborne illnesses in England, Wales,
Australia and the United States (Scallan et al., 2011). There have been several Salmonella
outbreaks associated with the consumption of raw milk and cheese made from inadequately
pasteurised milk or from raw milk, such as Cotija (a Mexican-style aged cheese), Morbier
(a French semi-soft cheese) and Cheddar (De Valk et al., 2000; Mazurek et al., 2004; Austin
et al., 2008; Duynhoven et al., 2009).

Salmonella has been found on conventional and organic dairy farms (Fossler et al., 2004;
Van Kessel et al., 2011; Jackson et al., 2012). Even with good hygienic practice during
milking, it is difficult to eliminate Salmonella contamination of raw milk, because of the
potential presence of faecal material (Van Kessel et al., 2011). For example, in a 16-herd
study from four states in the United States, at least 10% of the faecal material was found to
be positive for Salmonella, accounting for 56% of the overall dairy herd (Callaway ef al.,
2005). In another study, the prevalence rate of Salmonella detected in faecal material over
a 2-year period ranged from 8.4 to 88% of the dairy herd (Van Kessel et al., 2007). Although
the cattle frequently shed Salmonella, it is difficult to isolate infected cows for treatment as
they are asymptomatic. The prevalence of Salmonella species in the dairy herds was found
to be associated with increased herd size, historical clinical salmonellosis, poor farm
management and transmission between farms (Kabagambe et al., 2000; Adhikari et al.,
2009). An initial Salmonella-free dairy herd may be contaminated with Salmonella species
by the introduction of new cows brought from infected herds (Nielsen er al., 2007).
However, proper farm management practices, such as an initial quarantine of new cows and
nutrient management, may reduce the risk of infection (Losinger et al., 1995).

The prevalence of Salmonella species in the dairy farm environment may also result from
the ability of Salmonella strains to attach and form biofilms on stainless steel surfaces and
rubber surfaces, which may increase the risk of contamination of raw milk (Steenackers et al.,
2012). Most of the salmonellosis associated with the consumption of raw milk is believed to
originate from faecal material. However, biofilms associated with the dairy farm environment/
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equipment, and which contain strains of Salmonella, may also be one of the contributing
factors to salmonellosis outbreaks. Salmonella species have been found in milk from raw milk
storage tanks (Van Kessel ef al., 2011), which suggests that Salmonella species may proliferate
and form a biofilm if a raw milk storage tank is not properly cleaned.

Listeria monocytogenes

Listeria monocytogenes is an important foodborne pathogen that is known to tolerate harsh
environmental conditions, such as high salt concentrations (up to 14 %) and low water activity
(0.92a ), and to grow over a wide range of temperatures (—1.5 to 45°C) and pH levels (4 to 9)
(Lundén et al., 2004). It is responsible for causing listeriosis, which has an average case-fatality
rate of 20-30% (Swaminathan & Gerner-Smidt, 2007). Pregnant women, newborn babies,
elderly people and immunocompromised people are the most susceptible to listeriosis
(McLauchlin et al., 2004). L. monocytogenes can be found in raw milk and has been responsible
for a number of outbreaks associated with the consumption of soft cheeses, such as Brie (Lundén
et al., 2004; Swaminathan & Gerner-Smidt, 2007). The detection rate of L. monocytogenes in
milk from raw milk storage tanks ranges from 2.8 to 16.0%, with the highest detection rate
found for in-line milk filters (Oliver et al., 2009; Santorum et al., 2012). In a dairy study by the
National Animal Health Monitoring System, the most common serotypes of L. monocytogenes
isolated from raw milk storage tanks and in-line milk filters were 1/2a, 1/2b and 4b, and 89% of
the L. monocytogenes strains were considered to be potential human pathogens (Van Kessel
etal.,2011).

Factors that may contribute to contamination of raw milk by L. monocytogenes are
farm management, feed, herd sizes, geographical locations, seasons, animal housing and
milking premises (Husu et al., 1990; Antognoli et al., 2009; Scallan et al., 2011). Feed
was found to be a major source of both pathogenic and nonpathogenic species of Listeria
on four dairy farms of different sizes, with a higher risk of contamination of raw milk
associated with a larger herd size (Husu et al., 1990; Antognoli et al., 2009). In addition,
poor cow hygiene and dirty milking equipment might increase the contamination of raw
milk by L. monocytogenes, as surface runoff and yard dust or debris were found to have
the highest L. monocytogenes content (Husu et al., 1990; Sanaa et al., 1993; Fox et al.,
2009). L. monocytogenes has also been isolated from milking equipment, which suggests
that biofilms on milking equipment may be an important source of L. monocytogenes
(Latorre et al., 2010). Milk may become contaminated with L. monocytogenes during
milking, resulting in post-processing contamination of the final dairy product (Waak et al.,
2002; Weiler et al., 2013). It is important to detect the source of L. monocytogenes in the
milking premises in order to minimise the potential route of L. monocytogenes contamination
in raw milk and the dairy manufacturing plant.

Escherichia coli

Pathogenic strains of E. coli, including Shiga toxin-producing E. coli (STEC) strains
belonging to serotype 0157:H7, have caused sporadic cases and outbreaks of foodborne
disease associated with the consumption of raw milk, cheese and yoghurts (Farrokh et al.,
2013). STECs produce Shiga toxins, a family of bacteriophage-encoded cytotoxins known
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to cause diarrhoea, haemorrhagic colitis and haemolytic uremic syndrome (HUS) (Reilly &
WHO Consultation Prevention Control, 1998).

Raw milk may be contaminated with pathogenic and nonpathogenic Escherichia coli.
Various regional and national surveys performed in the United States indicate that from 0.8
to 3.8% of raw milk from raw milk storage tanks is contaminated with STEC (Van Kessel
et al., 2011). There are several possible routes for the transmission of E. coli, including
excretion in the faecal material of cows, bedding material, the dairy farm environment,
other animals, feeds and drinking water (LeJeune et al., 2001; Eriksson et al., 2005;
Williams et al., 2005; Chase-Topping et al., 2008; Fremaux et al., 2008). Raw milk can also
be contaminated with STEC as a result of subclinical mastitis (Lira ef al., 2004; Hussein &
Sakuma, 2005). For example, at least 20 strains isolated from 2000 milk samples from cows
with clinical and subclinical mastitis have been found to be positive for the Shiga toxin-producing
gene (Lira et al., 2004). STEC can also contaminate raw milk during milking from dirty teats
(Hussein & Sakuma, 2005). STEC is known to form biofilms on stainless steel; this is influ-
enced by exopolysaccharide production, nutrient availability and temperature (Ryu ez al., 2004).
Therefore, STEC may persist in the milking environment as biofilms.

STEC may also survive in raw milk and raw milk products. STEC can survive at refrig-
eration temperatures, as it has been shown to have higher resistance to cold stress than
nonpathogenic E. coli due to the activity of the rpoS gene, which regulates the expression
of proteins involved in homeoviscous adaption during cold shock (Vidovic et al., 2011).
Furthermore, STEC can survive in cultured or fermented dairy products made from raw
milk because of its ability to survive in stressful environments, where it is able to upregu-
late its stress-response genes (Farrokh et al., 2013). In addition, STEC biofilms can release
toxins, depending on environmental conditions (Villegas et al., 2013). Shiga toxin is heat-
stable and pasteurisation of milk may not be sufficient to inactive it (Rasooly & Do, 2010).
The presence of STEC biofilms on dairy farm or milking premises may be a potential
source of toxin.

Staphylococcus aureus

Outbreaks of foodborne disease caused by S. aureus have been associated with the consumption
of milk and dairy products (Altekruse et al., 1998; De Buyser et al., 2001). The source of
these bacteria in milk is likely to be strains of S. aureus causing mastitis in cows (Kerouanton
et al., 2007; Guimaraes et al., 2013). S. aureus can be shed into milk from infected cows in
high numbers.

Staphylococcal food poisoning is caused by enterotoxins that are produced during the
growth of S. aureus. The growth of S. aureus and the production of enterotoxin are influenced
by several factors, including incubation temperature, pH, water activity, salt concentration and
redox potential (Hennekinne et al., 2012). The presence of enterotoxin in milk is normally
caused by high counts of S. aureus in raw milk, arising from temperature abuse (Le Loir et al.,
2003; Guimaraes et al., 2013). Even after milk has been subjected to a proper heat treatment
that inactivates vegetative cells of S. aureus, the heat-stable enterotoxin may still persist.

Atleast 21 types of staphylococcal enterotoxin have been identified, with molecular weights
ranging from 22 to 29kDa (Schelin et al., 2011). Staphylococcal enterotoxins all have similar
structural and biological properties, and they belong to a group of pyrogenic toxin superantigens
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(PTSAgs) encoded on phage, pathogenicity islands, bacterial chromosomes and plasmids
(Schelin et al., 2011). Staphylococcal enterotoxins are heat-resistant. Only a small amount
(10-20ng) of enterotoxin is required to cause staphylococcal food poisoning (Asao et al.,
2003; Le Loir et al., 2003).

Strains of S. aureus have been shown to form biofilms, which increases the ability of these
bacteria to survive and persist on surfaces (Gotz, 2002; Gutierrez et al., 2012). Enterotoxin
production may be induced during the dispersal of cells from staphylococcal biofilms. For
example, staphylococcal enterotoxin D (SED) expression was found to increase during the
activation of the agr system — a quorum-sensing system that is associated with the dispersal
of cells from staphylococcal biofilms (Boles & Horswill, 2008; Wallin-Carlquist et al., 2010;
Miarta et al., 2011). The formation of biofilms by S aureus and the associated production of
enterotoxins in dairy farm milking systems have not been investigated.

5.5.3 Beneficial bacteria

Lactic acid-producing bacteria as starter cultures

The lactic acid-producing bacteria (LAB) are a group of bacteria of benefit to the dairy
industry (Quigley et al., 2011). LAB have been widely studied and many species and strains
are used as starter cultures for the manufacture of cheese and yoghurt. For example, the
development of cheese flavour is influenced by the types of starter culture employed, as well
as by the type and composition of milk and the cheese-making conditions (Steele et al.,
2013). LAB possess a wide range of hydrolytic enzymes, which hydrolyse milk proteins and
peptides to short peptides and amino acids in cheese, and thus contribute to the development
of the cheese flavour during ripening (Williams & Banks, 1997; Bouton et al., 1998; Sousa
et al.,2001).

Lactococcus lactis subsp. lactis and Lactococcus lactis subsp. cremoris, LAB commonly
used as commercial starter cultures, are also commonly found in raw milk (Lafarge et al.,
2004; Quigley et al., 2011). A large number of other LAB can also be found in dairy farm
environments and in raw milk. L. lactis subsp. lactis is usually isolated from the general
environment, while L. lactis subsp. cremoris is isolated from the dairy manufacturing envi-
ronment (Salama et al., 1995; Corrole et al., 1998).

The naturally occurring LAB in raw milk may contribute to desirable flavours found in
artisanal cheeses such as Grana Padano and Parmigiano Reggiano (Yu et al., 2007; Neviani
et al., 2009). For example, in Grana Padano, an Italian cheese made from raw cow’s milk,
the natural whey starter cultures have at least 107 cells/ml of LAB, which are composed
predominately of thermophilic lactobacilli, followed by thermophilic heterofermentative
lactobacilli and occasionally Streptococcus thermophilus (Yu et al., 2007; Rossetti et al.,
2008; Santarelli et al., 2008; Neviani et al., 2009).

Some LAB can form biofilms on artisanal cheese-making equipment, such as aging
boards and milk vats. The cheese-making equipment is also known to provide a good
source of LAB, which is important for the development of specific characteristics of the
cheese (Mariani et al., 2007; Lortal et al., 2009; Didienne et al., 2012; Feligini et al.,
2012). For example, artisanal cheese such as Ragusano (a Sicilian cheese) and Salers
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(a French cheese) is made using traditional methods in which raw milk is curdled in
wooden vats known as ‘tina’ and ‘gerle’, respectively (Licitra et al., 2007; Lortal et al.,
2009; Didienne et al., 2012). These cheeses are manufactured without the use of commercial
starter cultures; the naturally occurring bacteria present in the raw milk and on the surfaces
of the wooden vats provide natural starter cultures (Licitra et al., 2007). The types of
LAB present on these wooden vats vary, with ‘gerle’ having more diverse strains than
‘tina’. The types of LAB present on ‘gerle’ include Lactobacillus casei, L. lactis,
Leuconostoc pseudomesenteroides, Lactococcus garvieae, Leuconostoc mesenteroides
and Lactobacillus plantarum, whereas the dominant species on ‘tina’ is S. thermophilus,
followed by L. lactis, Lactobacillus delbrueckii subsp. lactis and Lactobacillus acidophilus
(Licitra et al., 2007; Lortal et al., 2009; Didienne et al., 2012). Only L. lactis is found in
both the ‘tina’ and ‘gerle’ wooden vats (Lortal et al., 2009; Didienne et al., 2012).

Bacteriocins of LABs

Aside from their use as starter cultures, many strains of LAB are known for the production
of bacteriocins (Servin, 2004). Bacteriocins produced by LAB are generally active against
a wide range of pathogenic bacteria, and can be used to improve the safety and quality of
dairy products (Servin, 2004). Bacteriocins are classified into four main classes and a total
of eight subclasses: IA, IB and IC; I1a, IIb and Ilc; IITa and I1Ib; and IV (Snyder & Worobo,
2014). Class I bacteriocins are also known as lantibiotics (lanthionine-containing
antibiotics). They are small peptides of 19-38 amino acid residues in length, and are
further divided into three subclasses: Class IA are flexible, linear peptides; Class IB are
rigid, globular peptides; and Class IC are multicomponent lantibiotics (Altena et al.,
2000; Cleveland et al., 2001; Cotter et al., 2005; Nes et al., 2007). Class II bacteriocins
are known as non-lantibotics or unmodified peptides. They include the pediocin-like,
antilisterial bacteriocins (Class Ila), two-peptide bacteriocins (Class IIb) and thiol-
containing bacteriocins (Class IIc) (Snyder & Worobo, 2014). Class III bacteriocins are
heat-stable and are divided into Class IIla, bacteriolytic and Class IIIb, non-lytic
bacteriocins. Class IV bacteriocins are cyclic post-translationally modified bacteriocins
(Heng & Tagg, 2006; Snyder & Worobo, 2014).

Bacteriocins can be added to food directly, indirectly as biopreservatives (purified or
semipurified bacteriocins) or indirectly as byproducts of fermentation (Messaoudi et al.,
2013). There are six factors that need to be considered before a bacteriocin can be applied to
food: (i) ‘Generally Recognised as Safe’ (GRAS) status; (ii) a broad spectrum or specific
inhibition against pathogens; (iii) heat-stability; (iv) absence of health risks; (v) benefits to
the food product, such as improved quality, safety and flavour; and (vi) high specific activity
(Holzapfel et al., 1995). Bacteriocins have been commercially applied as a biopreservative
in ricotta-type cheese to control foodborne pathogens such as L. monocytogenes (Davies
et al., 1997).

Bacteriocins are capable of reducing the number of attached bacteria during the early
stages of attachment and biofilm formation (Minei et al., 2008; Winkelstroter ef al., 2011).
For example, the number of attached L. monocytogenes on stainless steel was reduced during
the first 6 hours of incubation with either Lactobacillus sakei 1 or its bacteriocin (Winkelstroter
et al., 2011). Similarly, attachment of L. monocytogenes was reduced when it was grown
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with Enterococcus faecium in dual-species biofilms (Minei et al., 2008). However, in the
latter case, attachment of L. monocytogenes was restored during prolonged incubation, pos-
sibly due to the reduced susceptibility of strains or unspecific mechanisms such as nutrient
competition and acid production (Alves et al., 2006; Hammami et al., 2009; Winkelstroter
etal.,2011).

5.6 Biofilms at dairy farms
5.6.1 General characteristics of biofilms

The occurrence of biofilms in the dairy industry may result in economic loss due to low
quality/yields, food spoilage or food safety problems and difficulties in cleaning and main-
taining hygiene. These biofilms found in dairy farm environments and on equipment used
for milking, storage and transportation of raw milk are composed of a variety of bacteria,
including pathogenic and spoilage bacteria, all interacting in a microbial community
(Sutherland & Murdoch, 1994). The ability of bacteria to survive exposure to hazardous
conditions, such as during cleaning and sanitation, is increased when they are present
within a biofilm. For example, S. thermophilus and L. monocytogenes demonstrated a
greater resistance to heat and sanitisers in the presence of organic material when grown in
a biofilm than when grown in suspension (Frank & Koffi, 1990; Flint et al., 2002). In addition,
co-culture biofilms of P. fluorescens and B. cereus were more resistant than planktonic cells
to chlorine dioxide-based sanitisers (Lindsay et al., 2002). The increased resistance was
associated with growing on a surface and possibly with a change in the physiology of the
cell (Frank & Koffi, 1990; Dhir & Dodd, 1995; Steward et al., 2006). Once biofilms are
established, they are very difficult to remove, due to their physicohemical properties (Hood &
Zottola, 1997).

Bacterial attachment and biofilm formation can occur at any stage in the production chain,
from the dairy farm through to the raw milk silo at the dairy manufacturing plant. Bacteria
originating from the farm have been found on surfaces in dairy manufacturing plants (Huck ez al.,
2008). This may be due to the transfer of bacteria from mature biofilms in the dairy environ-
ment into raw milk during milking, and later attachment to the processing line downstream
(Flint et al., 1997; Wijman et al., 2007; Latorre et al., 2010).

5.6.2 Cows

Cows, and in particular their teats, are a potential source of microbial contamination of
raw milk (Bell, 1997). The teats of cows can contain high numbers of bacteria and a highly
diverse bacterial population, which varies between farms (Braem et al., 2012; Monsallier
et al., 2012; Verdier-Metz et al., 2012). This may be influenced by farm management,
including indoor/outdoor feeding, bedding material and hygiene practices (Hagi et al.,
2010; Vacheyrou et al., 2011). For example, bacteria that are associated with bedding
material can contaminate the teats, which may result in the contamination of raw milk
(Vacheyrou et al., 2011). However, not all bacteria found attached to teats contaminate the
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raw milk. For example, bacteria belonging to genera such as Solobacterium, Clavibacter
and Arcanobacterium are found on the teats of cows but do not compete well against other
microflora in milk (Verdier-Metz et al., 2012). The bacterial load found on the hides of
cows ranges from 4 to 1310g10CFU/cm2 (Bell, 1997; Small et al., 2005), while E. coli
present on the hide can range from 2 to 8log, CFU/cm* (Bacon et al., 2000). The high
bacterial load on cows may contaminate milking premises during milking and subsequently
form biofilms in the premises and on equipment.

5.6.3 Milking equipment and raw milk storage tanks

Poor hygiene on the farm can lead to a proliferation of bacteria during later stages of the
milking process (Villar et al., 1996). The bacteria in raw milk may attach to and grow on
the dairy equipment, from where they can be released into the milk (Sharma & Anand,
2002; Shi & Zhu, 2009). Dirty milking equipment and raw milk storage tanks can also
facilitate the formation of bacterial biofilms, due to the influence that milk residues have on
cell and spore attachment and on bacterial growth (Speers & Gilmour, 1985; Al-Makhlafi
et al., 1994; Murphy & Boor, 2000). Materials commonly used in the construction of milk-
ing premises and milking equipment, including stainless steel, glass, rubber, polystyrene
and glass, have been shown to support cell and spore attachment and biofilm formation
(Czechowski, 1990; Mafu et al., 1990; Suarez et al., 1992). Biofilms that develop in milk-
ing equipment and raw milk storage tanks can act as a chronic source of microbial contami-
nation for raw milk (Barnes et al., 1999; Latorre et al., 2010). In addition, enzymes produced
by bacteria in growing biofilms can contaminate raw milk and can have an impact on the
quality of dairy products.

Conditioning of a surface can affect the rate and the extent of bacterial attachment to that
surface (Denyer et al., 1993). Gram-negative bacteria attach more readily on to surfaces
conditioned with milk residue than do Gram-positive bacteria (Sudrez et al., 1992). Even
though surface conditioning may reduce the initial microbial attachment, with prolonged
incubation, the number of bacterial cells attached can increase through growth. Scratches on
the surfaces of materials have been shown to be associated with bacterial attachment
(Wirtanen et al., 1995).

Milking equipment may act as a reservoir and entry point for potentially heat-resistant
spores entering raw milk after heat treatment, possibly due to the formation of biofilms in
areas that are difficult to access for cleaning (Scheldeman ez al., 2005). Bacterial spores may
have different surface characteristics, which can influence their attachment to the substrate.
However, there is no simple relationship between individual physiochemical interactions
and adhesion of spores to a surface (Seale et al., 2008). Given sufficient time, both the
attached bacterial cells and bacterial spores on milking equipment may proliferate and form
biofilms, which can subsequently act as a source of contamination to the milk.

During milking, both the biofilm and metabolites produced within it, such as enzymes,
can disperse from the milking equipment into the fluid raw milk and subsequently reduce the
quality of the raw milk through enzymatic degradation.

The in-line milk filters attached to milking equipment, which are used to remove particles
from raw milk (e.g. soil particles and vegetation), may be another important source of microbial
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contamination. Foodborne pathogens have been isolated from in-line milk filters, which
suggests filters may contribute to contamination of raw milk by pathogenic bacteria (Stanley &
Jones, 2003; Van Kessel et al., 2011; Serraino et al., 2013). In-line milk filters must be changed
frequently, to minimise clogging and rupture, and should not be reused, as biofilms may form
on them. Furthermore, in a recent study, about 50% of the bacterial isolates found on raw milk
storage tanks were able to produce spoilage enzymes and form biofilms, which suggests
inadequate cleaning of the tanks (Flach et al., 2014). This finding highlights the importance of
an effective cleaning regime in raw milk storage tanks in minimising biofilm formation and
consequent enzyme production.

Equipment used for milking and storage of raw milk on the farm should be designed to
minimise the accumulation of milk deposits and the formation of biofilms when in use.
Equipment should also be designed so that it can be effectively cleaned and sanitised, and
an effective cleaning and sanitation regime must be established. The efficiency of cleaning
and sanitation is influenced by a number of factors, including the type and concentration of
cleaning chemicals, water hardness, cleaning temperature and the duration of cleaning
applications. For example, a high level of water hardness can hinder the effectiveness of
cleaning and sanitation chemicals, as the high concentration of ions in the water can react
with the caustic cleaning agents to produce precipitation (Cords et al., 2001). Softening
agents are often added to water used for the preparation of cleaning and sanitising solutions
(Elmoslemany et al., 2009). Cleaning at a suboptimal temperature (e.g. 47-53 °C) can also
reduce the overall efficiency of cleaning processes (Latorre ef al., 2010). There are several
reasons why cleaning temperatures might be below optimal, such as an incorrect tempera-
ture setting or the use of an inefficient heating system (Bava et al., 2011). Finally, bacterial
spores have been detected on processing equipment surfaces after cleaning (Flint ef al.,
1997; Elmoslemany et al., 2009), so removal and inactivation of spores should be considered
when designing the cleaning and sanitation regime.

5.6.4 Raw milk tanker

Starting with good quality raw milk is very important, particularly when raw milk must be
transported over long distances. Biofilms can form on the internal surfaces of raw milk
tankers, with bacteria originating in the raw milk collected from farms. If surfaces in milk
tankers are not adequately cleaned, bacteria in biofilms that survive cleaning and sanitation
can grow, produce enzymes and contaminate subsequent batches of raw milk.

A number of factors will influence biofilm formation on the internal surfaces of milk
tankers, including whether the storage tank is single- or double-skinned, whether it has a
refrigeration system and how well it has been cleaned and sanitised. It has been shown that
the internal surface temperatures of a single-skinned milk tanker during the transportation of
raw milk from dairy farm to dairy manufacturing plant are within the ideal range for the
proliferation of psychrotrophic bacteria (Teh, 2013). The internal surface temperatures of
milk tankers fluctuate during raw milk transportation and are season-dependent. The upper
surfaces of milk tankers tend to be the hottest. This suggests that bacteria that come into
contact with the upper surfaces of milk tankers (Figure 5.3a), through the splashing of raw
milk, are more likely to encounter temperatures suitable for growth and biofilm formation.
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(b)

Figure 5.3 Milk residues in a raw milk tanker after raw milk collection: (a) upper part; (b) partition; (c) side.

Furthermore, the interface between air and raw milk along the inside walls of milk tankers
(Figure 5.3b,c) appears to be prone to the accumulation of milk deposits and is a potentially
important site for biofilm formation.

Bacteria isolated from milk tankers have the ability to form biofilms and can produce either
heat-stable proteases, lipases or both (Teh ef al., 2011), which can be released into the raw
milk. Bacteria that detach from biofilms in milk tankers will contribute to the SPC and may
colonise the surfaces of processing equipment at dairy manufacturing plants (Rollet et al.,
2009). Most of the bacteria that grow in biofilms in milk tankers will be inactivated by heat
treatments applied in dairy processes; however, the heat-stable enzymes may retain their activ-
ity and contaminate the end-products. The predominant microbial populations in biofilms that
develop in processing equipment will differ to those found in biofilms that develop in raw milk
tankers, owing to the change in environmental conditions and microbial interactions (Martiny
et al., 2003; Elias & Banin, 2012). While psychrotrophic bacteria will be dominant in biofilms
that develop during the cold storage of raw milk, the dominant microorganisms in processing
lines will shift to bacteria favoured by the warmer local conditions.

5.7 Conclusion

The safety and quality of raw milk have important economic consequences for dairy
manufacturers. The prevalence of biofilms at the dairy farm and in the transport chain may be
an unrecognised source of pathogens and spoilage enzymes. Controlling biofilms on the dairy
farm and during transportation of raw milk may improve the overall safety and quality of
dairy products.
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6.1 Characteristics of Streptococcus thermophilus and S. macedonicus

Streptococcus thermophilus is a thermoresistant bacterium that belongs to a group referred to
within the dairy industry as the thermophilic lactic acid bacteria (LAB). It is not a true thermo-
phile as it has a growth range of 20-50°C and an optimum temperature of approximately 42 °C.
Streptococcus macedonicus was first described by Tsakalidou er al. (1998) as encompassing
strains isolated from Greek cheese. Soon thereafter, Flint et al. (1999a) characterised some
isolates of streptococci obtained from milk biofilms, for which the species name Streptococcus
waius was proposed. Isolates of both species were later examined by Mora et al. (2002), who
found the two were synonyms and reclassified all strains of S. waius as S. macedonicus.
S. macedonicus has a growth range of 24-52°C and an optimum growth temperature of 39 °C.
In addition, S. macedonicus can grow in up to 7% NaCl (Pearce & Flint, 2002).

Thermoresistant streptococci ferment a limited number of sugars and do not utilise arginine.
They may therefore survive well in a mixed biofilm environment, where other microorganisms
break down more complex sugars or proteins to provide arginine. However, most biofilm
studies have been conducted on single species.

6.2 Biofilms of thermoresistant streptococci in dairy
manufacturing equipment

The growth of thermoresistant streptococci in industrial and pilot-scale cheese-milk
pasteurisation equipment has been demonstrated by a number of studies (Hup et al., 1979;
Bouman et al., 1982; De Jong et al., 2002; Knight et al., 2004). The number of thermoresistant
streptococci in pasteurised cheese-milk increases over the duration of a production run and,
for long production runs (>8 hours), may reach levels where it causes problems with cheese
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Figure 6.1 Bacterial counts for raw and pasteurised milk measured on M17 agar (37 °C, 48 hours) through-
out a 20 hour-long production run of a pilot-scale pasteurisation plant. The increased counts observed after
8 hours were due to growth of thermoresistant streptococci on heat-exchange surfaces on the downstream
side of the regenerative section of the pasteuriser (G. Knight, unpublished).

quality. An example of the changes in levels of thermoresistant streptococci in pasteurised
milk during a production run of a pilot-scale pasteurisation plant (30001/h) is shown in
Figure 6.1.

Thermoresistant streptococci are able to grow during cheese making and can cause
quality issues. In one manufacturing plant, the levels of thermoresistant streptococci in
pasteurised cheese-milk were greater than 6.0log, cells/ml after 7-8 hours of operation.
The Gouda cheese produced from this milk had an unsuitable texture and an unclean,
yeasty flavour (Hup et al., 1979).

The length of time it takes for milk to travel through pasteurisation equipment (2—-3 minutes)
is too short for the increase in counts to be explained by bacterial growth in milk. The increase
in counts has been attributed to biofilm formation on the surfaces of the pasteurisation
equipment. Specifically, thermoresistant streptococci grow on surfaces on the downstream
(pasteurised) side of the regenerative section, in the temperature range 30-50°C (Hup et al.,
1979; Lehmann et al., 1990; Knight et al., 2004). Evidence for this localisation of growth
comes from line studies of pasteurisation equipment, where increases in counts for thermo-
resistant streptococci occur after milk has cooled to below 50 °C (Knight et al., 2004), and from
swabbing of surfaces (Figure 6.2). Bouman et al. (1982) found thermoresistant streptococci
attached to stainless steel surfaces at levels of 7.0log, cells/cm® in a model pasteuriser.

The growth of thermoresistant streptococci in a biofilm has been reported to be slower in
raw milk than in pasteurised milk, although attachment was the same in both (Driessen et al.,
1984). This suggests there may be growth inhibitory factors in raw milk that are destroyed
by heat treatment. Knight et al. (2004) also detected growth of thermoresistant streptococci
on the upstream (raw milk) side of the regenerative section, although at a slower rate than
was found on the downstream side. They attributed the slower growth rate of thermoresistant
streptococci in this region to competition from the microflora present in the raw milk. Further



Thermoresistant Streptococci 101

8.0 60
N CJ12h mwm20h ---Temperature
—~ - 50
)
E 6.0+
=] 40 &
S 5.0 £
S g
2 401 30 2
= b5
E &
2 3.0- 5
2 -20 &
£ 2.0+
=3
Z - 10
1.0 A
0.0 - -0

5(A) 5(B) 5(C) 6(A) 6(B) 6(C) 7(A) 7(B) 7(C) 8(A) 8(B) 8(C)
Pass in cooling section

Figure 6.2 Counts obtained on M17 Agar (37°C for 48 hours) for surface swabs of heat-exchange plates on
the downstream side of the regenerative section. Results are for passes 5, 6, 7 and 8 of the plate heat exchanger,
in which milk was cooled from 55 to 35°C. Bulk milk temperatures are indicated on the graph. Surface
temperatures were approximately 2.5 °C lower. Three areas (10 x 10cm) were swabbed on each plate (A, B and C),
with A at the warmer end, B in the middle and C at the cooler end of the plate (G. Knight, unpublished).

studies are required to determine the importance of different components of milk and other
dairy fluids in the formation of biofilms by thermoresistant streptococci.

In a pilot-scale plant, biofilms of thermoresistant streptococci reached a steady state after
approximately 12 hours at 42.5°C when growth and detachment rates were equivalent
(4.9logmcells/cm2/s) (Lee et al., 1997).

S. thermophilus appears to be a persistent and prolific natural contaminant of cheese vats
used in the manufacture of traditional cheeses from raw milk, where it provides some of the
natural starter microflora (Settanni et al., 2012). Problems with S. thermophilus in cheese
manufacture depend on the type of cheese being manufactured. In natural, raw-milk cheeses
manufactured in wooden vats, S. thermophilus dominates the microflora in the vats (Licitra
et al., 2007; Settanni et al., 2012). This is believed to prevent pathogen contamination.

In summary, thermoresistant streptococci may be beneficial or detrimental in the manu-
facture of dairy products. In both situations, the colonisation of the manufacturing plant is an
important prerequisite to the influence of these bacteria on the dairy industry (Figure 6.3).

6.3 Attachment of thermoresistant streptococci to surfaces

Attachment of cells to surfaces is a very important step in the development of biofilms by ther-
moresistant streptococci in dairy manufacturing equipment. Cell surface charge, hydrophobicity
and cell surface materials (e.g. polysaccharide and proteins) are thought to be involved in the
attachment of bacteria to surfaces (Marshall et al., 1971; Doyle et al., 1990; Neu, 1992; Hood &
Zottola, 1995), with the importance of each factor varying between species. Flint et al. (1997)
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Figure 6.3 Thermoresistant streptococci colonising stainless steel.

were unable to demonstrate a relationship between the attachment within 30 minutes of
S. thermophilus strains to stainless steel surfaces and any of these factors, with the exception
of cell surface proteins.

Although it was not possible to demonstrate a relationship between the magnitude of
the cell surface charge and attachment over a 30-minute period, surface charge may still
influence the attachment process (Flint et al., 1997). The predominantly negative charge
on the bacterial surface is likely to cause repulsion of bacteria from surfaces that are
negatively charged, such as stainless steel. The studies of Van der Mei et al. (1993), using
microelectrophoresis to measure zeta-potentials, concluded that the thermoresistant dairy
streptococci were only slightly negatively charged; therefore, the repulsion between cell
and substrate surfaces may be low.

The hydrophobicity of individual strains of thermoresistant streptococci differ, but there
is no obvious relationship between hydrophobicity and cell attachment to a stainless steel
substrate (Flint et al., 1997). Jameson et al. (1995) found a similar result, demonstrating that
hydrophobicity and surface proteins did not affect the attachment of Streptococcus oralis to
a salivary pellicle.

Extracellular polymeric substances (EPS) are believed to be important in the attachment of
some bacteria to surfaces and have been termed ‘adhesive polymers’ (Neu, 1992). Marshall
et al. (1971) suggested that EPS play a role in both initial and irreversible attachment. Some
authors believe that EPS can promote a preconditioning of the surface, making attachment
more favourable (Oliveira et al., 1994). Herald and Zottola (1989) showed that compounds
that bind to or disrupt carbohydrates, such as sodium metaperiodate, Cetavlon and concanavalin
A, all decrease the attachment of Pseudomonas fragi to stainless steel. However, Allison and
Sutherland (1987) found that the presence of polysaccharide did not affect attachment, with a
polysaccharide-producing wild-type strain and a non-polysaccharide-producing mutant attaching
equally well to glass.
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EPS play little part in the initial attachment of cells of thermoresistant streptococci, according
to trials quantifying attachment following treatment of the cells with chemicals that disrupt cell
surface polysaccharides (Flint et al., 1997). The treatments used were lysosyme, which dissolves
bacterial cell wall mucopolysaccharides by hydrolysing the p (1-4) linkages between N-acetyl-
amino-2-deoxy-D-glucose residues (Windholz, 1983); sodium metaperiodate, which oxidises
vicinal hydroxyl groups of component monosaccharides (Gopal & Reilly, 1995); and TCA,
which extracts peptidoglycan-associated cell wall polymers (Heckels & Virji, 1988). Disruption
of the polysaccharides was examined by measuring the EPS before and after treatment. None of
the treatments resulted in a consistent difference in the attachment of thermoresistant streptococci
isolates to stainless steel, even after the disrupted polysaccharides were removed by sonication.

One important observation was the heterogeneity of the results obtained with each treatment
(Flint et al., 1997). For each, some strains demonstrated increased cell attachment to surfaces
and others showed decreased attachment. There was also no consistency between the treatments.
For example, while one treatment resulted in an increase in cell attachment for an individual
strain, another resulted in a decrease. Both S. thermophilus and S. macedonicus strains were
affected. This heterogeneity in responses means that it is important to screen strains using more
than one method in order to produce meaningful results.

6.4 The role of cell surface proteins in attachment
of thermoresistant streptococci

In biological systems, adhesion interactions between host tissues and bacterial cells are
mediated by proteins on the bacterial cell surface (Jenkinson, 1994). For example, site-specific
colonisation by oral streptococci results from interplay between the host cell receptors and
expression of bacterial adhesins. The importance of proteins in the attachment of cells to
abiotic surfaces is less well documented. One study demonstrated that the attachment of
Azospirillum brasilense to glass and polystyrene surfaces was correlated with protein
concentration at the cell surface (Dufréne et al., 1996).

The removal of cell surface proteins from S. thermophilus isolates, using SDS or trypsin treat-
ments, led to reductions in cells attachment, suggesting that cell surface proteins played an
important role in the initial attachment phase (Flint ez al., 1997). The reductions in attachment
were similar for both treatments with each of the 11 isolates included in the study. Total cell
counts for treated and untreated cells used in attachment experiments were similar, indicating that
reductions in attachment were not simply a result of the treatments reducing total cell numbers.

Treatments to remove cell surface proteins (and treatments to disrupt polysaccharides) can
inactivate bacterial cells. An investigation was performed to determine whether cell inactivation
caused by the SDS and trypsin treatments was responsible for the reduced levels of cell attach-
ment. The attachment of viable cells of S. thermophilus to stainless steel surfaces was compared
with attachment of cells inactivated by heat, ultraviolet (UV) light and formaldehyde. In all
cases, inactivated cells attached to stainless steel surfaces at levels similar to those of viable
cells, indicating that cell viability does not influence attachment of S. thermophilus to stainless
steel surfaces (Flint et al., 1997). This observation is in contrast to that from the study of
Czechowski (1990), which found attachment of Pseudomonas fluorescens was reduced by up to
99% following the inactivation of cells by heat.
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The interaction of cell surface proteins with the substrate may involve electrostatic and/or
hydrophobic interactions. Paul and Jeffrey (1985) found that treatment with proteolytic enzymes
decreased the hydrophobicity of Vibrio proteolytica, as determined by the attachment to polysty-
rene and the microbial adherence to hydrocarbons (MATH) test. Similarly, in the study of Flint
et al. (1997), treatment with trypsin decreased the hydrophobicity of S. thermophilus, probably as
a result of the removal of hydrophobic protein groups from the surfaces of cells. In this case,
changes in hydrophobicity could not be related to cell attachment. In fact, with the exception of
specific forms of bacteria, such as Bacillus spores (Wiencek et al., 1991), there is no clear evi-
dence in the literature that hydrophobicity is a strong predictor of attachment to solid surfaces.

Changes in cell surface structures following treatment with trypsin were visualised by
examining cells with transmission electron microscopy (TEM). Cell surface structures such
as fibril tufts, which have been observed on oral streptococci and have been implicated in
attachment (Weerkamp et al., 1986), were not observed on the surface of S. thermophilus (H)
(Flint et al., 1997).

Changes to cellular proteins following treatment with SDS or trypsin were demonstrated
using SDS-PAGE (Flint ef al., 1997). The most obvious change was the loss of a polypeptide
of approximately 55kDa following treatment of cells with SDS. The N-terminal sequence of
this protein matched that of p-lactoglobulin, although the molecular weight of the protein was
three times that of p-lactoglobulin. Extracts of proteins from the cell wall of S. thermophilus
(H) produced two bands via SDS-PAGE, one of which was confirmed as being part of the
‘attachment protein’ by a positive reaction with antisera to the 55kDa polypeptide.
Unfortunately, the N-terminal sequence of this polypeptide could not be determined. Evidence
for the role of the ‘attachment protein’ was provided by attachment assays, which demon-
strated that attachment of S. thermophilus cells to stainless steel was inhibited in the presence
of antibodies to the ‘attachment protein’ and by TEM imaging of immunolabelled cells,
showing localisation of the immunolabel at the cell surface (S. H. Flint, unpublished). An
investigation into the source of the ‘attachment protein” was also performed; it concluded that the
protein could not have originated from the growth medium and was likely produced by the cells.

The ‘attachment protein’ appears to be similar to -lactoglobulin, a protein that appears to
have an affinity for surfaces; for example, it is known to be involved in fouling in dairy processing
plants (Jeurnink et al., 1996). Exposure of stainless steel to B-lactoglobulin inhibited subsequent
attachment of S. thermophilus (H) (Flint et al., 1997). Here, it appears that this protein blocked
attachment sites on the surface, essentially competing with the ‘attachment protein’ for these
sites. Similar observations were made by Bourassa et al. (1996), who found that unidentified
whey proteins reduced the attachment of Lactococcus lactis subsp. diacetylactis. This conflicts
with the hypothesis that coating or conditioning of surfaces with proteins assists in the attachment
of microbial cells (Kirtley & Mcguire, 1989; Marshall, 1996). The influence of conditioning on
bacterial attachment to surfaces may depend on the type of protein(s) and the bacteria involved.

6.5 Biofilm growth

There is a lack of information on the actual growth kinetics of the thermoresistant strep-
tococci in a biofilm. Evidence from the levels of thermoresistant strepcococci being released
from a pasteuriser suggests that growth is rapid. In one manufacturing plant, the levels of
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thermoresistant streptococci in milk from the pasteuriser reached over 6.0log,  cells/ml after
7-8 hours of operation (Hup et al., 1979). Knight et al. (2004) found that numbers of
S. thermophilus released in the milk during pasteurisation through a pilot-scale pasteuriser
reached 10°CFU/ml within 10 hours.

The development of biofilms consisting of thermoresistant streptococci in pasteurisers
and thermalisers has caused contamination of cheese-milk, resulting in associated problems
with cheese quality. Gouda cheese produced from this milk with levels of thermoresistant
streptococci >109cells/ml had an ‘unsuitable’ texture and an ‘unclean yeasty flavour’ (Hup
et al., 1979). The amount of time the milk was in the pasteuriser was too short for the
increase in numbers to be due to bacterial growth, and therefore the presence of a contami-
nating biofilm was postulated (Driessen & Bouman, 1979). The attachment of bacteria and
protein to the plates of pasteurisers occurred in the temperature range 30-50°C (Hup et al.,
1979), with colonisation reported to be localised in the regeneration section of pasteurisers
(Lehmann et al., 1990). Bacteria associated with the cooling section of a model pasteuriser
were found to be attaching directly to the stainless steel at levels of 7.0log cells/cm?
(Bouman et al., 1982). In a pilot-scale plant, biofilms of thermoresistant streptococci reached
a steady state after approximately 12 hours at 42.5 °C when the growth and detachment rates
were equivalent (4.91log  cells/cm’/s') (Lee et al., 1997). Rademacher et al. (1995) reported
that the attachment and growth of thermoresistant bacteria on the plate surfaces of a
pasteuriser depended on the number of bacteria in the milk before pasteurisation, and
colonisation of a pasteuriser was often associated with thermal treatment (thermisation) of
the milk before pasteurisation.

6.6 Strategies to control thermoresistant streptococci

Regular cleaning using cleaning-in-place (CIP) systems is the most accepted method for
control of biofilms of thermoresistant streptococci among dairy manufacturers. During the
cleaning of dairy processing equipment, cleaning solutions are circulated at temperatures in
the range 65—-80 °C. The total cleaning time can vary from 2 to 3 hours, so equipment will be
exposed to elevated temperatures for a significant period. For biofilms that develop in locations
where cleaning solutions do not reach (e.g. in contact points and gaskets), exposure to elevated
temperatures experienced during cleaning may be the only control mechanism.

However, standard cleaning systems are not always effective in controlling biofilms of ther-
moresistant streptococci, with both viable and dead cells seen on stainless steel surfaces after
cleaning (Flint et al., 1999b). A suitable approach may be to look for cleaning and sanitation
treatments that effect cell removal.

6.6.1 Influence of heat

The sensitivity of thermoresistant streptococci is affected by environmental factors, including
the presence of milk solids and attachment to surfaces. The sensitivity to heat of thermoresistant
streptococci is not affected by attachment to stainless steel. However, when cells adhered in the
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Table 6.1 Summary of results for the heat treatment of S. thermophilus (H).

Cell status D-value (minutes) at 60 °C Z-value
Planktonic in water 2.0 9.9
Planktonic in milk 14 7.6
Attached in water 22 94
Attached in milk 8.1 10.7
Biofilm (18 hours) 1.7 Not done

presence of skim milk, the sensitivity of S. thermophilus (H) decreased, with a fivefold increase
in the D-value at 60 °C (Table 6.1) (Flint et al., 2002). Although test samples with adhered cells
were rinsed, residual milk protein associated with the cell and the substrate may have protected
the cells from heat. A sevenfold increase in the D-value at 60 °C was also observed for plank-
tonic cells in milk (Table 6.1). This is consistent with the effect of organic material on microbial
resistance to heat (Joslyn, 1983). The potential for thermoresistant streptococci to survive heat
treatment in a dairy manufacturing plant is therefore greater than that expected in other
environments.

An increase was observed in the resistance to heat of 12 and 24 hour-biofilms of thermo-
resistant streptococci (grown in skim milk in a continuous-flow laboratory reactor) compared
with planktonic cells in water. However, the D-values for 12 and 24 hour-biofilm cells at
60°C were less than those observed for cells adhered recently in the presence of skim milk.
Therefore, there is no evidence that the formation of a biofilm of these organisms produces
any materials that would protect these bacteria from heat, as the increased resistance to heat
may be explained by the effect of milk protein. Increased resistance to heat of biofilm cells
has been reported for other organisms. For Listeria monocytogenes (Frank & Koffi, 1990),
increased resistance to heat was associated with the amount of growth on the substrate; for
Salmonella enteritidis (Dhir & Dodd, 1995), increased resistance to heat was believed to
result from a change in the physiology of the cell induced by attachment.

The presence of milk also affects the correlation values for the thermal death curves for
the thermoresistant streptococci (Flint ef al., 2002). The correlation values were less for
planktonic cells in milk and cells adhered in the presence of milk than for planktonic and
adhered cells in water. This may reflect variations in the distribution of bacteria in the milk,
with clumping around milk proteins resulting in the protection of cells and associated varia-
tion in the susceptibility to heat. This hypothesis needs further investigation.

The sensitivity to heat of S. thermophilus suggests that the 70 °C for 30 minutes used in
the routine cleaning of dairy manufacturing plants should be adequate to inactivate the cells
in a biofilm. In practice, it may be difficult to maintain this temperature in a large plant, and
areduction in the temperature may enable survival. Accumulated organic material, including
biofilm that has not been removed over a succession of manufacturing runs, may provide
additional protection to the cells, beyond the large increase in the D-value seen in the pres-
ence of milk proteins.

A novel approach that uses temperature to control the growth of thermoresistant streptococci
was proposed by Knight ef al. (2004). This involves the periodic application of a ‘temperature
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step change’ to the location in the regenerative section of a pilot-scale cheese-milk pasteuriser
where biofilms of thermoresistant streptococci develop. During a ‘temperature step change’, the
growth region (35-50°C) is subjected to a temperature of 55°C for 10 minutes. The period
between ‘temperature step changes’ is 60 minutes. Operating under step-change conditions, the
time in which an increase in numbers of thermoresistant streptococci in the pasteurised milk was
detected increased from around 8—10 up to 20 hours.

6.6.2 Influence of cleaning and sanitation

Although cleaning and sanitation of the dairy manufacturing plant are the main methods by
which to control biofilms of thermophilic streptococci, the nature of biofilms is that they
have a greater resistance to cleaning systems than planktonic cells. The increased resistance
to sanitisers of biofilm cells compared with the planktonic cells of many species is widely
reported (Le Chevallier et al., 1988; Yu & McFeters, 1994).

In order to determine the effect of current industrial cleaning programmes, a manufacturing
plant was monitored using epifluorescence and conductance detection methods (Flint et al.,
1999a). Biofilms of thermoresistant streptococci in a dairy manufacturing plant persisted after
routine cleaning procedures. Although this plant was cleaned frequently (every 6 hours), the
total numbers of bacteria, detected by epifluorescence microscopy, before and after cleaning
were similar, demonstrating that the routine cleaning procedure was removing few of the
bacteria from the substrate. The total numbers of bacteria for most sampling periods were
(3—4log cells/cm?), suggesting that the operating conditions, in particular the short operating
time, prevented bacteria reaching the high levels (107 cells/cm?) recorded by others (Bouman
etal., 1982).

The increased resistance to chemical sanitisers of thermoresistant streptococci cells attached
to a surface or grown in a biofilm was demonstrated by Flint e al. (1999b). Attached cells of
two strains of S. thermophilus (H and 48) had similar levels of susceptibility to sanitisers to that
of planktonic cells, with the exception that attached cells of strain H were more resistant to
cetyl trimethyl ammonium bromide (CTAB) than sodium hypochlorite. Biofilm cells of both
strains were more resistant to both sanitisers, with strain 48 more resistant to the chlorine
sanitiser than strain H. The increased resistance of biofilm cells to sanitisers may be caused by
organic material (i.e. milk protein) associated with the biofilm matrix (e.g. polysaccharides) or
protective mechanisms from other aspects associated with colonisation of a surface (Bridier
et al., 2011; Wirtanen & Mattila-Sandholm, 1992).

With either sanitiser, biofilms of both strains of S. thermophilus survived the normal
concentrations (200 ppm sodium hypochlorite, 25 ppm CTAB) used in dairy manufacturing
plants. The survival of any cells following treatment with sanitisers will allow the rapid
regeneration of a biofilm, increasing the risk of contamination of the manufacturing plant
and products.

The effects of a range of chemical treatments against thermoresistant streptococci,
attached to or grown as biofilms on stainless steel, were evaluated by Flint ef al. (1999b).
These experiments confirmed that acid and caustic treatments failed to remove thermo-
resistant streptococci from the surface of stainless steel. Treatments that affected
proteins, particularly a treatment with proteolytic enzymes, were most effective in
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Figure 6.4 Comparison between the effectiveness of standard cleaning techniques and a proteolytic
enzyme-based cleaner (Paradigm) in removing a biofilm of S. thermophlus (H) from stainless steel. Surface
counts were viable cell counts, determined using a conductance technique (Malthus Microbiological Growth
Analyser). ll, before cleaning; M, after cleaning. (1) 1.8% NaOH 75°C 30 minutes; 1% HNO, 75°C
30 minutes (industry-standard CIP procedure); (2) 1.8% NaOH 75°C 30 minutes (frequently used short
industry cleaning procedure); (3) 0.08% Paradigm 60°C 30 minutes; 1.8% NaOH 75°C 30 minutes; (4)
0.08% Paradigm 60°C 30 minutes; 1% HNO, 75°C 30 minutes.

reducing the total number of cells (attached or in a biofilm) on stainless steel (Figure 6.4).
This corresponds with previous work demonstrating the importance of proteins associ-
ated with the cell surface in attachment (Flint et al., 1997). Further improvements in
reducing bacteria may be obtained by fine tuning these proteolytic treatments, by
turbulent flow and by optimisation of the concentration of the enzyme and the time of
exposure to the enzyme. The concept of using enzymes for the removal of biofilms is not
new; polysaccharide-hydrolysing enzymes have also been found to be effective in
removing biofilms of strains of staphylococci and pseudomonads from steel and
polypropylene (Johansen et al., 1997).

The laboratory trials were followed by tests on biofilms in a pilot-scale plant (Flint ez al.,
1999). The enhanced removal and successful inactivation of biofilms of thermoresistant
streptococci using a commercial proteolytic enzyme cleaner in the pilot-scale trial suggest
that this may be a realistic alternative procedure for routine use in a milk pasteurising plant.
No viable cells were detected (detection limit approximately 1 cell/cm?) on the stainless
steel following enzyme cleaning, although some cells were still detected by epifluorescence
microscopy. This suggests that the enzyme cleaner inactivates the cells. The pilot-scale
work could be extended to demonstrate the effect of proteolytic enzyme cleaners in
removing naturally occurring (rather than seeded) biofilms in dairy manufacturing plants
during sequential manufacturing runs.
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6.7 Conclusion

The formation of biofilms of thermoresistant streptococci in dairy manufacturing plant has
been shown to involve two species: S. thermophiles, and S. macedonicus. Attachment of
representatives of this group of bacteria to the stainless steel substrate has been shown to be
mediated by a protein associated with the cell surface. Trials have demonstrated that proteo-
Iytic enzyme cleaners have the potential to improve the cleaning methods presently used in
dairy manufacturing plants.
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7.1 Introduction

Thermophilic spore-forming bacilli are common contaminants of dairy products. Although
nonpathogenic, many thermophilic spore-forming bacilli produce extracellular enzymes,
which, if allowed to form, can have a negative impact on product quality. Thermophilic spore-
forming bacilli are present at very low levels in raw milk, but their spores can survive thermal
treatments, such as pasteurisation, and attach to stainless steel surfaces within processing
equipment. Cellular adaptations that enable thermophilic spore-forming bacilli to grow and
survive in hot environments, such as heat-stable DNA, proteins and membranes, also enable
these microorganisms to grow and survive within heated dairy processing equipment. Under
favourable conditions, biofilms of thermophilic spore-forming bacilli will develop and
vegetative cells and spores will detach from surfaces, enter the product stream and contaminate
the final product. This chapter describes the problems associated with thermophilic spore-
forming bacilli, our current knowledge on the subject and the control strategies employed by the
dairy industry to combat contamination of dairy products.

7.2 Thermophilic spore-forming bacilli of importance
to the dairy industry

Thermophilic bacteria are defined in the dairy industry as those bacteria capable of growing
on plate count or milk plate count agar (MPCA) during incubation at 55 °C for 48 hours.
More generally, they are defined as bacteria capable of growth at temperatures between 45

Biofilms in the Dairy Industry, First Edition.
Edited by Koon Hoong Teh, Steve Flint, John Brooks and Geoff Knight.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



Thermophilic Spore-Forming Bacilli in the Dairy Industry 113

and 70°C. Many species of thermophilic bacteria, belonging to the genus Bacillus and
related genera, also produce spores and are responsible for causing product quality issues for
dairy manufacturers.

The dairy products with the most significant concerns with thermophilic bacteria are milk
powders, although thermophilic bacteria do grow in other manufacturing processes.
Anoxybacillus flavithermus and Geobacillus stearothermophilus are the dominant thermophilic
spore-forming bacilli found in milk powders manufactured around the world (Ronimus et al.,
2003; Riickert et al., 2004; Yuan et al., 2012). Other thermophilic spore-forming bacilli
found in milk powder include Bacillus licheniformis, Bacillus coagulans and Bacillus
subtilis (Ronimus et al., 2003; Yuan et al., 2012). These latter species are considered to be
facultative thermophiles, as they have optimal growth temperatures of less than 50 °C and
don’t grow at temperatures above 60 °C. Contamination of milk products by thermophilic
spore-forming bacilli is not new, as they have been isolated from milk powder recovered
from supplies used in an Antarctic expedition in 1907 (Ronimus et al., 2006).

7.2.1 Geobacillus

The genus Geobacillus was derived from Group 5 of the genus Bacillus as defined in the
study of Ash et al. (1991). All Geobacillus species are thermophilic, with optimal growth
temperatures of greater than 50 °C. They produce subterminal and terminal endospores. All
species of this genus are closely related, with similarity levels of 16S rDNA sequences in the
range 96.0-99.4% (Nazina et al., 2001; Coorevits et al., 2012). Isolates of Geobacillus spp.
have been obtained from temperate soils, hot springs, oilfields, deep sea sediments, sugar
beet juice and dairy products (Nazina et al., 2001; Ronimus et al., 2003, Banat et al., 2004;
Tai et al., 2004; Zeigler, 2014).

The predominant species of Geobacillus isolated from milk powder is G. stearothermophilus
(Stadhouders et al., 1982; Flint et al., 2001b; Ronimus et al., 2003; Riickert er al., 2004).
Another is G. thermoglucosidans, obtained from processing lines and milk powder in the
Netherlands (Zhao et al., 2012).

G. stearothermophilus (which includes strains known at various times as B. calidolactis
and B stearothermophilus var. calidolactis) has been associated with dairy products since at
least the 1950s, when it was found to cause contamination issues with ultra-high-temperature
(UHT)-treated dairy products (Galesloot & Labots, 1959a,b). Strains of G. stearothermophilus
associated with dairy products cannot be differentiated from the type strain of G. stearo-
thermophilus (ATCC 12980 = DSM 22) based on 16S rDNA sequencing (Burgess et al.,
2014), but they can be differentiated when analysed by molecular biology-based techniques,
such as random amplified polymorphic DNA (RAPD) and the internal transcribed spacer
(ITS) region, and by phenotypic characterisation (Flint et al., 2001b; Ronimus et al., 2003).
Notable phenotypic properties of dairy strains of G. stearothermophilus include the ability to
utilise lactose and to grow under anaerobic conditions (Flint et al., 2001b; Ronimus et al.,
2003). The optimal growth temperature of strains of G. stearothermophilus isolated from
milk powder is approximately 63°C (G. Knight, unpublished). Particular strains of
Geobacillus spp. can produce highly heat-resistant spores that can survive UHT treatment
and retorting (Hill & Smythe, 1994).
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7.2.2 Anoxybacillus flavithermus

A. flavithermus (formerly B. flavothermus) was first isolated from a hot spring in New
Zealand and was described as a Gram-positive, facultative anaerobic, motile, rod-shaped
spore-forming bacterium (Heinen et al., 1982). The G+C content was 41.6mol %, the
temperature range for growth was between 30 and 70 °C and the optimum growth temperature,
under aerobic conditions, was 60 °C (Heinen et al., 1982; Pikuta et al., 2000). This species
was transferred to the genus Anoxybacillus (and its epithet corrected to flavithermus),
alongside the newly described species, A. pushchinoensis (Pikuta et al., 2000). A. pushchinoensis
was initially described as a strict anaerobe, but this has since been revised to aerotolerant
anaerobe, and the genus is now considered to contain aerotolerant anaerobes and facultative
anaerobes (Pikuta et al., 2003).

Strains of A. flavithermus have subsequently been isolated from gelatin and milk powder
(Flint et al., 2001b; Ronimus et al., 2003; De Clerck et al., 2004). Isolates from milk powder
have an optimum growth temperature of approximately 57 °C (G. Knight, unpublished). The
genome sequences of several strains of A. flavithermus are available as either draft assemblies
or completed genomes (Saw ef al., 2008; Matsutani et al., 2013; Wang et al., 2014), with one
sequenced strain isolated from a dairy processing environment (Caspers et al., 2013).

7.2.3 Bacillus licheniformis

B. licheniformis is a facultative thermophile, with a growth range of 35-55 °C, and belongs to the
B. subtilis group. It is a soil microorganism that is commonly found in a range of dairy products,
but at low to moderate numbers (Crielly et al., 1994; Cook & Sandman, 2000; Ronimus et al.,
2003). B. licheniformis is generally considered to be nonpathogenic, but toxigenic strains have
been linked to food poisoning outbreaks associated with raw milk and processed baby foods
(Salkinoja-Salonen et al., 1999). In addition, some strains have been associated with bovine
abortion, septicemia and other infections (Logan, 1988). Spores of B. licheniformis can survive
pasteurisation but don’t appear to germinate and grow in processing lines, and therefore they are
not viewed as so much of a concern as spores from Geobacillus spp. or A. flavithermus.

7.3 Spoilage by thermophilic bacilli

Thermophilic spore-forming bacilli are considered spoilage microorganisms, due to the
ability of some strains to produce enzymes, such as proteases and lipases, and to produce
acid during growth (Basappa, 1974; Chopra & Mathur, 1984; Cosentino et al., 1997; Chen
et al., 2004; Gundogan & Arik, 2004; Murugan & Villi, 2009).

The real potential for the obligate thermophiles to spoil dairy products is thought to be
low, since the products are generally stored at temperatures below 37 °C, which is below the
lower temperature limit for their growth. The water activity in milk powders is also too low
for germination and growth of spores, unless reconstituted milk is temperature-abused.
Production of spoilage enzymes may occur in reconstituted and heated products such as
cream- and milk-based sauces if thermophiles are present. Geobacillus strains also produce
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amylases, which may degrade starches used as thickening agents for sauces. Finally,
G. stearothermophilus has also been associated with ‘flat-sour’ spoilage of evaporated milk
(Kalogridou-Vassiliadou, 1992).

In the case of facultative thermophiles, strains of B. licheniformis are capable of growth
at ambient temperatures and can spoil dairy products if spores survive processing treatments.
These strains are also capable of producing a slimy extracellular substance that can affect the
quality of pasteurised milk and cream (Gilmour & Rowe, 1990). B. subtilis has been associated
with ropiness in raw and pasteurised milk, as well as with the spoilage of UHT and canned
milk products (Heyndrickx & Scheldeman, 2002). B. coagulans has been connected to the
spoilage of UHT and canned milk products via the production of lactic acid (Gilmour &
Rowe, 1990).

7.4 Bacterial endospores
7.4.1 Spore structure and resistance

Bacterial endospores, or more simply spores, are metabolically dormant cell forms that enable
microorganisms to survive adverse conditions. Contamination by spores is recognised in
many food industries around the world as a major issue affecting food safety and quality
(Andersson et al., 1995; Faille et al., 2001, 2014). This is due to the innate resistance of
spores to many of the techniques, such as thermal processing and the addition of antimicro-
bial compounds, employed by food manufacturers to inactivate microorganisms and
increase the microbial stability of foods (Chandler et al., 2001; Cortezzo & Setlow, 2005;
Jones et al., 2005; Scheldeman et al., 2006). A number of spore structural properties contribute
to this resistance.

Starting from the inside and working outwards (Figure 7.1), the innermost structure is the
spore core, which contains the genetic material (DNA) of the spore, calcium dipicolinate
(CaDPA, making up 5-15% by dry weight of the spore; Powell, 1953) and small acid-soluble
proteins (SASPs, which bind to and protect spore DNA from damage; Setlow & Setlow,
1979). CaDPA levels differ between bacterial species and even within the same species
(Huang et al., 2007). It is believed that CaDPA replaces much of the water present in the
spore core and contributes to resistance to wet and dry heat (Paidhungat et al., 2000).
Mineralisation has also been shown to be important in heat resistance (Bender & Marquis,
1985; Beaman et al., 1988). While CaDPA contributes to the resistance of spores to both wet
and dry heat (Setlow et al., 2006), it also sensitises spore DNA to damage caused by ultraviolet
(UV) irradiation (Douki et al., 2005). SASPs of types a and p have been shown to have an
important role in protecting spore DNA from DNA-damaging agents (Setlow, 2007). SASPs
bind to GC-rich regions of spore DNA and form a tightly packed assembly (Gerhard &
Marquis, 1989; Frenkiel-Krispin et al., 2004; Setlow et al., 2006). Mutants of B. subtilis that
lack SASPs are more sensitive to UV irradiation, desiccation and wet and dry heat.

Surrounding the core is a membrane, which is itself surrounded by the cortex (Warth &
Strominger, 1969). The relative impermeability of the membrane is important to maintenance
of conditions in the spore core (Swerdlow et al., 1981). The cortex consists of two peptidoglycan
layers: that adjacent to the inner membrane has the same structure as that of the cell wall
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Figure 7.1 Spore structure. The core is surrounded by a membrane, cortex and coat. Certain species
contain an additional layer, known as an exosporium.

(referred to as ‘primordial cell wall’), while the outer peptidoglycan layer is the main layer
of peptidoglycan and has a slightly different structure to the primordial cell wall, with the
main difference being the amount of de-N-acetylation of an amino sugar glucosamine (Atrih &
Foster, 2001).

The spore coat is a highly cross-linked protein layer that occupies most of the spore’s
volume and contains 70-80% of the spore’s total protein (Aronson & Fitz-James, 1976;
Driks, 1999; Henriques & Moran, 2000). It contains large amounts of crosslinked cysteine
and tyrosine, creating a rigid structure (Aronson & Fitz-James, 1976; Pandey & Aronson,
1979). It is made up of two layers, an inner, laminated layer and an outer, electron-dense
layer. The spore coat provides resistance to hydrolytic enzymes, such as lysosyme and
trypsin, but remains permeable to small molecules and water. Removal of the spore coat
renders a spore sensitive to lysosyme, as the peptidoglycan that makes up the cortex (the site
for action of this enzyme), is exposed. It also provides protection from mechanical disruption,
UV irradiation and chemicals, such as hydrogen peroxide (Gould & Hitchins, 1963;
Riesenman & Nicholson, 2000; Hullo et al., 2001).

In some species, the spore coat is the outermost layer of the spore. However, spores of
bacilli such as B. cereus and B. anthracis have an additional layer, called the exosporium
(Gerhardt & Ribi, 1964). The exosporium consists of two layers: a hexagonal crystal lattice
structure and an outer ‘hair-like’ nap of filaments (Gerhardt & Ribi, 1964). The chemical
composition of the exosporium of B. cereus consists of protein, lipids and polysaccharides,
such as glucose, glucosamine and rhamnose (Matz et al., 1970). Specific glycoproteins
and carbohydrates (Fox et al., 1993; Sylvestre et al., 2002), as well as proteins (Redmond
et al., 2004), have been characterised from the exosporium of B. anthracis.

Currently, little is known about the function of the exosporium. It has been shown to
protect spores of B. anthracis upon ingestion by a macrophage (Weave et al., 2007).
Spores of B. cereus contain long appendages, constructed from hydrophobic residues and
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carbohydrate (Stalheim & Granum, 2001), which have been shown to influence the initial
attachment of B. cereus spores to stainless steel (Klavenes et al., 2002; Tauveron et al.,
2006). Transmission electron microscopy (TEM) of thin sections of Geobacillus spores
isolated from milk powder production lines has revealed an exosporium (Seale et al.,
2010). However, the role of this structure for Geobacillus is unknown.

The resistance properties of spores are influenced by environmental conditions (such as
temperature, pH and media composition) during sporulation (Palop et al., 1999). Spores
produced at temperatures greater than their optimal growth temperature tend to be more heat
resistant (Beaman & Gerhard, 1986). The metal ion content of the growth medium can also
influence their resistance properties (Cazemier et al., 2001). Spores grown on nutrient media
supplemented with calcium and magnesium are more heat resistant than those grown in
media fortified with manganese only (Cazemier et al., 2001). Spores attached to stainless
steel surfaces are also reported to be more heat resistant than spores in suspension (Simmonds
et al., 2003), while spores produced during milk powder production are more heat resistant
than those grown under laboratory conditions (Hill & Smythe, 2004). Furthermore, spores of
G. stearothermophilus have a higher heat resistance when suspended in milk than in water
(Yildiz & Westhoff, 1989).

7.4.2 Sporulation

The life cycle of sporulation, dormancy and germination of bacilli, first observed by Cohn
(1876), is shown in Figure 7.2. Many factors are reported to initiate sporulation, including
nutrient limitation, population and oxidative stress. These all act through the phosphorylation
cascade (Hoch, 1993) to activate a specific set of sigma factors (Driks, 1999) and a master
transcription factor, spo0A (Piggot & Hilbert, 2004). The first step involves the cell undergoing
asymmetric division and inward folding of the cytoplasmic membrane to form a septum. This
septum separates the mother cell from the daughter cell (also referred to as the forespore). The
forespore is engulfed by the mother cell, and then the cortex is formed, followed by the spore
coat. The spore becomes denser through the uptake of CaDPA, dehydration occurs and resistance
develops. The mother cell finally undergoes lysis and the spore is released. The entire process
takes about 8 hours in B. subtilis (Driks, 1999).

The presence of spores in milk powder is a serious concern, due to their resistance to high
temperature. It currently remains unclear what triggers sporulation during milk powder
production, since there is a constant flow of nutrients present in the milk. Perhaps the nutrients
are unable to reach particular cells within a biofilm and therefore trigger sporulation, or
perhaps sporulation within a biofilm is part of a complex life cycle of biofilm development.
Recent research has shown that sporulation of thermophilic dairy isolates requires optimal
growth conditions (Scott et al., 2007; Seale et al., 2008).

7.4.3 Germination

Germination occurs in three steps: activation, germination and outgrowth (Dring & Gould,
1971). Activation is a reversible process in which the spore is prepared for germination but
retains many of its properties, such as heat resistance. If conditions are favourable, the spore
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Figure 7.2 The main steps in sporulation by endospore-forming bacteria. Vegetative cells (1) undergo
asymmetrical division (2) and the mother cell engulfs the daughter cell (3). The cortex and spore coats are then
synthesised (4) and the exosporium (present in some species) forms (5). Finally, the mother cell lyses and the
mature endospore is released (6).

will then undergo the irreversible process of germination. During this time, a cascade of
events occurs: H* ions are secreted, thereby raising the pH of the spore core from 6.5 to 7.7,
CaDPA is lost and is replaced by water; and the cell loses dormancy and becomes metaboli-
cally active. The next step involves hydrolysis of the peptidoglycan in the cortex and further
swelling of the spore core due to the ingress of water and expansion of the germ cell wall.
There have been many reports of different signal substances that can induce activation and
germination. Heat is commonly used for thermophilic spores (Beaman et al., 1988), while
amino acids such as L-alanine are used for mesophilic species (Donnellan ez al., 1963). Low
pH has also been shown to activate spores, but this does not necessarily lead to germination
(Issahary et al., 1970). The spore coat has been shown to be important in the germination of
B. cereus spores, as components of the coat are used as nutrients by the germinating
organism (Kutima & Foegeding, 1987).

7.5 Enumeration of thermophilic bacilli

The enumeration of vegetative cells and spores of thermophilic bacilli is very important in
the dairy industry, as it helps ensure that manufactured products meet specifications.
Traditional viable plate-counting techniques, used to determine both thermophile and ther-
mophilic spore counts, can take a long time to obtain a result, which can delay the release of
dairy products. As a result, there is a focus on developing novel rapid enumeration methods
to enable more rapid release of products.
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7.5.1 Viable plate counts

Currently there is no standard enumeration technique for either vegetative cells or spores of
thermophilic bacilli. The traditional methods are the total thermophile plate count (TPC) and
the thermophilic spore count (TSC). The TPC method involves reconstitution of product,
followed by the transfer of 1 ml of sample and dilutions into separate Petri dishes containing
MPCA and incubation at 55 °C for 48 hours (Frank & Yousef, 2004).

In TSC, the sample is first heat treated for 30 minutes at 100 °C to inactivate vegetative cells.
The sample and dilutions are then pour plated with MPCA supplemented with 0.2% starch and
incubated at 55°C for 48 hours. This heat treatment is higher than in previously published
methods for thermophilic spores (such as 80 °C for 10 minutes, Coorevits et al., 2008; 80 °C for
20 minutes, McGuiggan et al., 2002; or 100 °C for 10 minutes, Riickert et al., 2004, 2005b). The
higher temperature over a longer of period of time ensures that the method selects for spores that
would survive the higher processing temperatures used during dairy manufacturing.

Recently, a new method has been developed to enumerate highly heat-resistant spores in
milk powder that are to be further processed for UHT or retort treatment. This method
involves heat treating at 106 °C for 30 minutes; this higher temperature selects for spores of
specific Geobacillus spp. and destroys spores of A. flavithermus (Hill & Smythe, 2004).

7.5.2 Rapid methods

Rapid methods have the potential to reduce both labour costs and the time required to obtain
results for thermophile and thermophilic spore counts. Unfortunately, rapid methods typically
require access to expensive equipment, as well as specialised training. Two rapid methods have
recently been developed for the enumeration of thermophilic bacteria in milk powder, one
using flow cytometry and the other using real-time polymerase chain reaction (RT-PCR).

A rapid method of determining viable mesophilic bacterial cell numbers in milk powder
(equivalent to a standard plate count) was developed by Flint ez al. (2006) using a BactiFlow
flow cytometer and a fluorescent substrate that can detect esterase activity. This method showed
promise and was modified to enumerate thermophilic bacteria in milk powder by adding a
55 °C incubation step (Flint ez al., 2007). It showed good correlation with TPC data during the
development phase, but did not always correlate well during routine use in a manufacturing
context. In addition, the detection limit was not low enough for some milk powders.

An RT-PCR assay was developed by Riickert ef al. (2005a,b) to enumerate total viable
vegetative cells and spores of A. flavithermus, B. licheniformis and B. megaterium in milk
powder. Geobacillus strains were not included in the study. The assay targeted the 16S rDNA
gene, and it should be noted that this gene can have a variable copy number, which may have
influenced the results. A similar RT-PCR assay was developed which targeted the spo0A
gene (Riickert et al., 2006); this assay amplified DNA from a variety of the thermophilic
bacilli (the targeted strains), as well as a number of nontargeted strains, including B. cereus
and B. smithii. The assay was rapid and provided a result within 1 hour. However, RT-PCR
assays are costly to perform, require technical expertise and are not very sensitive. In addition,
RT-PCR assays require incorporation of a reverse transcriptase step in order to target viable
bacterial cells.
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In summary, while there has been progress in the development of rapid methods for the
detection and enumeration of thermophilic bacilli, these methods require specialised equipment
and training. Further research is also required to improve the sensitivity, specificity and
robustness of these techniques before they can be applied in the dairy industry.

7.6 Characterisation and identification of thermophilic bacilli

The identification and typing of thermophilic bacilli is very important in tracing sources of
contamination during manufacturing processes and in demonstrating that cleaning procedures
are effective at eliminating thermophilic bacilli from equipment. Characterisation of
thermophilic bacilli can be achieved using traditional taxonomic approaches or using
modern molecular biology-based approaches.

Biochemical test kits (e.g. API CHB kits) are commonly employed to characterise
Gram-positive spore-forming bacilli. Such kits are useful for many mesophilic species, such
as B. subtilis and B. cereus, but are not very reliable for the identification of thermophilic
bacilli that are commonly found in dairy products. Despite this, phenotypic testing, using
biochemical test kits and traditional test methods, is still valuable in characterising thermophilic
bacilli. Such testing can identify characters that can be used to easily differentiate between
species and can reveal properties that are relevant to growth in dairy processing equipment,
such as lactose utilisation and growth under anaerobic conditions (which is important, as the
oxygen content of milk during evaporation is low). Such testing can also reveal the spoilage
potential of strains or species, including the ability to produce extracellular enzymes such as
amylases, proteases and lipases.

The current recommendations for the delineation of new bacterial species include
obtaining 16S rDNA gene sequence data, performing DNA-DNA hybridisation with closely
related bacteria and determining phenotypic and chemotaxonomic characteristics
(Stackebrandt et al., 2002). The distinction between species of Geobacillus based on 16S
rDNA sequence data is not always clear. Alternatives to 16S rDNA sequencing, and in
particular DNA-DNA hybridisation, for delineation of species are currently being investigated.
Many of these approaches are based around phylogenies created from sequencing of
housekeeping genes.

Recently, a 16S rDNA method was developed by Chauhan et al. (2013) which can rapidly
identify a number of dairy bacilli, including Geobacillus spp., A. flavithermus and B. licheniformis.
This method uses primers to amplify two separate variable regions within the 16S rDNA
gene, using PCR. The products then undergo a high-resolution melt analysis (HRMA) using
DNA-binding fluorescent dyes and a PCR machine with a highly precise temperature
control. While this method is excellent for identifying a wide range of bacilli from a range
of different dairy products, it is unable to differentiate between different species of
Geobacillus, due to the close similarity in the 16S rDNA sequence.

A method for identifying dairy Bacillus spp. and Paenibacillus spp. has been suggested
based on sequence analysis of the housekeeping gene rpoB (Durak et al., 2006). However,
this may not be a suitable for Geobacillus spp. as the rpoB gene is highly conserved in this
genus. Studies have shown that sequencing of the variable regions within the rpoB gene
could replace 16S rDNA sequencing in Geobacillus spp. as a species-level identification
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method (Meintanis et al., 2008; Weng et al., 2009). Other gene targets for the typing of
Geobacillus spp. include recA (Weng et al., 2009), spoOA (Kuisiene et al., 2009), recN
(Zeigler, 2005) and the 16S-23S IST region (Flint et al., 2001b; Kuisiene et al., 2007). While
these targets are effective at discriminating between different thermophilic bacilli, there has
been limited success with Geobacillus spp.

7.6.1 Molecular-based typing methods

The typing of microorganisms can provide information on sources of contamination within
a dairy manufacturing plant. A number of different methods are available for this, including
pulsed field gel electrophoresis (PFGE), restriction fragment length polymorphism (RFLP),
multilocus sequence typing (MLST), RAPD, multiparametric TagMan RT-PCR and multilocus
variable number of tandem repeat analysis (MLVA).

RAPD-PCR profile analysis (Williams et al., 1990) has previously been used to identify
and type Geobacillus spp., A. flavithermus and B. licheniformis isolates obtained from milk
powder from New Zealand (Ronimus er al., 2003) and around the world (Riickert ef al.,
2004). This technique employs PCR amplification of nonspecific regions of the genome
using short arbitrary primers. The PCR products are then run through gel electrophoresis,
resulting in different banding patterns between isolates, which can be compared between
known controls and samples. RAPD-PCR profiling requires no genome sequence information
and is quick and easy. However, this technique is known to have poor reproducibility
between laboratories and interpretation of the banding patterns can be difficult due to weak
bands in an isolate’s profile, resulting from varying efficiency of the PCR reaction and
mismatches between the primer and the DNA template.

Recently, a multiparametric TagMan RT-PCR assay was developed that can discriminate
between 38 different species of spore-forming bacilli, including psychrotrophic, mesophilic and
thermophilic aerobic bacilli, as well as members of the genus Clostridia. Sensitivity is high if
a pre-enrichment step is used, and the detection limit is one spore of B. cereus in a 25 g food
sample (Postollec et al., 2010, 2012). Unfortunately, this method has a relatively low sample
throughput. Fernandez-No er al. (2011) reported a quantitative TagMan-probe assay for
B. cereus, B. licheniformis and B. subtilis directly from foods that did not include a pre-enrichment
step. However, this method is unable to differentiate between the three species.

Recently, a new typing method has been developed, based on MLVA. Length polymorphisms
arise in a variable number of tandem-repeat VNTRs due to the variabile copy number of tandem
repeats found within genes or noncoding regions of a genome, which can be analysed using gel
electrophoresis or high-resolution melting analysis (MLV-HRMA) (Keim et al., 2004; Vogler
et al., 2007; Reyes & Tanaka, 2010). MLVA has been used to genotype a number of different
pathogens, including Salmonella enterica (Boxrud et al., 2007), Clostridium difficile
(Broukhanski et al., 2011), Mycobacterium tuberculosis (Le Fleche et al., 2002), Listeria
monocytogenes (Murphy et al., 2007) and B. anthracis (Keim et al., 2000). In most cases, the
MLVA methods provide discrimination values equal to or greater than the gold-standard
genotyping methods (PFGE and MLST) currently used for these microorganisms.

MLV-HRMA techniques have been developed for the typing of Geobacillus spp. and B.
licheniformis isolates obtained from milk powders manufactured in Australia (Seale et al.,
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2012; Dhakal et al., 2013). The study by Seale et al. (2012) demonstrated that three types of
Geobacillus spp. could coexist during a single processing run, and that specific types were
associated with high-spore-count powders. However, there was no correlation of specific types
with particular dairy manufacturing plants. Another interesting finding was that isolates
obtained in 1995 were of the same type as those obtained in 2012, indicating that the same
types remained prominent over 17 years. The study by Dhakal et al. (2013) showed that iso-
lates of B. licheniformis were more heterogeneous, across multiple product runs and milk
powders, than previously thought, and no correlation could be drawn between prominent
types and specific dairy manufacturing plants. These studies showed that MLV-HRMA was
more discriminative and reproducible than the RAPD method previously used to type thermo-
philic bacilli.

A microarray-based identification and typing method using 130 genomic markers has
been shown to discriminate 34 different strains from six Bacillus species and four species of
Geobacillus isolated from a variety of food products (Caspers et al., 2011). This method
looks at differences between core and accessory genome markers across Bacillus and related
genera. A majority of the core genome markers do not hybridise between species, resulting
in discrimination at the species level, while the accessory genome markers can result in
high-resolution discrimination between individual isolates of a single species.

Future developments in the typing of thermophilic spore-forming bacilli will arise out of
whole-genome sequencing as the technique becomes more readily available and more
economical. A number of thermophilic bacilli isolated from dairy products and dairy
manufacturing plants have had their genomes sequenced, including isolates of G. thermoglu-
cosidans (Zhao et al., 2012), A. flavithermus (Caspers et al., 2013) and B. licheniformis
(Dhakal er al., 2014). These genomes will provide targets that might serve as the basis for typing
techniques and might provide some insight into how these microorganisms persist within dairy
manufacturing environments.

7.7 Biofilm formation by thermophilic bacilli

A biofilm is a community of microorganisms that are attached to and actively growing on a
surface in an aqueous environment. Once attached to a surface, and if conditions are
favourable, the microorganisms can replicate and secrete extracellular polymeric substances
(EPS), which irreversibly binds them to the surface. As the biofilm develops, cells and spores
can detach from the surface and enter the aqueous phase. This section discusses some of the
relevant stages of biofilm formation, with a particular focus on thermophilic spore-forming
bacilli and dairy manufacturing processes.

7.7.1 Attachment of cells and spores to surfaces

A large number of factors influence the attachment of cells and spores to a surface, including
interactions between the microorganism and the conditioning film and physicochemical
interactions between the microorganism and the surface.

A conditioning film forms on a surface almost immediately after it comes into contact
with an aqueous solution. The conditioning film comprises organic and inorganic molecules,
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which are transported from the aqueous phase to the solid-liquid interface via diffusion or
fluid dynamic forces. The conditioning film can alter the physicochemical properties of the
surface, such as the surface charge and the hydrophobicity, and molecules adsorbed to the
surface can occupy binding sites for bacteria. Molecules in the conditioning film may also
serve as a nutrient source for microorganisms actively growing on the surface.

Milk is a complex colloid suspension consisting of proteins, fats and salts. Studies
investigating the influence of the presence of milk proteins adsorbed to a surface on the
attachment of thermophilic bacilli have produced conflicting results. Some have shown that
milk proteins inhibit attachment of thermophilic bacilli to surfaces (Parkar et al., 2001; Han
et al., 2011), but Flint ef al. (2001a) found that the attachment of vegetative cells of
Geobacillus spp. to stainless steel increased 10-100-fold with the presence of milk fouling.
The same result is supported by the work of Hinton et al. (2002), who found a milk fouling
layer enhanced accumulation of G. stearothermophilus on stainless steel. The conflicting
results of these studies may be explained by the different characteristics of the milk protein
layers (thickness, native versus denatured proteins) and how these influence attachment.

A number of studies have looked at the attachment of spores to surfaces (Husmark & Ronner,
1990, 1992; Ronner et al., 1990; Ronner & Husmark, 1992; Faille et al., 2002; Seale et al.,
2008). These studies have shown that hydrophobicity plays an important role in the attachment
of spores to surfaces, with the general rule that the more hydrophobic a microorganism or surface,
the greater the attachment. This rule is supported by the observation that spores of Geobacillus spp.
suspended in simple saline solutions attached in greater numbers to surfaces with greater
hydrophobicity, such as polystyrene, than to hydrophilic surfaces, such as glass (Seale, 2009).
However, when spores were suspended in skim milk and exposed to the same surfaces, no
differences in the number of spores attaching to surfaces was observed. This may be due to the
milk proteins, adsorbed to the substrate (i.e. the conditioning film) and spore surfaces, masking
the original surface properties of both the spores and the substrate.

The influence of the hydrophobic nature of the spore surface is not as clear. Seale et al.
(2008) found that the spores of Geobacillus spp. isolates that were the most hydrophilic
attached in greater numbers to stainless steel than those which were more hydrophobic.
Another study by Parkar ef al. (2001) found there was no correlation between spore
hydrophobicity and the adhesion of spores from thermophilic bacilli. From these studies,
it can be assumed that hydrophobic/hydrophilic interactions are not the only factors
involved in attachment of spores of thermophilic bacilli to surfaces.

The outer layers of spores have been shown to be involved in attachment. A study by
Faille e al. (2007) demonstrated a slight reduction in the attachment of B. cereus spores to
model food processing surfaces after removal of the exosporium. In contrast, removal of the
outer protein coats of Geobacillus spp. and A. flavithermus spores did not result in any
changes in the number of spores that attached to surfaces (Parkar et al., 2001).

7.7.2 Biofilm development
Biofilm development by thermophilic bacilli has been analysed extensively in laboratory

settings (Flint et al., 2001a; Parkar et al., 2003; Burgess et al., 2009). Under favourable
conditions (temperature, pH and water activity), attached spores germinate, grow and form
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Figure 7.3 Scanning electron micrographs displaying the development of a Geobacillus spp. biofilm on
stainless steel in skim milk at 55°C after (a) 8, (b) 16, (c) 24 and (d) 32 hours.

a biofilm (Flint ef al., 2001a). Figure 7.3 shows the development of a biofilm of a strain of
Geobacillus spp. on stainless steel, in the presence of reconstituted skim milk, over 32 hours.
Burgess et al. (2009) demonstrated that the biofilms created by A. flavithermus are capable
of being initiated from either vegetative cells or spores. Strains of both A. flavithermus and
Geobacillus spp. reached a biofilm cell density of 6-7log, CFU/cm* after 6 hours (Flint
et al., 2001a; Parkar et al., 2003; Burgess et al., 2009). Parkar et al. (2003) also found that
uninoculated pasteurised milk with low levels of an unknown thermophilic bacterium
(~1CFU/ml) produced a biofilm after 18 hours. This is more representative of what actually
happens in a milk powder manufacturing plant, since thermophiles are typically found in
very low numbers in raw milk (<10 CFU/ml).

It is likely that biofilms that develop in milk powder production equipment will contain
multiple species of thermophilic bacilli. Seale et al. (2012) demonstrated that multiple
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Geobacillus spp. types were present during a single production run. A study has shown that
G. thermoglucosidans, isolated from dairy products, is unable to grow and produce a biofilm
in milk in pure culture but can do so in the presence of other strains of thermophilic bacilli
(Zhao et al., 2013). Biofilms of thermophiles within processing lines are thought to develop
as a monolayer, due to the thin boundary layer created by the high shear rates of turbulent
flow (Beyenal & Lewandowski, 2002). However, multilayer biofilms may occur in locations
where the flow rate is low, such as underneath distribution plates in evaporators. More
research is required in order to better understand the composition and structure of thermophilic
biofilms growing in situ on a dairy manufacturing plant processing line.

7.7.3 Spore development within biofilms

A number of studies have examined spore production within biofilms (Storgards et al.,
2006; Shi & Zhu, 2009; Shaheen et al., 2010). Lindsay et al. (2005) demonstrated that
B. subtilis biofilms produced spores when placed under nutrient-limiting conditions. A
recent study by Faille er al. (2014) analysed spore production for both mono- and mixed-
species biofilms. It found that biofilms allowed to develop on stainless steel surfaces for 48
hours consisted of 90% spores. It also demonstrated that spores were easily transferred by
direct contact with agar surfaces, a procedure used to mimic the transfer of spores from
equipment surfaces to food. Burgess et al. (2009) demonstrated that A. flavithermus pro-
duced spores when grown in a continuous-flow reactor, and that they were released into the
milk flowing through the reactor. Interestingly, spores were produced when the system was
operated at 55 and 60°C, but not when it operated at 48 °C. Currently, little is known
about the extent of spore formation by thermophilic bacilli growing in biofilms within
dairy manufacturing plants.

7.8 Thermophilic bacilli in dairy manufacturing
7.8.1 Thermophilic bacilli in raw milk

Levels of thermophilic bacteria in raw milk are generally very low (<10CFU/ml) (Hill &
Smythe, 1994; McGuiggan et al., 2002). High thermophile levels (>100 CFU/ml) are generally
associated with the presence of facultative thermophiles, such as B. licheniformis and
B. coagulans. The groups of thermophilic bacilli that are often found at high levels in milk
powder (i.e. A. flavithermus and G. stearothermophilus) are rarely isolated from raw milk.

7.8.2 Milk powder manufacturing

Most of our knowledge about thermophilic bacilli in dairy manufacturing has come from
studies focusing on the production of milk powder (Murphy et al., 1999; Ronimus et al.,
2003; Scott et al., 2007; Seale et al., 2012; Zhao et al., 2013; Burgess et al., 2014).
Manufacture of milk powder involves the removal of water from milk and typically employs



126 Biofilms in the Dairy Industry

Incoming milk

Distribution —y |.____________________

plate T 1 Topofthe

calandria tubes

<«— Separator body

Calandria bottom —p

Exiting milk concentrate

Figure 7.4 Schematic diagram of an evaporator.

an evaporation step, in which water is evaporated from milk to produce a milk concentrate,
and a drying step, in which most of the remaining water is removed by spray drying.

The preheating sections of evaporators are particularly vulnerable to colonisation by
thermophilic bacteria, due to the large surface area held at temperatures suitable for their
growth. The preheating section is rarely opened and examined, so it is difficult to determine
the true nature and extent of biofilms formed there. Anecdotal evidence suggests that the use
of dual-plate heat exchangers or preheating equipment that has a reduced surface area, such
as direct steam injectors (DSIs), can reduce thermophile growth.

Evaporators also operate at temperatures that support the growth of thermophilic bacteria
(approximately 45-68 °C). Again, evaporators are rarely opened and examined, so it is
difficult to ascertain the full extent of biofilm development in such equipment. However,
there is evidence that thermophilic bacteria are associated with foulant that accumulates
around distribution plates and at the tops and the bottoms of calandria tubes (Figure 7.4).
Fouling underneath distribution plates can be caused by recirculation of milk underneath the
plate and/or foaming, which can result in a fluffy foulant that contains high numbers of
thermophiles (10°~10°CFU/g) (Scott et al., 2007). Incorrect alignment between the distribution
plate and the calandria tubes can result in poor distribution of milk at the top of the calandria
tubes and can ultimately lead to blockage of the calandria tubes. Blocked calandria tubes can
be a significant source of thermophile contamination.

7.8.3 Thermophilic bacilli in other dairy processes

Thermophiles are likely to grow as biofilms in any dairy manufacturing plant processing
equipment where temperatures are suitable (Lindsay & Flint, 2009). While much of the work
conducted on thermophiles has focused on milk powder manufacturing, other processes in
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which thermophile contamination may be an issue include plate heat exchangers, separators
and ultrafiltration (UF) equipment operating in the temperature range at which thermophiles
grow (45-70°C) (Lehmann, 1995; Scott et al., 2007). In addition, recycle loops, further
processing of ingredients (e.g. buttermilk, milk powders) containing thermophiles, milk
solids recovery, dead ends, holding tanks at thermophile growth temperatures and damaged
seals or gaskets can all contribute to increased levels of thermophiles. Cheese, buttermilk,
whey, pasteurised milk and cream are among the other dairy products that have been
associated with thermophilic bacteria (Langeveld er al., 1990; Cosentino et al., 1997;
Murphy et al., 1999; Scott et al., 2007; Burgess et al., 2010).

Milk separators operate best at warm temperatures and have a large surface area to support
the growth of thermophilic bacteria. Where multiple separators are used in a manufacturing
process, such as in the manufacture of anhydrous milk fat, the aqueous streams in particular
are likely to contain thermophilic spore-forming bacteria. It is reasonable to expect some
bacteria to be carried through with the fat phase in each subsequent separation process,
which may result in high levels of contamination by thermophilic bacteria as they continue
to multiply.

B. licheniformis has been reported as the dominant isolate from UF plants used in the
dairy industry (Lehmann, 1995). This thermophilic bacterium has long been associated with
the dairy industry but there are few reports on biofilms containing it. This may be due its
being outgrown by faster-growing thermophilic bacteria such as G. stearothermophilus and
A. flavithermus. How B. licheniformis interacts with other thermophilic bacteria in a biofilm
is unknown and requires investigation.

7.9 Control of thermophilic bacilli

Current practices employed in the dairy industry to reduce contamination by thermophilic
bacilli include short production times, increased cleaning frequency and the use of sanitisers.
Recently, focus has turned to the development of novel control techniques such as temperature
cycling, reduction of the surface area of equipment in the optimal temperature growth zone
and duplication of equipment.

7.9.1 C(Cleaning-in-place

At the end of every production run, processing equipment must be cleaned using an
appropriate cleaning-in-place (CIP) regime (Romney, 1990; Christi, 1999). Using a CIP
regime means performing cleaning without having to dismantle the processing equipment.
A typical CIP regime, explained in more detail in Section 4.5.2, consists of the following steps:
a warm water rinse, an alkaline wash, a water rinse, a nitric acid wash and a final water rinse.
The alkaline wash is designed to remove organic matter, such as fats and proteins. Nitric acid
is a strong oxidiser and removes inorganic material, such as calcium phosphate and other
salts. In some cases, a sanitiser may be applied at the end of CIP, to inactivate any
microorganisms that might remain in equipment.
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The ability of CIP procedures and sanitisers to remove biofilms and spores from processing
equipment is still subject to debate. Microorganisms may remain on surfaces following CIP,
even though they appear clean (Watkinson, 2008). Parkar et al. (2004) demonstrated that the
sequential application of a 2% sodium hydroxide solution (75 °C for 30 minutes) and a 1.8%
nitric acid solution (75 °C for 30 minutes) removed biofilms of A. flavithermus from stainless
steel surfaces. However, changing the temperature and/or the concentrations of the sodium
hydroxide and nitric acid solutions reduced the ability of the cleaning procedure to remove
biofilm cells. The sodium hydroxide and nitric acid treatments employed here were sporicidal
(Knight & Weeks, 2008; Seale et al., 2011).

It is important to monitor and control the chemical concentrations of cleaning solutions
and the temperatures employed during cleaning, as both affect the sporicidal activity of cleaning
solutions (Knight & Weeks, 2008). Lindsay et al. (2000) were able to isolate viable spores of
Bacillus spp., in particular B. cereus, from alkaline cleaning solutions that had been used for
dairy CIP procedures, while Seale er al. (2011) demonstrated that exposure to a sodium
hydroxide solution enhanced the ability of spores of Geobacillus spp. to attach to stainless
steel. These findings suggest that circulation of sodium hydroxide cleaning solutions during
CIP could potentially spread viable spores around processing equipment. This also has serious
implications for the practice of reusing sodium hydroxide cleaning solutions. It therefore
becomes very important to design a cleaning regime to ensure that spores are removed from
the surfaces of equipment and that spores suspended in cleaning solutions are inactivated.

7.9.2 Other control methods

The growth of thermophilic bacteria in dairy processing equipment essentially comes
down to a time—temperature relationship. Control can be achieved by either limiting the
production runtime, which limits the time available for the growth of thermophilic bacteria,
or operating processing equipment at temperatures at which the growth rates of thermophilic
bacteria are reduced.

It is very common for dairy manufacturers to reduce production runtimes for centrifugal
separators and plate heat exchanger equipment to between 6 and 8 hours, in order to limit
the growth of thermophilic bacteria. Similarly, production runtimes for the manufacture of
milk powder can be limited to between 18 and 24 hours, or to less than 10 hours when manu-
facturing ‘high-spec’ milk powders, which have very strict limits on counts for thermophilic
spores. It is also common to reduce the operating temperature (e.g. to between 15 and 30 °C)
of processing equipment, such as centrifugal separators and UF plants, to prevent thermo-
phile growth.

Another approach that uses temperature to control biofilm development is the imple-
mentation of temperature step changes, which have been shown to control the development
of biofilms of thermoresistant streptococci in cheese-milk pasteurisation equipment
(Knight et al., 2004). Temperature step changes are discussed in more detail in Chapter 6.
A modification of this method may be feasible as a way of controlling the development
of biofilms and sporulation by thermophilic bacilli: Burgess et al. (2009) demonstrated
that lowering the temperature of the growth environment from 55 to 48 °C prevented the
formation of spores by A. flavithermus in biofilms.
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Reducing the surface area of processing equipment that is at a temperature that allows the
growth of thermophilic bacteria may also reduce thermophile growth in milk powder
manufacturing plants (Refstrup, 2000). This can be achieved by using a direct-contact
heating system, such as a DSI unit. Heating in a DSI unit is achieved by injecting steam
directly into the milk stream, rapidly increasing the temperature of the milk. A DSI unit can
be used to heat milk from 45 up to 70 °C, for example, and thus virtually eliminate surfaces
that are at a temperature that supports the growth of thermophilic bacteria. Such a system is
more expensive to operate than an indirect heating system, such as a plate heat exchanger,
due to the requirement for additional steam. The use of a DSI unit also results in dilution of
the milk, due to the added water (as steam), so flash evaporation is required downstream.

Finally, it is also possible to use a dual preheating system, in which milk is directed from
one preheater to another after 8—12 hours of processing. This allows the first preheater to
undergo a CIP procedure without disrupting the manufacturing cycle.
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8.1 Introduction

Ultrafiltration (UF) and reverse osmosis (RO) membranes are used in several different
dairy processes, from milk concentration to whey processing and water purification.
Membrane systems represent a large surface area of synthetic material that is prone to
biofilm contamination. Control of this biofilm is generally achieved through cleaning-in-
place (CIP) systems. The original membrane systems used in the dairy industry could not
be cleaned with standard cleaning chemicals as their structure was sensitive to acid and
alkaline conditions. Enzyme cleaners were used, but these were more expensive than the
standard caustic and acid cleaning systems used on modern UF and RO membrane plants.
Current cleaning systems are similar to those used in the cleaning of stainless steel surfaces
in other parts of the dairy manufacturing plant. However, the build-up of fouling and
biofilm development is a problem. The high percentage of surface area compared with the
rest of the manufacturing plant provides the greatest opportunity for biofilm development
in a membrane processing plant, which is only enhanced by the temperatures of around
50 °C used for maximum filtration efficiency, which encourage the growth of thermophilic
bacteria. Modern dairy UF and RO plants operate at lower temperatures — generally around
10°C — which limits microbial growth to slow growing psychrotrophic bacteria. This
extends the time between cleans and avoids product contamination by the spore-forming
bacteria that used to grow in the filtration systems, which causing minimal changes in
filtration efficiency compared with plants that use warmer temperatures.

A biofilm is a population of microbial cells growing on a surface and enclosed in an amor-
phous extracellular matrix (Donlan et al., 2002). Biofilm growth is the predominant form of
microbial growth in most environments; it can consist of either single or multiple species
(O’Toole et al., 2000). Biofilm can develop on any surface exposed to an aqueous environment
(Flint et al., 1997a). In the dairy and food industries, serious problems caused by biofilms
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include interference with the flow of heat across the surface (Criado et al., 1994) and increases
in the fluid frictional resistance (Kumar & Anand, 1998) and the corrosion rate at the surface
(Liu et al.,2007). In addition, microorganisms growing in biofilms are more difficult to eliminate
than free-floating bacterial cells (Flint et al., 1997a), and thus cross-contamination and post-
processing contamination may occur once biofilms have become established in a manufacturing
plant (Kumar & Anand, 1998), leading to reduced product shelf life (Zottola, 1994). Such
microbial contamination is the major cause of poor-quality dairy products (Flint et al., 1997a).

Membrane processes in the dairy industry are severely limited by the problem of
fouling, mainly by protein, as just a small degree of adsorption causes membrane pore
blockage (Cheryan & Mehaia, 1986). Biofilm formation is enhanced by fouling of the
membrane (Kumar & Anand, 1998) and will eventually lead to blockage of the membrane
pores, preventing further manufacture (Flint et al., 1997b). A mature biofilm on a
membrane surface can also change the zones at which filtration can occur and the surface
properties of the filter (Cogan & Chellam, 2008). Biofilm can release bacteria into the
retentate stream, contaminating the product with potential spoilage issues.

8.2 Ultrafiltration and reverse osmosis membranes

UF and RO membranes are both semipermeable membranes that contain many tiny
pores. Smaller molecules pass through the membranes, while larger molecules are
retained. The feed stock will generally be split into two streams; materials that pass
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Figure 8.1 Permeability of membranes in dairy manufacture. MF, microfiltration; UF, ultrafiltration; NF,
nanofiltration; RO, reverse osmosis. (From Brans et al., 2004; used with permission from Elsevier.)
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through the membrane are called ‘permeates’ and those that are retained by the membrane
are called ‘retentates’ (Bird, 1996).

UF is widely used in the dairy industry (Daufin et al., 2001). The pore size of UF membranes
(10-100nm) is larger than that of RO membranes (0.1-1.0nm) (Figure 8.1), which allows protein
and fat to be retained and permits water, lactose and ash to pass through. UF membrane appli-
cations in the dairy industry include the manufacture of whey protein concentrates (WPCs) and
milk protein concentrates (MPCs), milk standardisation before cheese manufacture, liquid milk
concentration for market milk product and clarification of cheese brine (Bird, 1996).

RO is a high-pressure membrane separation process that operates at between 25 and
40bar (Hiddink et al., 1980; Bird, 1996) and allows only water to pass through (Figure 8.1).
Applications of RO membranes in the dairy industry include concentration of UF permeates
for lactose manufacture, milk standardisation, lactose fermentation, recovery of proteins and
lactose from casein whey wash waters, recovery of CIP water from UF and concentration of
whey prior to transportation (Bird, 1996).

8.3 Membrane configuration and materials

In membrane applications today, the most common configuration is spiral-wound (Ridgway
et al., 1983; Woodhams, 2014), due to its high membrane surface area-to-volume ratio and its
convenience of replacement and purchase (Bodalo-Santoyo et al., 2004). However, this configu-
ration has extreme susceptibility to fouling, due to the close spacing of the membrane leaves
(Cartwright, 2003). In spiral-wound membrane modules, feed is separated by membrane layers.
Retentates are collected from the sides of the layers, and permeates enter the central tube through
permeate collection holes. Other configurations include plate and frame, tubular and hollow
fibre (Maubois, 1980).

The most common materials used for fabrication of spiral-wound membranes in the dairy
industry are polyethersulphone (PES) and polysulphone (PS) (D’Souza & Mawson, 2005;
Pearce, 2007a). PES membranes have good strength and high permeability, and their properties
can be modified through a polymer blend (Pearce, 2008). Membranes are usually modified to
have a hydrophilic surface, which gives the advantages of being easily wetted and resisting
fouling (Pearce, 2007b). Polyvinylidene fluoride (PVDF) has begun to be used for membranes
since the 1990s (Pearce, 2008). Both PES and PVDF are now important materials for the mem-
brane market (Pearce, 2007b). PVDF is stronger and more flexible than PES and has excellent
chemical resistance (Boributha ez al., 2009). Thus, PVDF membranes tend to have a longer life
(Pearce, 2007b). However, since the hydrophobic surface of a PVDF membrane is difficult to
modify (Fontananova et al., 2006), it is more susceptible to fouling than other materials (Lozier
et al., 2006; Pearce, 2007b).

8.4 Crossflow and biofouling
Membrane filtration in the dairy industry is almost exclusively operated in a crossflow mode

(Figure 8.2), especially for the more difficult feeds such as whole milk (Pearce, 2008). The circu-
lation in crossflow filtration is parallel to the membrane (Anon., 2007). The consistent turbulent
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Figure 8.2 Crossflow filtration. (From Caridis & Papathanasiou, 1997; used with permission from Springer.)

flow (Anon., 2007) creates the shearing effect of the fluid as it passes over the membrane to
remove any particles that may have accumulated at the membrane surface (Caridis & Papathanasiou,
1997). This helps to maintain a relatively steady flux through the membrane.

Crossflow filtration is a pressure-driven process and is profoundly influenced by the applied
pressure differential between the retentate and the permeate (Caridis & Papathanasiou, 1997).
During the filtration of protein solutions (e.g. whey suspension), increased transmembrane
pressure (TMP) results in accumulation of a stronger fouling layer on the membrane surface
(Karasu et al., 2009). This preconditioning layer will influence the subsequent biofilm formation.
Results from a modelling study of UF of whey determined that higher feed flow rate caused a
larger volume of particles to be removed from the fouling layer (Karasu et al., 2009). Therefore,
very high crossflow velocities may be necessary to control fouling (Pearce, 2008).

8.5 Biofilm development
8.5.1 Membrane surface characteristics and biofilm formation

The surface properties of membranes are believed to be important in biofilm formation
(Pasmore et al., 2001). Bacterial attachment is regulated by the physicochemical nature of
both the bacterial cell and the polymer membrane surface (Ridgway, 1991). This includes
hydrophobicity and surface charge. In addition, the surface roughness will also affect biofilm
formation (Herzberg et al., 2009).

Surface roughness

Surface roughness refers to the steepness, evenness and topology of peaks and valleys on the
surface of the membrane material (Lee ef al., 2010b). Membrane surface roughness is an
important surface property for biofilm formation (Characklis, 1990; Elimelech et al., 1997,
Vrijenhoek et al., 2001), affecting the development of younger biofilms more than that of
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mature ones (Pang et al., 2005). Pasmore et al. (2001) concluded that bacterial attachment
was affected by surface roughness through two primary means: (i) the roughness disrupts
fluid flow by creating surface areas where the shear rate and the forces that might remove
attached bacteria are significantly reduced; and (ii) the increased roughness increases the
available surface area for cell attachment, since rough surfaces have more contours and
valleys (Pasmore et al., 2001). They also observed an increase in biofilm formation by
Pseudomonas aeruginosa on a rougher UF membrane surface (Pasmore er al., 2001).
Similarly, it was found that the degree of roughness had a strong linear relationship with the
maximum adhered cell concentration of P. aeruginosa PAO1 on nanofiltration (NF)
membranes (Myint et al., 2010).

Using atomic force microscopy (AFM) combined with scanning electron microscopy
(SEM), Pang et al. (2005) observed that both roughness and depression areas of RO mem-
branes made up of cellulose acetate (CA), polyamide (PA) and thin film composites (TFCs)
increased when membranes were in a hydrated form. They compared the roughness of these
three types of membrane and concluded that the CA membrane had the lowest, while the
PA membrane had the largest depression areas (18888 nm? for dry membrane (72.5nm
deep) and 33416 nm? for hydrated membrane (133 nm deep). Microorganism entrapment is
relatively easy in depression areas, and, therefore, PA membrane is more likely to promote
biofilm formation (Pang ef al., 2005). While the depth of the depressions is not large enough
to hide a whole cell, it will provide an area in which cells can become trapped. Similar
observations were also reported by Campbell ef al. (1999), who studied the attachment of
Mycobacterium sp. on to PA and CA membranes in batch assays.

Hydrophobicity

The hydrophobicity of inanimate substrata influences the strength and kinetics of microbial
adhesion and early biofouling (Ridgway et al., 1999). It has been proposed that a hydropho-
bic substratum attracts bacteria with a hydrophobic surface and a hydrophilic substratum
attracts bacteria with a hydrophilic surface (An & Friedman, 1998; Katsikogianni & Missirlis,
2004). Lee et al. (2010a) found that a relatively hydrophilic NF membrane had a higher
potential for biofouling by hydrophilic bacteria than a hydrophobic UF membrane. Pasmore
et al. (2001) found that biofilm initiation by a P. aeruginosa strain increased as a UF mem-
brane surface became more hydrophobic. Similarly, Lee et al. (2010b) observed that the
adhered cell concentration of P. aeruginosa PAO1 increased proportionally to the RO mem-
brane hydrophobicity.

Surface charge

Most polymer materials used for fabrication of membranes possess some degree of surface
charge, due to the presence of trace quantities of free carboxylate or sulphonate groups
(Ridgway et al., 1999). Surface charge can affect the attractive and repulsive forces that act
between the bacterial cells and the substrate (Pasmore et al., 2001). Charge attraction has even
been suggested to have a stronger effect than hydrophobicity on attachment of cells to sur-
faces (Koo et al., 2002). Under physiologically relevant pH values (~7), the polymer materials
used for RO membranes tend to be negatively charged (Elimelech et al., 1997; Vrijenhoek
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et al., 2001). Negative membrane surface charge can reduce bacterial attachment due to
electrostatic repulsion of negatively charged bacterial surfaces (Her et al., 2000). However,
other studies have observed that the ability to recover performance upon washing is higher for
membranes with chemically neutral surfaces than for charged membranes (Pasmore et al.,
2001; Kochkodan et al., 2006). This may be due to the absence of opposite charges generating
a strong bond.

8.5.2 Other factors

Biofilm formation is an extremely complicated process that is affected by a number of
factors. In addition to those just described, it is also influenced by environmental parameters
such as flow conditions, the level of nutrients, the concentration of electrolytes and the pH
(Lee et al., 2010b).

Flow rate is considered a dominant factor that strongly influences bacterial attach-
ment (Isberg & Barnes, 2002) and biofilm structure (Stoodley et al., 1999b). Higher shear
rates result in higher detachment forces, which decrease the number of attached cells
(Katsikogianni & Missirlis, 2004). However, studies show that a high flow rate will not
prevent bacterial attachment nor completely remove existing biofilm (Dreeszen, 2003),
although it will make the biofilm denser and thinner (Chang et al., 2002). This may be due
to the lower growth yield obtained when the shear rate is increased (Katsikogianni &
Missirlis, 2004), which may result from the biofilm bacteria putting energy into producing
more extracellular polymeric substances (EPS) rather than cells to resist the shear forces.

Bacteria require certain nutrients for growth and replication. Limiting the nutrients will
limit bacterial growth. However, biofilm will reach a certain equilibrium thickness according
to both shear force and available nutrient levels (Dreeszen, 2003). For example, Ivnitsky
et al. (2005) observed a bacterial count of approximately 10’ CFU/cm? in biofilm on an NF
membrane surface regardless of the feed applied. This suggests that nutrient levels used in
these trials are not the limiting factor and that sufficient nutrients are available for the biofilm
to reach equilibrium. There is a general assumption that nutrients are more concentrated at a
substrate interface anyway, so even in an environment with minimal nutrients, there may
often be sufficient nutrients at the substrate surface to sustain good biofilm growth.

Ionic strength and pH influence bacterial attachment by changing the surface charac-
teristics of both the bacteria and the substrate, resulting in changing interactions between
bacteria and substrates (Katsikogianni & Missirlis, 2004). Bunt et al. (1993) found that
pH and ionic strength influenced the cell surface hydrophobicity and charge. The highest
adhesion to hydrophobic surfaces was found at pHs in the range of the isoelectric point
when bacteria were uncharged (Bunt et al., 1993). In the range pH 3-9, an increase of
the pH of the environment above the isoelectric point of the surface (PA membrane)
resulted in an increased negative charge and increased repulsion of the bacteria from the
surface (Bellona & Drewes, 2005). The chemicals adsorbed to the membrane surface are
responsible for most of the changes in surface properties (Pasmore et al., 2001). Studies
have shown that positively charged ions such as sodium, calcium, magnesium and
cationic surfactants can bind to the negatively charged membrane surface, resulting in a
reduced negative surface charge (Bellona & Drewes, 2005).
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8.6 Biofilm structure

SEM and confocal laser scanning microscopy (CLSM) are widely used to visualise and
investigate biofilm structure. A membrane sample carrying biofilm can be fixed and dyed
with suitable stains for examination using a CLSM or can be examined directly using SEM
without dying (Camargo et al., 2005). Useful parameters such as biovolume and substratum
coverage can be measured (Pang et al., 2005).

8.6.1 Models and bioreactors for biofilm study

Flemming (2003) and others have proposed molecular modelling techniques for the exploration
and delineation of some of the theoretical mechanisms underlying primary bacterial adhesion to
synthetic membrane materials. Such techniques may provide information on the structures and
conformations of the adhesive biopolymers and membrane materials, and their dynamic
interactions in different chemical environments. However, accurate modelling requires proper
software tools (Flemming, 2003).

A recent investigation of biofilm formation on membrane surfaces was conducted by Pang
et al. (2005), using a continuous flow system (Figure 8.3). Unfortunately, with this system,
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Figure 8.3 Schematic representation of the flow cell used in monitoring biofilm development. The channel
depth is set by the thickness of the Teflon spacer (1 mm). All dimensions are given in mm. (Reprinted with
permission from Pang et al., 2005; copyright 2005 American Chemical Society.)
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Figure 8.4 (CBR 90 biofilm reactor. (From http:/Amww.biofilms.biz/biofilm-reactors, last accessed 12 March
2015; used with permission from BioSurface Technologies Inc.)

only one biofilm sample could be obtained for each run. This model examines only flow par-
allel to the membrane and not through the pores. Laminar or turbulent flow in glass flow cell
biofilm reactors can be achieved by adjusting flow velocity (Stoodley et al., 1999a).

A CBR 90 biofilm reactor (BioSurface Technologies, Bozeman, USA) (Figure 8.4) that
can generate up to 24 coupon samples was tested by Goeres et al. (2005). Unfortunately, the
surface material investigated was polystyrene, which makes it difficult to compare results
with membrane surface materials. Other materials can also be tested using the CBR 90
biofilm reactor.

8.7 Investigation of persistent biofilms on UF membranes

We conducated a detailed study of the microbial population of dairy UF membranes
(Tang et al., 2009a,b, 2010), examining the attachment, growth and detachment of isolates
obtained from dairy UF membranes following CIP. The purpose of these trials was to
determine the microflora remaining on the membrane surfaces of a whey UF processing
plant after standard cleaning. This would allow the biofilms of most concern in whey
processing, which persist following cleaning, to be identified, enabling the risk to prod-
uct quality to be assessed and providing a focus for the development of an improved
cleaning system.

The spiral-wound UF and RO membranes were obtained from dairy manufacturing
plants in New Zealand (Table 8.1). All membranes had been in routine use in manufac-
turing plants processing milk, whey or whey permeate. All operated at either 15-20°C or
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Table 8.1 Details of membrane samples from a New Zealand dairy manufacturing plant.

Manufacturing plant Sample details

Polyethersulphone (PES) RO membrane used for processing whey at 15-20°C

B Four PES UF membranes used for whey processing under various temperatures
of 10-50°C; four different stages of the plant were labeled as 1-4

C PES RO membrane used for processing of casein whey permeates at 15-20°C

Two PES RO membranes used for milk permeate treatment at 15-20°C; loop 1
was the first stage of the membrane processing, while loop 4 was the last stage

E PES RO membrane from a pilot plant used for processing of milk protein
concentrate at 15-20°C

F PES UF membrane used for whey processing at 55 °C

G PES RO membrane used for whey processing at 55°C

55 °C under turbulent flow at pH4.6—6.2. Specific details of the shear rate and flux were not
provided, although all manufacturers aim to operate their plants according to the membrane
manufacturer’s guidelines. Membranes had been cleaned, using the standard caustic-based
CIP system in the plant, before being removed, sealed in plastic bags to retain moisture and
sent by courier to our research laboratory.

Microbiological analysis of the bacteria recovered from the membranes produced a variety
of isolates, many of which were surprisingly Gram-negative bacteria (Table 8.2). Gram-negative
bacteria would be killed during the heat treatment of whey before UF, so these bacteria found on
the membrane surfaces most likely originate from the water used in the diafiltration or washing
of the plant. Gram-negative bacteria produce strong biofilms, and these survived standard dairy
cleaning. The predominant isolate was Klebsiella, so this was used in subsequent trials.

8.7.1 Attachment of Klebsiella isolates to UF membranes

Studies of the initial attachment of bacterial cells to surfaces are essential in any pro-
gramme aimed at elimination or control of biofilms (Dang & Lovell, 2000). Three
Klebsiella strains (TR002, BOO1 and B006) isolated from the UF membranes of a whey
processing plant readily attached to surfaces in a model microtitre plate system and to
membrane surfaces. A further Klebsiella strain (EL4019) with poor ability to attach also
originated from a whey manufacturing plant. There was no indication that the isolates
with the greatest attachment were specific to any manufacturing plant. The microtitre
plate assay was found to be a useful tool with which to screen for the attachment of cells
to polysulphone membrane surfaces.

The increase in the attachment of two mixed strains (P. fluorescens. TROO1 with
K. TR002 or BOO1 or B0O06) compared with the attachment of each individual strain
indicates an interaction between these strains in the initiation of a biofilm (Tang et al.,
2009a). Biofilms in many environments are multispecies, rather than single-species
(Kawarai et al., 2007; Macleod & Stickler, 2007). It is well known that Pseudomonas
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Table 8.2 Bacteria isolated from dairy plant membrane surfaces.

Strain Species Dairy plant Type of plant Membrane side
WL001 Chryseobacterium indologenes A Ultrafiltration (whey) Retentate
WL004 Bacillus firmus A Ultrafiltration (whey) Retentate
WL008 Lactococcus lactis ssp cremoris A Ultrafiltration (whey) Retentate
B001 Klebsiella oxytoca A Ultrafiltration (whey) Permeate
B003 Cronobacter sakazakii A Ultrafiltration (whey) Permeate
B006 Klebsiella oxytoca A Ultrafiltration (whey) Permeate
WA001 Lactobacillus B Ultrafiltration (whey) Permeate
WA002 Bacillus licheniformis B Ultrafiltration (whey) Retentate
TRO01 Pseudomonas fluorescens C RO (casein whey permeate)  Retentate
TR002 Klebsiella oxytoca C RO (casein whey permeate)  Retentate
TRO0O4 Bacillus licheniformis C RO (casein whey permeate)  Retentate
HI Blastoschizomyces capitatus C RO (casein whey permeate)  Retentate
EL4019  Klebsiella oxytoca D RO (milk permeate) Retentate

are often the primary colonising organisms of surfaces. They have been shown to
enhance the attachment of others to surfaces (Zottola, 1994), and their coexistence with
Klebsiella has been documented (Stewart ef al., 1997). In Tang et al. (2009a), 10 of
the 13 strains showed no ability to attach from pure culture, which suggests that either the
majority of isolates did not form biofilm and were trapped in the accumulation of protein
and biofilm on the membranes or the required conditions were not present in our experi-
ments (e.g. combination with other microorganisms or specific environmental conditions
required for attachment).

Whey and whey permeate were found to increase the attachment of most of the strains
compared with phosphate-buffered saline (PBS) at pH6.5 (Tang et al., 2009a). Therefore,
further details of the effects of whey components were investigated using three Klebsiella
strains in the microtitre plate assay. Four whey components — a-lactalbumin, f-lactoglobulin,
glycomacropeptide (GMP) and bovine albumin (BA) — were used. These experiments did not
show which component played a major role in increasing attachment. It can be concluded that
all components of whey may enhance bacterial attachment.

Whey protein concentration, membrane type (including membrane material and age),
strain type and the interactions between different microorganisms are all important factors
for biofilm development on UF membrane surfaces (Tang et al., 2009a). Strains varied in
their ability to form biofilm as individual strains, but dual strains produced a higher biofilm
density than single strains. Biofilm density tended to increase with increased whey protein
concentration. The saturated biofilm was approximately 8log CFU/cm”. PES membranes
appeared to support biofilm growth less readily than did PVDF membranes; they may
therefore be better suited to use as UF membranes, in order to reduce problems with micro-
bial colonisation (Figure 8.5). Used membranes were more susceptible to colonisation with
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Sample2

Figure 8.5 SEM of biofilm of K. oxytoca BOO6 on used PES membranes after 24 hours’ incubation with 5%
whey; (a) shows a magnification of the rectangular area in (b). (Reprinted with permission from Tang et al.,
2009; used with permission from Springer)

biofilm than were new membranes. Therefore, selecting a membrane type and monitoring
membrane age will help manage biofilm development during UF.

8.7.2 Removal of Klebsiella biofilms from membranes

The use of sanitisers following a standard dairy industry caustic/acid CIP procedure
reduced the number of culturable bacterial cells on membrane surfaces (Tang et al.,
2010). The most effective sanitiser in this study was the MIOX EW anolyte (120 ppm
FAC, pH6.8), as compared with the control CIP. MIOX EW is activated water, often
described as a mixed oxidant cleaner/sanitiser, produced from the electrolysis of sodium
chloride. Sodium hypochlorite and Perform (hydrogen peroxide/peracetic acid) func-
tioned equally well when combined with Reflux E1000 (Protease). This study indicated
that, if a dairy processor were to use a standard CIP (such as the control) on membrane
systems, a further flush with MIOX EW anolyte would further reduce residual attached
microbial populations. In addition, using protease followed by a sanitation (sodium
hypochlorite, Perform or an anolyte of MIOX EW) produced the best clean, based on
a >2log reduction in residual cells, and left no culturable and viable cells at a detection
limit of 0.11log, CFU/cm’.

8.8 Other isolates from WPCs

A recent study profiling the microflora in WPCs showed Bacillus licheniformis to be a
predominant contaminant (Zain, unpublished data) (Table 8.3). This suggests that areas
other than UF membrane surfaces may be more important as a source of biofilms contami-
nating WPCs, as most membrane plants, including the ones used in this study, operate at
temperatures of 10-15°C, at which these isolates cannot grow. This suggests the preheater
plate heat exchanger and evaporators are the most likely sites for biofilm development.
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Table 8.3 Bacteria isolated from six batches of WPC.

No. Bacterial identity Frequency
1 Bacillus licheniformis 34
2 Bacillus cereus 9
3 Bacillus thuringensis 2
4 Bacillus subtilis 2
5 Bacillus pumilus 2
6 Paenibacillus glucanolyticus 1
7 Lactobacillus plantarum 3
8 Staphyloccocus spp 2

8.9 Conclusion

Biofilm formation is a major impediment to the use of filtration membranes in crossflow pro-
cesses in dairy plants. Membrane cleaning strategies require improvements for the effective
control of biofilms.

The main effects of biofilm on membranes are: (i) reduction of membrane flux and
productivity; (ii) biodegradation of the membrane material; (iii) an increase in power
consumption for the raising of operation pressure, (iv) potential contamination and spoil-
age of the product; and (v) an increase in the cost of cleaning and even consequent
replacement of membrane modules.

The initiation of biofilm formation on membrane surfaces depends not only on the physical
and chemical characteristics of the membranes, but also on the characteristics of early adhering
bacteria and the operating conditions inside the membrane system. A suitable laboratory-scale
biofilm reactor must be developed that can closely mimic the conditions in the dairy mem-
brane plant in order to enable further study of the factors affecting biofilm formation and
membrane cleaning (e.g. membrane material, strains, feed, flow rate, pH and temperature).

Dairy manufacturers have focused on the control of biofilm formed by Pseudomonas species
and foodborne pathogens (Flint et al., 1997a). Detailed studies of membrane biofilms need to
understand the microbial community that exists in membrane plants. For example, if mem-
branes are predominantly colonised by mixed-species biofilms, this will have an impact on the
ability to clean. The biofilm developed by mixed cultures is more complicated than that of pure
cultures. A map showing where control should be focused can be generated only when the
mechanisms of biofilm formation by the true biofilm formers are explored. This requires setting
up a microbe library for specific membrane plants before further study can be carried out.

The control of membrane biofilms in the dairy industry has to date been dependent upon
frequent CIP with chemicals, enzymes or disinfectants/sanitisers commonly used in cleaning
systems in food manufacturing plants. A study of improved control strategies should focus
on both the membranes (e.g. selection of membrane materials with modifications), to lower
bacterial attachment, and improvements in membrane cleaning methods, to eliminate the
biofilm and prevent regrowth.
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A study of Klebsiella oxytoca biofilm formation on UF and RO membranes indicates that
the growth of this bacteria is significantly affected by strain type, medium concentration
(whey protein concentration) and membrane type (membrane material and age). The use of
enzymatic detergent in a CIP procedure, combined with an extra sanitation step using an EW
anolyte, would improve membrane cleaning by removing biofilms from membrane surfaces.
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9.1 Introduction

Milk is consumed extensively throughout the world as a dietary staple or supplement because
of its high nutritional value, being rich in proteins, fats, carbohydrates, vitamins and
minerals. Milk’s nutrient density, coupled with its near-neutral pH and high water activity,
means that it is also a good growth medium for a range of pathogenic or spoilage bacteria,
yeasts and moulds (Quigley er al., 2013). These nutrients act as substrates for bacteria, such
as lactic acid bacteria (LAB), that utilise lactose, releasing metabolites that other microorganisms
can use. Raw milk analysed in the United Kingdom (Neaves, 2013) and New Zealand (Hill
et al., 2012) had a low number of bacteria detected by a total viable count method, but still
contained pathogens at a low frequency. Other risks associated with the consumption of raw
milk include the transmission of multidrug-resistant microorganisms (Chandra et al., 2010).
Cold storage of raw milk favours the growth of psychrotrophic bacteria, such as
Pseudomonas and Acinetobacter species. Furthermore, infections in the dairy herd have
been found to contaminate raw milk with increased levels of opportunistic pathogens
(Bhatt et al., 2012).

The presence of pathogens in milk-based beverages and foods has the potential to cause
illness or death to all consumers, but especially groups such as the sick or elderly who
consume dairy-based nutritional supplements and those with developing or fragile immune
health, such as neonates who consume powdered infant formula (PIF). Recalls of contaminated
product can also have a significant economic impact. In order to provide consumers with
safe food, dairy industries all over the world manage their manufacturing practices to control
the safety and quality of dairy products. It is necessary to determine critical control points in
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all factories and to regulate processes and automate systems in order to eliminate or at least
minimise the risk of contamination.

There are two separate environments that impact on the safety and quality of dairy
products, namely the primary production environment (dairy farm and milking facilities),
which is largely influenced by feed, sick cows, contamination in the bulk raw milk storage
tank and so on; and the dairy product manufacturing environment, which includes raw
milk reception, pasteurisation and other processes used for the manufacture of specific
dairy products, as well as processing and packaging environments, cleaning systems and
refrigerated storage facilities.

Pathogens that can be present in milk include viruses and bacteria, some of which may
survive by forming spores, which are resistant to conditions that would normally inactivate
vegetative cells. This chapter reviews pathogenic contaminants in the dairy manufacturing
environment are discusses the major ones in terms of their impact on humans (especially
high-risk populations), their growth characteristics and their responses to environmental
stress. Also discussed are the mechanisms of contamination and persistence in the dairy
processing environments and processing lines; detection of pathogens in dairy products
using traditional and novel techniques; and the control of pathogens in the dairy industry,
including established and alternative methods.

9.2 Pathogenic bacteria

Bacterial growth can be a major problem for dairy manufacturing plants, the extent of
which depends on their required growth conditions and their survival in the different
environments from farm to the factory. We discuss here the pathogens that are at the
greatest risk of contaminating dairy manufacturing plants, and describe their growth
characteristics, their mode of contamination, the control measures required to contain
their dissemination and their detection.

9.2.1 Cronobacter species (formerly Enterobacter sakazakii)

Cronobacter is a recently described genus comprising six species (Lehner, 2010) that are of
emerging importance as foodborne pathogens (Norberg et al., 2012; Fakruddin et al., 2013;
Hunter & Bean, 2013; Lu et al., 2014). They are opportunistic pathogens that can contaminate
PIF and cause life-threatening infections in neonates. The International Commission on
Microbiological Specification for Foods (2002) has classified Cronobacter as a severe hazard
for restricted populations (Adekunte et al., 2010). Cronobacter infection may cause symptoms
such as necrotising enterocolitis, bacteraemia and meningitis, and up to 80% of cases are fatal
(Hunter & Bean, 2013). Three species, C. sakazakii, C. malonaticus and C. turicensis, are
known to invade human intestinal cells, replicate in macrophages and invade the blood—brain
barrier (Kucerova et al., 2011). Infections caused by these organisms have also been reported
in immunocompromised individuals, such as the elderly (See et al., 2007).

These species are all potentially pathogenic, and while the minimum lethal dose is not
known for oral routes of infection, PIF contamination at counts of 0.36-66.0 CFU/100 g has
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been suggested to be potentially infectious to the immunologically susceptible neonatal
population (Pagotto & Farber, 2009).

Growth characteristics and response to environmental stress

Mathematical modelling has revealed that the growth rate for Cronobacter in reconstituted
PIF is maximal at 37 °C (0.924 CFU/ml/h), as compared to 25°C (0.384 CFU/ml/h) and
8°C (0.027 CFU/ml/h) (Pina-Perez et al., 2012), indicating the potential impact of heat
abuse (e.g. prolonged storage at room temperature) in PIF post-preparation. Hence, it is
extremely important to detect Cronobacter in milk powder formulations and comply with
health directives for the preparation of PIF.

Cronobacter species are highly tolerant to heat treatment (Walsh et al., 2011), desiccation
and osmotic stress (Osaili & Forsythe, 2009) and thrive in the harsh conditions of a processing
environment. The osmoprotection has been attributed to their ability to accumulate
molecules such as trehalose, glycine and betaine to counteract high osmotic pressure
(Osaili & Forsythe, 2009).

Mode of contamination

Cronobacter species present in milk powder have been identified by epidemiological
approaches as a cause of PIF-borne infection (Lehner ef al., 2010). However, Cronobacter
species have not been detected in raw milk, even with a large sample size of 875 bulk milk
samples from large milk processing companies (Baumgartner & Niederhauser, 2010).
Thus, an analysis of 867 samples collected from PIF manufacture, with contaminants
traced back to dry processing environments (Reich et al., 2010), suggests that the major
route of contamination to milk powder is from the factory environment.

Cronobacter species have been detected in microbiological surveillance studies of milk
processing plants (Kandhai er al., 2004; Lehner & Stephan, 2004). They were detected post-
pasteurisation, and a high percentage of positive samples (28%) came from vacuum cleaners
used in the packaging areas (Reich er al., 2010); this indicates some risk of recontamination
when the product is being filled and packaged (Songzhe et al., 2011), given the persistence
of the bacteria at room temperature. The packaging area was also found to contain other
members of the Enterobacteriaceae, which is an indicator of poor factory hygiene.

The protein components of milk powder — whey and casein — appear to be critical to the
formation of exopolysaccharide-rich Cronobacter biofilms, which confer further protection in
the processing environment (Dancer et al., 2009; Hartmann et al., 2010). Cronobacter species
may be disseminated into production lines/products via two routes: post-pasteurisation from
soil/dust contaminating a product at a point after drying, or from other equipment in the
factory; and dry ingredients/vitamins/supplements added to the product without an additional
heating step (Lehner, 2010; Larsen et al., 2014). Indeed, the ability of these species to survive
and thrive may be due to the protecting layer of capsular polysaccharides, which are also
important in the attachment of the bacteria to surfaces in their natural environment and to
manufacturing surfaces such as silicone, latex and polycarbonate (Kucerova et al., 2011). The
genes involved in synthesis of curli fimbriae-mediated adhesion in urinary catheters are also
the ones involved in attachment to abiotic surfaces in processing plants (Zogaj et al., 2003).



Pathogen Contamination in Dairy Manufacturing Environments 157

Other genes involved in mediating adhesion and biofilm formation on abiotic surfaces include
those associated with the uptake of ions such as divalent magnesium and those involved in the
biosynthesis of cellulose (Hartmann et al., 2010).

The formation of biofilms in the processing environment has long been a major concern
in the dairy industry because of the greater resistance of bacteria in biofilms to cleaning
conditions and the ability of bacteria in biofilms to persist after cleaning (Flint et al.,
1997). Experimental model biofilms of C. sakazakii formed on manufacturing substrates
dipped in reconstituted PIF had microbial counts of up to 7.96, 7.91 and 6.99log, , CFU/
cm? on silicone, polycarbonate and stainless steel surfaces, respectively (Jo et al., 2010).
Further, biofilms of C. sakazakii (and Staphylococcus aureus) were recalcitrant, as they
showed little reduction in numbers after storage at relative humidities (RH) of 23, 43, 68
and 85% for 5 days, with the greatest resistance being at 100% RH (Bae et al., 2012).
Sanitation with at least 70% alcohol was found to decrease the microbial levels (Jo et al.,
2010), implying that alcohol-based sanitisers may provide effective control; this was confirmed
with a biofilm model of Escherichia coli (Bae et al., 2012). Thus, alcohol-based sanitisers
may effectively inactivate pathogenic bacteria attached to or present in biofilms on the
surfaces of utensils and cooking equipment used in the dairy industry.

Detection in dairy

Cronobacter species have been detected in PIF using a range of techniques, from culture-
dependent techniques using growth media with enrichment steps to selective identification
of the organism using biochemical growth characteristics (Norberg et al., 2012). Molecular
biology-based tools are also used to identify Cronobacter in final products (such as PIF) and
the production environment, and thereby control their dissemination. These include protein
profiling by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS), biochemical identification using the API 20E system (bioMerieux,
Marcy I’Etoile, France) and genotypic profiling by ribotype analysis. Biochemical profiling
and genotyping have been used more routinely as accurate methods for identification and
characterisation of Cronobacter species (Lu et al., 2014). Pulsed field gel electrophoresis
(PFGE) typing has been used to locate sources of contamination by tracing back clonal
populations to different factory areas, such as tanker bays, evaporator rooms, an employee’s
shoes and external roofs (Craven et al., 2010). Multilocus sequence typing (MLST) is also
being investigated as a sensitive method by which to identify strains that dominate the dry
processing ecosystems of dairy manufacturing plants; 21 out of the 72 strains of C. sakazakii
isolated in one study belonged to sequence type 4 (ST4), the clonal complex associated with
neonatal meningitis (Sonbol et al., 2013).

Control of Cronobacter

Heat treatment of whole milk at 68 °C for 16 seconds has been shown to be very effective at
inactivating C. sakazakii in a high-temperature short-time pilot-scale pasteuriser (Nazarowec-
White et al., 1999). Inactivation of C. sakazakii was also studied under conditions simulating
contamination of stainless steel equipment surfaces, glass window panes and Teflon machinery
parts. The treatment temperature was critical, as the bacteria were able to survive exposure to



158 Biofilms in the Dairy Industry

temperatures of up to 70°C for 2 hours. At room temperature (25-30°C), C. sakazakii
survived on stainless steel and glass surfaces for up to 6 days, indicating the potential for
persistence and crosscontamination (Kuo et al., 2013). Ultraviolet (UV) irradiation is often
used in dairy factories to kill bacteria. Exposure to 15 W UV irradiation at a distance of 55cm
caused 100% loss of viability of Cronobacter species within 5 minutes (Kuo et al., 2013). The
authors cautioned that this may not be reproducible in the manufacturing environment, where
the machinery is large and has many corners and crevices in which bacteria can shelter.

In view of the serious hazard Cronobacter-contaminated PIF poses to neonates and the
high tolerance of Cronobacter to heat and low water activity, procedures such as filtration
and immunomagnetic separation are being investigated to remove contaminating bacteria in
the post-pasteurisation stages of PIF manufacture. UV irradiation has proven to be a safe,
cost-effective and sensitive method by which to inactivate Cronobacter species. Exposure to
UV irradiation for 20 minutes has been found to inactivate Cronobacter species in dry PIF;
this was more effective if followed by hot water treatment at a moderately high temperature
of 60°C (Liu et al., 2012). Post-processing supplementation of PIF with bioactive preservatives
has also been considered as a means of inactivating these pathogens. The presence of the
major constituents of vanilla extract, such as vanillin (4-hydroxy-3-methoxybenzaldehyde),
ethyl vanillin (3-ethoxy-4-hydroxybenzaldehyde) and vanillic acid (4-hydroxy-3-
methoxybenzoic acid), may provide antimicrobial properties and decrease the thermal
tolerance of C. sakazakii in reconstituted PIF. Supplementation of reconstituted PIF with
millimolar concentrations of these bioactives has been found to result in the inactivation of
C. sakazakii following heat treatment at 58 °C for 20 minutes (a treatment known to be sub-
lethal at best) and storage at 10 °C for 48 hours or at 21 °C for 24 hours (Yemis et al., 2012).

Considering that contamination by Cronobacter species is most likely to occur during
drying and filling (Songzhe et al., 2011), and given their high resistance to heat and their
ability to persist at room temperature, strict compliance with quality and hygiene protocols
is essential to ensure microbiological safety of the product.

9.2.2 Escherichia coli

Escherichia coli are Gram-negative, facultatively anaerobic bacteria that naturally reside in
the bovine gastrointestinal tract. While most strains are harmless commensals, the herd may
harbour bacteria that are potentially pathogenic when transmitted to humans through dairy
products. Because E. coli are always present in the intestine, they can serve as indicators of
faecal contamination and hygiene status in dairy manufacturing plants. While recent
surveillance in Australia indicates that such safety issues are now well managed (Fegan &
Desmarchelier, 2010), E. coli contamination may depend on the scale of the production
environment, with microbial quality being poorest in small-scale manufacturing plants due
to manual operations, noncompliance with hygiene practices and minimal documentation
(Opiyo et al., 2013).

Escherichia can undergo genetic exchange with other genera of the Enterobacteriaceae
that commonly reside in the bovine gut, and this has been known to spread undesirable traits
such as multiple-drug resistance. The extrachromosomal genes coding for CTXM-type
extended-spectrum P-lactamases (ESBLs) confer resistance against several antibiotics,
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including penicillins and oxyimino-cephalosporins. Over a span of 2 years, these genes
spread to different clones of E. coli and other Enterobacteriaceae in Japanese dairy farms
(Ohnishi et al., 2013).

There are many pathogenic strains of E. coli, but the cause of greatest concern to the dairy
industry are the Shiga toxin-producing E. coli (STEC) serotypes, particularly E. coli
O157:H7, which has an infectious dose of 5-50 cells and causes serious illness, including
haemorrhagic diarrhoea (Farrokh et al., 2013). Some of the serotypes produce cytotoxic
Shiga toxins (Stx seropathotypes), which cause inhibition of protein synthesis in intestinal
cells (Elhadidy & Mohammed, 2013).

Growth characteristics and response to environmental stress

Most E. coli grow at between 10 and 46 °C, with the more virulent strains well adapted to
temperatures below 15 °C. Maintaining low temperatures during storage and transportation
of raw milk is thus vital to preventing the growth of virulent strains of E. coli (Farrokh et al.,
2013). Pasteurisation of milk at 72°C for 15 seconds inactivates E. coli O157:H7, but a
higher microbial load or the proliferation of psychrotrophic bacteria may lower the efficiency
of pasteurisation, leading to unacceptable levels of potential pathogens remaining in the milk
(Silva et al., 2010).

E. coli O157:H7 have a high tolerance to cold, surviving at subzero temperatures (—18
to —20°C) in dairy products such as ice cream (Amer et al., 2010). Exposure to mild heat
of 43-51 °C enhances their resistance to cell death at the lethal temperature of 53 °C (Nakano
et al., 2012). Oxidative stress may also increase their thermotolerance (Blackman et al.,
2005), indicating that oxidative sanitisers should be used with caution and that experimenta-
tion to determine not just their cleaning potential but also their ability to induce thermotoler-
ance in contaminating bacteria is required. The presence of an acidic environment has been
shown to protect against heat inactivation (Buchanan & Edelson, 1999), and this may influ-
ence their survival in acidic dairy foods such as yoghurt and cheese.

Contamination of dairy foods

Ruminants harbour STEC as part of their normal gut microflora, and up to 27.5% of cattle
harboured the Stx serotypes in one farm study, with the highest occurrence in cows with
unweaned calves (Renter et al., 2005). STEC contamination can occur during milking, and
an incidence average of 2% has been noted for raw milk, although other serotypes, such as
026:H11, were also detected (Trevisani et al., 2013). STEC may enter raw milk during milking
as a result of contamination of teats by faecal material or through cows with subclinical
mastitis (Farrokh ez al., 2013). In pasteurised milk, contamination may be the result of an
ineffective treatment cycle or of supplementation with contaminated additives.

The major dairy foods at high risk of STEC contamination include raw milk, which is
often consumed by farm families in the United States (Jayarao et al., 2006), and raw milk
cheeses, in which the acid production, mould ripening, thermal stress and osmotic stress all
enhance the survival of STEC (Lee et al., 2012; Peng et al., 2012; Elhadidy & Mohammed,
2013). The blue-type cheeses ripened with Penicillium have been known to favour the
growth of STEC, especially under mild acidic environments (Lee et al., 2012), although
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STEC numbers declined after ripening, especially the O157:H7 serotype (Miszczycha et al.,
2013). This organism was also inhibited in cooked cheese and lactic cheese, with a long
period of coagulation at pH<4.5.

STEC can also persist within biofilms in dairy environments, which can increase their
resistance to sanitisers (Sharma et al., 2005). Genes required for curli formation play an important
role in their ability to form biofilms and tolerate sanitisers (Wang et al., 2012). Biofilms also
serve to further propagate the contaminating seropathotypes as the Stx-encoding genes
undergo horizontal gene transfer via Stx-encoding bacteriophages (Solheim et al., 2013).

Detection of STEC in food

Sensitive culture-based methods based on enrichment of the organisms in dairy food and can
detect 1-2CFU/25¢g as per ISO 16654:2001 (Anon., 2001). Multiplex polymerase chain
reaction (PCR), using specific primers for serotypes such as O157:H7 and O111, has been
successful in detecting contamination of milk samples (Alwathnani & Hessain, 2013).

Control

Pasteurisation and other thermal treatments are the best means of controlling this microorganism
in dairy products, along with environmental hygiene control measures employed in dairy
factories (Elhadidy & Mohammed, 2013). Many of the problems associated with STEC
involve the consumption of raw milk and products made with raw milk. High hydrostatic-
pressure (HHP) processing may be an applicable nonthermal treatment method for inac-
tivation of pathogenic bacteria that does not affect the sensory or nutritional value of
cheese (Martinez-Rodriguez et al., 2012).

9.2.3 Salmonella species

Salmonella are Gram-negative facultative anaerobic rods that cause foodborne infections
such as self-limiting gastroenteritis (Pui e al., 2011). The infectious dose of Salmonella
necessary to induce infection is dependent on multiple factors, including the virulence of the
serovar and host-specific factors such as age, health and immune response to the bacterial
infection (Pui et al., 2011). Following a review of clinical studies performed with participants
administered doses of live Salmonella, the infectious dose was found to be easily achievable;
for example, just 25 cells of Salmonella Sofia and Salmonella Bovismorbificans to 2x 10°
cells of Salmonella Typhimurium, and a dose of 1x 10 cells of Salmonella Pullorum was
necessary to induce salmonellosis in humans (Blaser & Newman, 1982).

In general, food poisoning outbreaks due to Salmonella are more common in Australia
and New Zealand than in the rest of the world; Salmonella is the second most common cause
of bacterial food poisoning in New Zealand (Lee, 2014). Salmonella serovars have been
isolated, at a low frequency, from dairy products manufactured in Victoria, Australia over
many years (Eddy et al., 2010). These pathogens may be found in raw milk (probably as a
result of faecal contamination of udders) and may also contaminate dairy products
post-pasteurisation. Two large consecutive outbreaks involving Salmonella Agona affected
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141 infants consuming contaminated PIF produced in France (Brouard et al., 2007). An
outbreak in Germany was epidemiologically linked to a strain of S. Agona contaminating
Turkish herbal teas containing aniseed (Koch et al., 2005).

Growth characteristics and survival in environmental stresses

Salmonellae grow optimally at 35-37 °C, under aerobic or anaerobic conditions, but they can
grow at much lower temperatures if the incubation time is suitably extended (El-Gazzar &
Marth, 1992). Salmonella species exhibit many of the survival mechanisms of
Enterobacteriaceae, such as resistance to pH, ionic strength, temperature and water activity.
They may survive the acid conditions of yoghurt, for example: Salmonella Infantis was
shown to survive in yoghurt with pH4.5-4.6 for 10 days (Nassib et al., 2003). Salmonella
are stable to salt stress, remaining viable for 13 weeks in Domiatis cheeses prepared from
highly salted milk. Salmonella also survived in ice cream for 4 months, albeit with lowered
viability (Nassib et al., 2003). Salmonella survived in low-water-activity (a_<0.7) dairy
foods such as PIF and whey powder for 168 days, although there was a 2-31log, CFU/g
decrease in cells when water activity was greater than 0.33 (Farrokh et al., 2013). Ageing of
artificially inoculated cheeses with different ionic strengths and pH levels demonstrated the
survival of Salmonella for up to 90 days when stored at 4 or 10 °C and for up to 30 days at
21°C (Shrestha et al., 2011).

Biofilm formation and persistence of Salmonella

The persistence of Salmonella in food production environments has been associated with
their ability to form biofilms (Vestby et al., 2009; Nicolay et al., 2011). Indeed, heat-injured
Salmonella have been shown to resort to biofilm formation as a survival mechanism (Honjoh
et al., 2009). Salmonella serovars implicated in outbreaks, such as S. Typhimurium and S.
Infantis, have also been shown to attach to food processing surfaces such as stainless steel,
glass and rubber (Chia et al., 2009). The biofilm formation depends on the surface energy of
the substrate (Chia et al., 2009), but also on the genomic traits of the organisms that help in
the initiation of biofilm formation and the production of biofilm matrix components, such as
curli fimbriae, cellulose, capsular polysaccharides and lipopolysaccharides (Tabak et al.,
2007; Jesudhasan et al., 2010).

The mode of growth of biofilms was found to confer bacteria with protection against
sanitisers, although the extent of protection depended on biofilm age, temperature and pH
(Hai & Yuk, 2013). Cells within the biofilm matrix are naturally sheltered from harsh events
and chemicals, and further protection is provided by pumps that divert chemicals away from
cells located deep within biofilms and by increased levels of exopolysaccharide production,
which provide resistance to antimicrobials such as triclosan (Tabak et al., 2007).

A salmonellosis outbreak resulting from consumption of contaminated dry cereal in the
United States persisted over 10 years, and was finally sourced to S. Agona growing in factory
wall crevices and released back into the manufacturing environment (Russo et al., 2013).
The chemicals in the cleaning-in-place (CIP) regime were unable to remove the bacteria in
crevices, due either to insufficient access (due to biofilm formation or a physical inability to
enter the crevice) or to insufficient contact time (Korber et al., 1997).
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Detection

PFGE has been used extensively for accurate identification of different strains of Salmonella
and to trace isolates back to the source of contamination (Eddy et al., 2010; Hall et al., 2010;
Brichta-Harhay ez al., 2011). Recently, new molecular techniques such as MLST and multilocus
variable number of tandem repeat analysis (MLVA) have been used (Ricke et al., 2013).
High-throughput sequencing techniques have led to the publishing of complete genomes of
bacterial contaminants, which are useful in the development of accurate genome-based
identification methods (Haley er al., 2014). Phage typing using an international typing
scheme has also been used to identify salmonella isolates with a specific source, such as hard
farmhouse cheese (Duynhoven et al., 2009).

Control

Biofilms act as a reservoir for the seeding of pathogens into dairy manufacturing lines
(Kumar & Anand, 1998). Hence, it is essential to understand the growth and survival
characteristics of Salmonella in different environments, from farm to factory. Some knowledge
is transferable, such as the effect of desiccation on thermal resistance, which is the same
in dry chicken litter (Chen et al., 2013) as in milk powders (Farakos et al., 2013).
Understanding the survival characteristics of Salmonella over long periods of time is
essential for pathogen control. Thus, high-temperature inactivation of Salmonella is
effective in low-moisture foods, but success may depend on the fat content of the food
(Farakos et al., 2013).

Natural biocides are now being investigated as a way of overcoming resistance to
sanitisers among the bacteria in biofilms, including Salmonella species and
Staphylococcus aureus (Braoudaki & Hilton, 2004; Doyle et al., 2012). For example,
carvacrol, an essential oil derived from common herbs, was pulse fed into laboratory
models of dual-species biofilms formed by S. aureus and S. Typhimurium and found to
inhibit growth (Knowles et al., 2005).

9.2.4 Campylobacter jejuni

C. jejuni is a major cause of food poisoning (Wysok & Uradzinski, 2009). Food poisoning
outbreaks caused by Campylobacter have been associated with the consumption of raw milk
and cheese made with raw milk in the United States (Anon., 2009; Greig & Ravel, 2009;
Castrodale et al., 2013; Longenberger et al., 2013) and Europe (Hauri et al., 2013). Outbreaks
in Europe and Australia are more often caused by contaminated meat (Greig & Ravel, 2009;
Unicomb et al., 2009). While Campylobacter is the most common food poisoning bacteria
in New Zealand, the most common sources are meat products. This is because the most
common dairy source for Campylobacter is raw milk, which can be legally sold in rationed
quota but is not widely consumed in New Zealand (Anon., 2014c). Contamination of raw
milk may be seasonal in tropical countries, associated with an increased incidence in
summer and a reduced incidence in winter (Elango et al., 2010), but seasonality is not linked
to temperature in subtropical New Zealand (Spencer et al., 2012).



Pathogen Contamination in Dairy Manufacturing Environments 163

Growth characteristics and survival in environmental stress

Campylobacter jejuni is a Gram-negative, microaerophilic and thermotrophic spiral rod,
adaptable to nutrition depletion (Garcia & Heredia, 2013). It is aerotolerant in the presence
of pyruvate or some antioxidants (Verhoeff-Bakkenes, 2012). Due to a strict minimum
growth temperature (30 °C), C. jejuni is still assumed to be generally unable to grow in many
foods. C. jejuni can survive for long periods under non-growing conditions, especially at low
temperatures (around 4°C). Thus, chilling foods will prolong the survival of C. jejuni.
Furthermore, survival is enhanced under low-oxygen conditions, as are often found in
packaged foods (Verhoeff-Bakkenes, 2012).

Survivallpersistence

Campylobacter species have been reported to form biofilms in the water supplies and
plumbing systems of animal husbandry facilities and animal processing plants (Garcia &
Heredia, 2013). When grown in a mixed-species biofilm with Enterococcus faecium,
C. jejuni was found to survive incubation at 23 °C for up to 2 days. Under the same conditions,
C. jejuni cells attached to stainless steel were inactivated within 2 days (Trachoo & Brooks,
2005). Growth of C. jejuni in biofilms also increased the survival of C. jejuni when exposed
to higher temperatures (56 and 63 °C).

Detection

The current standard methods regulated by the US Food and Drug Administration (FDA)
employ a combined bacteriological enrichment technique using the modified cefoperazone
charcoal deoxycholate agar (mCCD agar) for enrichment of C. jejuni from milk samples.
Campylobacter jejuni/Campylobacter coli chromogenic plating medium was found to be
most sensitive in the isolation of low-cell-count milk samples. The quantitative PCR protocol
was also more rapid and sensitive, enabling the detection of organisms at counts as low as
5CFU/25 g of raw silo milk (Gharst et al., 2013).

PCR, based on the amplification of specific DNA fragments, is sensitive, specific and
rapid. Detection of C. jejuni using PCR was tested in faecal (human/animal) and food
samples (Harkanwaldeep et al., 2011); compared with culture-based isolation of organisms
and biochemical characterisation, more samples were identified as positive using PCR. The
sensitive and rapid diagnosis and high throughput capacity make PCR-based detection ideal
for laboratory screening of food samples. Commercial real-time PCR (RT-PCR) kits based
on ISO 16140:2003 were successful with a limit of detection (LOD) set at 4 CFU/25 g or ml
(Vencia et al., 2014). PFGE and flaA-typing (by analysis of flagellin A gene amplicon
digests) were used to identify the Campylobacter types contaminating 40 dairy farms in
Canada, and to trace their transmission in the farm and manufacturing environments
(Guevremont et al., 2014), while MLST methods were used to identify new clones of these
organisms in waterways and farms in New Zealand (Carter et al., 2009).

Major outer membrane protein (MOMP) typing is a new proteomics-based method for
the epidemiological study of campylobacteriosis (Jay-Russell et al., 2013). It uses a comparison
between the porA gene sequences of isolates from human stools collected during outbreaks
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and suspect dairy farm strains to trace transmission routes. MOMP typing has been found to
correlate with the results from standard PFGE results (Jay-Russell et al., 2013).

Culture-based isolation, followed by MALDI-TOF spectrometric analysis of the colonies,
has recently been used to identify the factors leading to Campylobacter contamination on
dairy farms, and to identify the relative importance of water segregation (between cows and
poultry), weaning, use of an individual bucket for each calf, feeding of waste milk and so on
in controlling bacterial transmission (Klein et al., 2013).

Control

Since the cow is the major source of Campylobacter contamination, most likely as a result
of the contamination of the udder by faecal material, milking hygiene is essential in
controlling the entry of Campylobacter into raw milk (Oermeci & Oezdemir, 2007; Klein
et al., 2013). It follows that appropriate storage conditions for raw milk and heat treatment
(such as pasteurisation) are the primary factors controlling the spread of Campylobacter during
the manufacture of dairy products.

9.2.5 Bacillus cereus

Bacillus cereus sensu lato is a group of Gram-positive aerobic spore-forming bacilli that
includes six closely related species: Bacillus cereus sensu stricto, Bacillus anthracis, Bacillus
thuringiensis, Bacillus mycoides, Bacillus pseudomycoides and Bacillus weihenstephanensis
(Carlin et al., 2010).

While B. cereus is the major pathogenic spore former found in milk, other Bacillus species,
such as Bacillus licheniformis, Bacillus amyloliquefaciens and Bacillus pumilus, are also
found in milk and may produce toxins that lead to food poisoning (Lucking et al., 2013).
These bacteria also cause food spoilage and decrease the shelf life of dairy products.
Microbial enzymes, such as proteases, lipases and phospholipases, can break down the food
structure, causing ‘bitty cream’ and ‘sweet curdling’ defects. Aerobic spore-forming bacilli
also cause typical off-flavours, including flat-sour spoilage and bitter, fruity and rancid
off-flavours (Lucking et al., 2013).

Growth characteristics and toxin production

B. cereus is ubiquitous and is adapted to survival in diverse ecological niches as vegetative
cells and spores (De Jonghe et al., 2010). It can grow at mesophilic temperatures (10-42°C)
and under aerobic and anaerobic conditions. In addition, it produces spores that can survive
unfavourable conditions. The bacterium survives in the host by producing virulent enterotoxins
that weaken host defences (Pexara & Govaris, 2010).

B. cereus occurs as two main forms: the diarrhoeal type and the emetic type. The diarrhoeal
type is pathogenic only on consumption of food contaminated with its heat-resistant spores,
not the vegetative cells or the toxin. This is because the vegetative cells do not survive the
gastrointestinal transit. Furthermore, its enterotoxin is destroyed by stomach acids and
enzymes, such as intestinal proteases (within 30 minutes). After the spores reach the small



Pathogen Contamination in Dairy Manufacturing Environments 165

intestine, they germinate, grow and produce diarrhoeal enterotoxins (Ceuppens et al., 2013).
In contrast, consumption of the emetic pathogen’s toxin results in emetic food poisoning, as the
cereulide toxin is resistant to the acidic conditions and proteases encountered in the gut (De
Jonghe et al., 2010). Emesis has often been associated with the consumption of starch-rich
foods, such as rice and pasta, while the diarrhoeal poisoning is often linked to the consumption
of vegetables, meat and especially milk and dairy products (Pexara & Govaris, 2010).
Consumption of food containing between 10° and 10% B. cereus cells and/or spores will
cause disease, although this depends on the food matrix, the growth pattern of the strain, the
storage conditions of the food and the immune status of the consumer (Ceuppens et al.,
2013). Cheese and milk inoculated with 103 cells were found to contain the enterotoxin
following storage at 10°C for 7 days (Sadek et al., 2006). Interestingly, the presence of
cheese starter probiotics such as Lactobacillus reuteri and Lactobacillus rhamnosus
decreased the number of viable B. cereus and no enterotoxin was detected (Sadek et al., 2006).

Mode of contamination/persistence

A wide and diverse range of species belonging to the genus Bacillus can contaminate raw
milk via soil, feed and farm equipment. A Romanian study reported a 15% frequency of
Bacillus contamination, with the pathogenic B. cereus making up 5% (Ciotau & Sindilar,
2010). B. cereus is mainly found in the soil, where it occurs at 10°~10° cells or spores per
gram. B. cereus is present in dairy pastures, and contamination of the udders of cows occurs
during grazing or via bedding material and feed.

The persistence mechanisms of B. cereus were studied under conditions simulating those
in operational dairy silos. The spores were studied for attachment to stainless steel at 4 °C,
for germination and biofilm formation in milk and for survival during CIP treatments (1.0%
sodium hydroxide at pH 13.1, 75°C and 0.9% nitric acid at pHO0.8, 65 °C) (Shaheen et al.,
2010). The spores survived CIP regimes by withstanding the hot alkaline wash treatment
(<1.5log,,CFU/ml inactivation after 15 minutes), remained attached to stainless steel
following cold water rinses and germinated, post-rinse, at low temperatures. The spores of
a cereulide-producing group germinated slowly in rich medium and remained viable after
exposure to heating at 90 °C (Shaheen et al., 2010). Some B. cereus strains can grow under
refrigerated storage conditions (4 °C) and form biofilms in dairy chilling tanks (Kumari & Sarkar,
2014; Pena et al., 2014).

The identification of psychrotrophic strains of Bacillus, especially those of the pathogenic
B. cereus that grow at 4-10°C, is of major concern, as they can grow during production
processes and produce toxins in milk and cheese (Sadek er al., 2006), pasteurised milk
(Haldar & Kuila, 2011) and fermented milk (Hanamant & Bansilal, 2012), and even in
extended-shelf-life (ESL) milk (Schmidt et al., 2012). Furthermore, psychrotrophic B.
cereus growing in ice creams was found to be resistant to common antibiotics such as
ampicillin, amoxicillin, streptomycin and neomycin, which would mean that illnesses caused
by consumption of such contaminated food would be difficult to treat with antibiotics (Amin &
Shaker, 2011). B. cereus is emerging as a serious threat to neonates through contamination
of PIF (Pinto ef al., 2013). In one survey of 100 reconstituted PIF samples, Cronobacter
species were not detected at all, but B. cereus was detected at low levels in 24 samples, even
though the total aerobic counts were in the acceptable range. After reconstitution and storage
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at >20°C for 14 hours, the levels of B. cereus for 59 samples were >10° CFU/g. This
highlights the need to eliminate spores and not just vegetative cells in high-risk foods, and
to conduct appropriate handling of reconstituted PIF (Haughton et al., 2010).

The spores of B. cereus strains are hydrophobic and attach to equipment surfaces already
coated with organic material from milk, such as proteins and phospholipids. Under favourable
conditions, the spores will germinate, grow and initiate biofilm formation (Hornstra et al.,
2007). Biofilm formation has been observed on a wide variety of materials commonly
encountered in dairy manufacturing plants (Heyndrickx, 2011; Faille et al., 2014). It is
stronger at the air-liquid interface, as seen in milking lines, possibly due to the aerobic
conditions required by these microorganisms (Wijman et al., 2007). These biofilms increase
the persistence of B. cereus by encouraging sporulation (up to 90% spores) and providing
resistance to sanitisers (Faille et al., 2014).

Detection

PCR-based methods have been used to differentiate and enumerate different Bacillus
isolates in milk (Oliwa-Stasiak et al., 2011) for simultaneous detection of emetic and
enterotoxin-producing strains using primers specific for toxin-producing genes (Kim
et al., 2012). However, the sensitivity of detection is reduced by tenfold in the milk matrix
as compared with culture medium. Another recent assay based on a similar principle for
simultaneous detection of emetic and non-emetic strains had an LOD of 1.91 x 10° spores/ml
milk in artificial inoculation experiments, with a mean recovery rate averaging 81%
(Dzieciol et al., 2013).

Control

Efficient CIP processes are required to ensure that cells and spores of B. cereus present
within biofilms are eliminated from dairy processing equipment. Simple biofilm models
using different substrates (e.g. stainless steel and gasket materials) and growth conditions
(e.g. temperature) may provide experimental set-ups to trial different CIP regimes. Optimal
CIP may be assessed against a 24-hour biofilm model using coupons with test strains of
B. cereus growing in milk at 4 °C. Increasing the length of the alkali cleaning step appeared
to increase the cleaning efficiency (Salustiano et al., 2010; Kumari & Sarkar, 2014).

Understanding the effect of CIP on B. cereus spores may be a key to controlling this
microorganism in dairy manufacturing plants. For example, B. cereus spores that were
produced in biofilms on surfaces, in the presence of whole milk, were sensitive to hot 0.9%
nitric acid, providing a simple CIP treatment to eliminate these spores (Shaheen et al., 2010).
The surface chemistry of the spores provides a clue to the temperature, strength and duration
of the CIP treatments required, and may be more important than mechanical action or
turbulence (Sundberg et al., 2011; Faille ez al., 2013). Spores are highly resistant to inactivation
and removal by oxidising sanitisers (chlorine, chlorine dioxide and a peroxyacetic acid-
based sanitiser) (Ryu & Beuchat, 2005), although these are more effective than other types
of santisers (Sundberg et al., 2011).

Another strategy is the use of mild heat or germinants, such as mixtures of l-alanine
and inosine, to germinate the spores. This results in an immediate loss of resistance
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(Lovdal et al., 2011), so that B. cereus spores (now germinated) are more susceptible to CIP
treatments (Hornstra et al., 2007).

Plant-derived flavonoids may be used for their antibacterial properties. For example,
counts for psychrotrophic strains of B. cereus decreased by 2-41log, CFU/ml following
incubation with kaempferol at 50puM concentration for 24 hours (Lee et al., 2011).
These tests are yet to be validated with milk or milk products, as the food matrix, water
activity and other growth conditions will also influence bacterial viability (Desai &
Varadaraj, 2013).

9.2.6 Listeria monocytogenes

Listeria monocytogenes is a ubiquitous microorganism found in farm environments and carried
by farm animals and humans, often asymptomatically. It is a Gram-positive motile rod-shaped
bacterium and is a particular concern in chilled, wet food production environments, such as
those often found at dairy manufacturing plants (Knochel, 2010).

Listeria food poisoning may result in listeriosis, which can cause bacteraemia, meningitis,
foetal loss and death. Populations that are vulnerable include immunocompromised individuals,
the elderly and pregnant women. For example, 1651 cases of listeriosis were reported in the
United States during 2009—11 (Anon., 2013). In the 2009—10 European outbreak, 34 people
were affected, with 8 fatalities; the source was found to be Quargel cheese contaminated with
just two different clones of L. monocytogenes of serotype 1/2a (Schoder et al., 2014).
Consumption of cheese was linked to a two-state outbreak of listeriosis that led to seven
hospitalisations and one death (Anon., 2014b).

Growth characteristics and response to environmental stresses

Listeria is extremely versatile in its growth requirements, with temperature ranging from
—1.5t0 50°C, and pH from 4.3 to 9.6. It is extraordinarily resilient to stresses and has been
reported to survive for 132 days at 4°C in a growth medium containing 25.5% NaCl
(Donnelly & Diez-Gonzalez, 2013). The dairy products that are most commonly associated
with foodborne outbreaks involving L. monocytogenes are soft cheeses. They are particularly
at risk because of the ability of strains of L. monocytogenes to grow in the acidic environment
of cheese, and to grow within soft cheeses under maturation and refrigerated storage conditions.
For example, L. monocytogenes, inoculated at a level of 3log, CFU/g, was found to grow
rapidly in Minas Frescal cheese (a Brazilian fresh cheese) during refrigerated storage at
8-10°C; the level of L. monocytogenes increased by 3log, CFU/g after 6 days and by a
further 2log, CFU/g after 12 days (Pimentel-Filho et al., 2014).

L. monocytogenes has also been shown to be resistant to stresses such as pH (5.5) and
salt (3.5%), which further enhances its ability to survive in cheese by induction of tolerance
responses (Melo et al., 2013). This ability to mount tolerance responses also appears to
be responsible for its ability to survive in humans after ingestion of contaminated foods.
Indeed, upregulation of genes involved in stress adaptation has been observed in
pathogenic strains of L. monocytogenes after simulated gastrointestinal transit
(Mataragas et al., 2014).
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Mode of contamination/persistence

The extraordinary resilience of L. monocytogenes to stresses such as acid, temperature,
humidity and salt concentration, combined with its ability to form biofilms and its resistance
to routine cleaning and disinfection practices, makes it a significant and continuous challenge
to the food industry (Todd, 2011). It has been detected in raw milk, dairy products (e.g.
cheeses), food contact surfaces (milk reception, production lines, cheese ripening, cheese
washing, refrigerated product storage rooms) and non-contact food surfaces (plant entrance
and shipping containers) (Almeida et al., 2013).

L. monocytogenes can form biofilms on a wide range of surfaces in the food industry,
including the rubber used in gaskets (Ronner & Wong, 1993), stainless steel (Bonsaglia
et al., 2014), polytetrafluroethylene (Chavant et al., 2002) and polystyrene, under different
nutrient conditions (Zeledon et al., 2010). Its ability to form biofilms and colonise niches or
harbourage sites within processing sites is believed to account for its persistence within
processing environments (Carpentier & Cerf, 2011).

The ability of L. monocytogenes to form a biofilm is dependent on the stain and
serotype, origin, temperature, nutrient level, previous exposure to sublethal stressors
(acid) and topography and composition of the surface (Barbosa et al., 2013; Kadam
et al., 2013; Mosquera-Fernandez et al., 2014). The presence of other bacterial species
can enhance its ability to form biofilms and survive within food processing environ-
ments (Bremer et al., 2001) and can increase its resistance to sanitisers (Bremer et al.,
2002; Lourenco et al., 2011).

Detection

Considering the severity of listeriosis outbreaks in high-risk populations, there is
zero-tolerance for this organism in ready-to-eat foods in many countries. For example,
European regulators have placed limits of <100 CFU/g or absence of the organism in
25 grams of the sample (Anon., 2014a).

Molecular methods, such as quantitative PCR, have been ideal for tracing contamina-
tions on dairy equipment surfaces but cannot be applied to swab/culture-based enumera-
tion. Molecular methods such as PFGE and MLST have been useful in determining
L. monocytogenes serotypes and clonal diversities in food processing and the food chain
(Schoder et al., 2014). Similar molecular forensics were used to trace the origin of a
multistate outbreak of listeriosis in the United States to six L. monocytogenes strains from
Italian ricotta cheese produced in a dairy manufacturing plant in southern Italy (Chiara
etal.,2014).

MALDI-TOF MS provides a rapid, accurate and cost-effective proteomics-based
approach to detecting L. monocytogenes directly from selective enrichment broths.
Suspect milk samples are incubated in a broth for 24 hours, then put through secondary
enrichment for a further 6 hours. The method is sensitive enough to detect 1 CFU/ml of
L. monocytogenes (Jadhav et al., 2014). Metabolomics-based identification of Listeria
metabolites has recently been investigated in spiked milk samples (Beale et al., 2014).
This method is rapid and may hold promise if the Listeria metabolome is distinct from
that of other contaminants.
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Control

Cheeses are a major cause of outbreaks of listeriosis (Almeida et al., 2013). HHP processing
was trialled for post-packaging treatment of a Queso Fresco cheese spiked with a mixture of
five strains of L. monocytogenes, but had limited success (Tomasula et al., 2014). Some
combinations of pressure, temperature and time decreased the L. monocytogenes count to
below the detection level. The cells developed baroresistance with an increase in hold time,
and grew during cold storage. Even in fluid models of contamination, it appears that the
Gram-positive Listeria species are more resistant to HHP inactivation than the Gram-negative
E. coli (Cavender & Kerr, 2011), indicating a need for secondary preservation techniques.
Natural alternatives include bacterially produced peptides that inhibit multiple other species
of bacteria. A combination of nisin and bovicin HC5 was trialled with fresh cheese artificially
contaminated with 10*cells/g of L. monocytogenes Scott A and S. aureus ATCC 6538, and
stored at 4°C. After 15 days, there was complete inhibition of the former and over a 3log
decrease in the latter, as compared with the no-bacteriocin control cheese (Pimentel-Filho
et al., 2014). Nisin was also found to be effective in combination with caprylic acid in
controlling the growth of a multispecies cocktail added to fresh cheese after 20 days of storage
(Gadotti et al., 2014). Grape polyphenols were also found to selectively inhibit laboratory
cultures of Listeria, including L. monocytogenes (Rhodes et al., 20006).

Other technologies that may reduce the Listeria burden in the food chain include UV
irradiation of milk (Pereira et al., 2014) and photohydroionisation, which relies on oxidation
technology to decrease bacterial counts on abiotic surfaces (stainless steel) and biotic
surfaces (infected chicken and turkey) (Saini et al., 2014).

Recently developed mathematical models for Listeria contamination in raw milk and
semisoft pasteurised cheese (Tiwari et al., 2014) and soft cheese (Tenenhaus-Aziza et al.,
2014) identify and manage Listeria contamination during manufacture of soft cheese.

9.2.7 Staphylococcus

Staphylococcus is a ubiquitous genus, comprising Gram-positive aerobic cocci, and includes
a large number of species. These species grow at temperatures between 7.0 and 47.8 °C
(optimum 35 °C), at pH between 4.5 and 9.3 (optimum 7.0-7.5) and at low water activity.
They are tolerant to the presence of salt and sugars and outcompete many other environmental
organisms (Bennett et al., 2013).

The species most associated with dairy product food poisoning is S. aureus, which
produces heat-stable staphylococcal enterotoxins that can survive gastrointestinal
digestion (Bennett et al., 2013) and induce emesis (Hu & Nakane, 2014). Milk and dairy
products account for 5% of known staphylococcal food poisoning in the European market
(Bianchi et al., 2014). Bovine mastitis may be a significant cause of the spread of these
microorganisms if the microbial quality of milk products is not adequately controlled
(Bardiau et al., 2013).

The staphylococcal enterotoxin genes are varied, and a single microorganism is capable
of carrying multiple genes on stable regions of its chromosome and on mobile genetic
elements, resulting in multiple pathogenic toxin profiles (Bianchi et al., 2014).
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Mode of contamination/persistence

Staphylococci are found in the environment and on the skin of humans and animals. They
can also be found attached to abiotic surfaces of processing equipment and in the food
processing environment. They can grow rapidly in food that is frequently handled and is
stored at an inappropriate temperature (Bennett et al., 2013). Many of the genes that
influence the virulence of S. aureus may also play a role in the persistence, via increased
attachment, of these bacteria on both abiotic (stainless steel, glass) and biotic (teats and
udders, nasal cavity, etc.) surfaces (Cucarella et al., 2004; Kot et al., 2013).

Most dairy isolates (82%) are capable of forming biofilms (Abdul-Ratha & Yarmorad,
2013), and this is recognised as their major mode of persistence on processing surfaces in the
dairy manufacturing plant. The components in milk and the milk pH may influence bacterial
adhesion. The level of inorganic compounds such as dipotassium hydrogen phosphate
(Atulya et al., 2014), the milk fat content and treatments such as ultra-high-temperature
(UHT) temperature may influence biofilm development (Hamadi et al., 2014). Older
biofilms have more of the exopolysaccharide matrix, and this increases the resistance of the
cells to sanitisers (Abdallah et al., 2014).

Control

Use of sanitisers at specified concentrations and durations, such as sodium hypochlorite
(NaOCl, 150 ppm for 10 minutes), has been known to reduce staphylococcal counts (Melo ez al.,
2014). Natural antimicrobial compounds have been explored for use in controlling the
growth and colonisation of surfaces by S. aureus. Such compounds may be incorporated into
dairy products to control microbial counts and increase shelf life, and they may also prove to
be a useful alternative to sanitisers. For example, tannic acid, a common tea polyphenol, was
found to prevent bacterial colonisation of nasal epithelia by S. aureus (Payne et al., 2013).
Lysosyme has also been investigated for its ability to control biofilm formation by S. aureus,
although it does not always demonstrate antimicrobial activity. For example, of 25 dairy
strains of S. aureus studied, 6 survived and were able to form biofilms. The bacteriocin nisin
was effective at preventing biofilm formation by S. aureus when applied at 25 pg/ml, although
it was not effective at lower levels (Sudagidan & Yemenicioglu, 2012).

9.3 Yeasts and moulds

Yeasts and moulds are a relatively minor issue in dairy manufacturing plants. They can
contaminate dairy products such as curd and cheese. Some such microorganisms are potentially
pathogenic, but they do not survive pasteurisation; hence, their presence in dairy products
indicates recontamination from environmental sources, such as walls and shelves, air, water
and equipment (Torkar & Teger, 2006). In a dairy manufacturing plant in Serbia, both yeasts
and moulds were isolated from 60% of cheese samples. They had average concentrations of
4.7 and 4.31og  CFU/g, respectively, with the genera Geotrichum (91.9%), Moniliella (5.4%)
and Aspergillus (2.7%) being the most frequently isolated (Torkar & Teger, 2006). The
Aspergillus isolates were not Aspergillus flavus or Aspergillus parasiticus, which are known
to produce aflatoxins. The yeast and mould count increased tenfold during initial cheese-making
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stages, such as coagulation and whey drainage, and further increased to the maximum number
in 2-week-old cheeses. Commonly, yeast and mould counts are found to be in the order of
1-3log, OCFU/g, with a maximum of 6log 0 CFU/g (Brooks et al., 2012; Mikulec et al., 2012).
The presence of moulds also appeared to be seasonal. However, Penicillium species were
detected in fresh soft cheeses in Serbian dairy farms during all four seasons, and at different
relative abundances than other mould species in the cheeses (Mikulec et al., 2012).

Even moulds that are used to contribute to flavour and aroma during cheese ripening can
have undesirable effects. For example, Penicillium camemberti and Penicillium roqueforti
are known to metabolise the lactic acid produced by starter LAB during cheese making. The
growth of these moulds can enhance the growth and survival of STEC O157:H7 in cheese,
likely due to the stabilisation of or an increase in the pH of the cheese (Lee ef al., 2012).

9.4 Preventing contamination of dairy products
by pathogenic microorganisms

9.4.1 Pathogenic bacteria in raw milk

Pathogenic bacteria originate from the general farm environment, including the feed and
soil, the pasture and the faecal material that contaminate the cow’s hide and udder, which
subsequently contaminates the milk. Pathogens can also enter the milk through clinically
infected udders (mastitis). Most pathogens are destroyed by thermal treatments during
processing, but growth of pathogens in raw milk, before it is processed, can lead to the
production of heat-resistant toxins and spores that survive into the final product. This,
together with the desire by some sectors of the population to consume raw milk and raw milk
products, increases the food safety risk associated with dairy products.

Raw milk may be contaminated by a range of different pathogenic bacteria, although,
when present, these are typically at very low levels. For example, in the United States, Grade
A raw silo milk may contain a total microbial load of 3 x 10° CFU/ml (Jackson et al., 2012).
In a recent survey of silo samples, 88.57% of the bulk silo tanks passed the Pasteurised Milk
Ordinance, yet some samples had a small microbial load of pathogenic bacteria. Pathogens
detected included B. cereus (8.91% of samples, with counts of 3.0-93.0 CFU/ml), E. coli
0157:H7 (3.79-9.05% of samples, at 0.0055-1.10 CFU/ml, depending on the assay utilised),
Salmonella species (21.96-57.94% of samples, at 0.0055-60.0 CFU/ml) and L. monocytogenes
(50% of samples, at 0.0055-30.0 CFU/ml).

The contamination of raw milk by specific dairy pathogens at the dairy farm and dur-
ing transportation is discussed in Chapter 5, as are practices used to reduce such
contamination.

9.4.2 Prevention of contamination at the dairy manufacturing plant
As summarised in Figure 9.1, various biotic and abiotic factors in the immediate environment

of the dairy manufacturing plant determine the survival of microbial contaminants and their
potential to contaminate the final product.
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Design and operation of a dairy manufacturing plant

Dairy manufacturers must ensure that the storage and processing of raw materials, including
raw milk, which are potentially contaminated with pathogenic bacteria is performed in locations
that are separated from those where dairy products are packaged and stored.

Many practices and procedures (e.g. hazard analysis & critical control points (HACCP)
and prerequisite programmes) are also implemented as part of food safety management
programmes to prevent the entry of pathogenic bacteria into dairy manufacturing plants from
a range of potential sources, including raw milk.

Processing

The fact that low-level contamination of raw milk by pathogenic bacteria occurs means that
dairy food manufacturers must apply processing treatments that eliminate these microorganisms
during manufacture. The prevention of pathogens surviving in dairy products is primarily
achieved through application of a thermal processing treatment. The minimum heat treatment
applied to milk in Australia and New Zealand is 72 °C for 15 seconds. Other manufacturing
processes may employ more severe thermal treatments, but they are all designed to achieve the
objective of inactivating pathogenic bacteria that may be present in raw milk.

Pathogenic bacteria in the processing environment

Foodborne pathogens can enter the food chain through the primary production environment (i.e.
at the dairy farm) or through food processing environments (Larsen et al., 2014). It is essential
that dairy manufacturers understand the factors that influence the prevalence of pathogenic
microorganisms in the processing environment. As summarised in Figure 9.1, growth of the
pathogen is promoted by specific growth conditions (pH, temperature, water activity), but these
may differ from the minimal conditions that are required just for survival.

Once pathogenic bacteria enter the processing environment, it can be difficult to remove
them, due to their ability to persist within biofilms (Brooks & Flint, 2008). There are many
factors that influence the adhesion of the microbes, including the cell surface characteristics
of the bacteria (flagella, fimbriae) and the substrate to which they adhere (Sala et al., 2012),
the components in the milk (fat, proteins, inorganics) and the growth medium (Pagedar et al.,
2010). Biofilms provide a polysaccharide matrix that shelters the bacteria against physical
and chemical methods of cleaning. Hard-to-access crevices in the equipment walls provide
another reason for the reseeding of a factory environment following cleaning and sanitation
(Cleto et al., 2012). There are many factors that decide the strength of adhesion of the
bacteria to substrates and the recalcitrance of biofilm to sanitisers. In one study, using
stainless steel coupons of biofilms, alcohol-based sanitisers were found to be more effective
than chlorine-based ones (Bae et al., 2012).

Environmental pathogen monitoring programmes

Bacteria are known to persist in biofilms on surfaces within the dairy processing environment.
Such biofilms may harbour potential foodborne pathogens, which may contaminate dairy
products. Therefore, it is important to undertake routine pathogen testing programmes for
both the dairy processing environment and the dairy products themselves.
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Within the dairy industry, the most common environmental pathogen monitoring
programmes, as a result of the previous history of outbreaks associated with dairy products,
are for L. monocytogenes and for Salmonella species. In recent years, concern over
Cronobacter species in PIF as a cause of life-threatening infections of neonates has led to the
widespread implementation of environmental monitoring programmes for such species by
manufacturers of milk powder and PIF.

End-product testing

The presence of foodborne pathogens in dairy products is of concern to the dairy industry, as
most dairy products are ready-to-eat and many are prepared for consumption by consumers
at greater risk of food poisoning than the general population (e.g. infants). Therefore, dairy
products are routinely tested for foodborne pathogens before distribution.

Most dairy products are routinely tested for a range of common foodborne pathogens,
including Campylobacter, Salmonella, L. monocytogenes, S. aureus and E. coli. Dairy
products that are intended for infant consumption, such as infant formula, have stricter
controls. Infant products are examined for C. sakazakii, which is associated with meningitis,
necrotising enterocolitis and fatality in infected infants (Bowen and Braden, 2006;
Caubilla-Barron et al., 2007).

Most of the methods currently used in pathogen testing programmes are based on
conventional microbiology methods that are often relatively cheap and simple to use, but
typically require 3-5 days before obtaining a result. Pathogen routine testing programmes
are usually based on detection in a certain quantity of a product, although enumeration
procedures are also available for some pathogens. Conventional methods usually involve
four steps: sample preparation, enrichment, selective plating and confirmation.

The samples are inoculated into a preenrichment medium to encourage the growth of the
specific pathogens being tested for and to repair cells damaged during processing (Jantzen et al.,
2006; Wu, 2008). This may then be followed by a secondary or selective enrichment step.
Preenrichment and selective enrichment steps are important in the detection of low numbers
of pathogens (Feng, 2007). The enrichment media are always incubated at the optimum
growth conditions of the pathogens being tested for.

The enrichment media are usually plated on selective media, such as mCCD agar for the
detection of Campylobacter, to encourage the growth of specific pathogens. However, some
dairy samples may be plated directly on to selective agar plates, without enrichment steps.
This is the case in the detection of S. aureus, where the prepared samples are plated on to
Baird—Parkar plates. Baird—Parkar plates are used extensively for the detection and enumeration
of coagulase-positive staphylococci in dairy products. Furthermore, some selective agar
plates contain chromogenic substrates permitting the pathogen to produce coloured colonies.
For example, Listeria spp. may produce turquoise colonies on a selective chromogenic agar
due to the B-D-glucosidase activities on the chromogenic substrate 5-bromo-4-chloro-3-
indoxyl-p-D-glucopyranoside (Reissbrodt, 2004). The use of chromogenic substrates in
selective agar plates may ease the detection of pathogens, although these media are generally
more expensive than the traditional agars.

Some pathogens may need further identification and confirmation once they have
been detected in a sample. Many of the more recent developments in pathogen testing
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have focused on the confirmation step, and in particular on reducing the time required to
achieve a result.

Possibly the most important outcome of the performance of conventional testing for
pathogens is when an isolate of the pathogen is obtained. This can be very important for
public health and epidemiological purposes. Isolates can be characterised and typed using a
variety of schemes (serotyping, PFGE, MLST) and can be used to develop a profile of strain
types associated with food products and food industries. Strains isolated from food products
may also be compared with outbreak strains to identify potential sources of foodborne
outbreaks.

Microbial typing

We have discussed molecular typing for each pathogen in the preceeding sections. Molecular
typing using methods such as PFGE provides a rapid and accurate method of detecting
pathogenic Enterobacteriaceae that persist at different points in the dairy manufacturing
environment and in dairy products (Popp et al., 2010). PFGE typing has been used to trace
the route of contamination by typing the clonal populations as they are transferred between
different areas of a factory, such as tanker bays, evaporator rooms, an employee’s shoes or
external roofs (Craven et al., 2010).

New methods

The use of novel, rapid detection methods and refinement of existing routine pathogen
testing programmes may reduce the laborious process involved in conventional methods of
detection. Some of the common molecular techniques include PCR and microarray. Several
ISO standards have been established to provide guidelines for the detection of foodborne
pathogens by PCR: ISO 22174:2004, ISO/Ts 20836:2005, ISO 20837:2006 and ISO
20838:2006 (Postollec et al., 2011).

PCR has been used extensively in the research community as a diagnostic tool for food
microbiology and other fields. It has also been used to detect and confirm the identities of
pathogens (Daum et al., 2002). PCR tests tend to be rapid, sensitive and capable of detecting
subdominant foodborne pathogens from a variety of origins without the use of enrichment
media (Malorny et al., 2003; Postollec et al., 2011). PCR can specifically identify dairy
pathogens, including L. monocytogenes, S. enterica, S. aureus and E. coli O157:H7, and is
more sensitive and rapid than culture-based methods (McLean et al., 2010).

A combination of culture-based enrichment of enteric pathogens and PCR-based
quantification of target bacteria has been explored for enteric pathogens. A simultaneous
enrichment broth was used for Salmonella species, E. coli O157:H7, Vibrio parahaemolyticus,
S. aureus, B. cereus and L. monocytogenes (Kobayashi et al., 2009); this shortened the
diagnostic protocol to 624 hours, as compared to 4—6 days for culture-only methods.

PCR has been shown to detect 1 CFU/ml in food products, and it can obtain results within
12 hours (Ellingson et al., 2004). PCR using specific primers for the mapA gene of C. jejuni
was found to be more sensitive in the detection of C. jejuni in spiked faecal and food samples
(96% each) than were culture-based methods, which confirmed the pathogen in 87 and 80%
of samples, respectively (Harkanwaldeep et al., 2011).
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L. monocytogenes and Salmonella species have been distinguished based on the distinct
melt peaks of amplified products (Singh ef al., 2012). The detection sensitivity of the assay in
reconstituted non-fat dried milk (NFDM, 11%) spiked with the target pathogens at different
levels was 3log,, CFU/ml of each pathogen. However, this was improved to 11og, CFU/ml by
including a preenrichment step of 6 hours. On application of the assay to 60 market samples,
one sample each of raw milk and ice cream was detected positive for L. monocytogenes and
Salmonella species. The assay was quite specific, as no crossreactivity with non-target
cultures could be observed. It was found to be useful in monitoring dairy products for the
presence of L. monocytogenes and Salmonella species to ensure their microbiological quality
and safety (Singh et al., 2012).

RT-PCR has the potential to be used as a quantification tool in the enumeration of
foodborne pathogens (Malorny et al., 2003). The quantification of foodborne pathogens is
estimated through the numbers of gene copies being detected (Postollec et al., 2011),
and RT-PCR has become the method of choice for the quantification of genes (Nolan
et al., 2006).

There are some limitations on the use of PCR. Dairy products have a complex matrix
that can contain natural PCR inhibitors such as fats, proteinases and high concentrations
of calcium ions, which may interfere with the PCR assay (Wilson, 1997). These inhibitors
can be removed during sampling and preparation of the dairy samples prior to PCR
(Cremonesi et al., 2006). Furthermore, PCR will detect nucleic acids from both dead
and live cells. This can be overcome by the use of ethidium monazide, a cross-linking
agent which permeates the membranes of dead cells and forms irreversibly cross-linked
DNA that can’t be amplified in the subsequent PCR assay (Nogva et al., 2003; Soejima
et al., 2008).

Microarray technology enables the detection and characterisation of multiple pathogens
and genes in a single-array assay (Rasooly & Herold, 2008). Microarray technology
offers similar advantages to PCR over conventional methods of foodborne pathogen
detection, where it is emerging as a cost-effective, broad-spectrum platform for the
detection of pathogens in food products. The microarray technology utilises biosensor
chips incorporating single-stranded oligonucleotide probes that canbe hybridised with
target DNA isolated from food sample (Uttamchandani et al., 2009; Bai et al., 2010).
The sensitivity of microbial diagnostic microarrays can be categorised as either absolute
or relative (Kostic ef al., 2010). Absolute sensitivity is defined as the least amount of
nucleic acid needed for successful detection, while relative sensitivity is defined as the
least detectable abundance of targeted microorganisms in a non-targeted background
(Kostic et al., 2010).

The use of molecular techniques in routine pathogen testing programmes may be
rapid and accurate, but other factors need to be considered too, such as the operational
cost and the technical skills required for their conduct. Furthermore, a standardised
benchmark method is required to ensure that molecular techniques are used with confi-
dence and to provide quality assurance to dairy products. A final limitation of these
new techniques is that an isolate is not obtained from the sample. However, it is possi-
ble to employ a rapid technique to obtain a result quickly and then use this as an indica-
tion of whether or not to proceed with conventional testing in order to obtain an isolate
of the pathogen.
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10.1 Introduction

The dairy industry has seen large growth throughout the world. The disposal of effluent produced
by this industry is a challenge. Dairy effluent is considered one of the most polluting types of
effluent, not only because of the amount generated, but also because of its composition, which
has been shown to have high chemical oxygen demand (COD) and biological oxygen demand
(BOD), and its content of nutrients, organic and inorganic (Kushwaha ez al., 2011). The actual
composition of this effluent depends on what the plant is processing; as the composition changes,
so do the bacterial species that develop in the effluent (Kushwaha et al., 2011). Therefore, if this
effluent is discharged without proper treatment, pollution of the environment occurs, resulting
in eutrophication of the waterways.

Biofilm formation is a commonly known problem throughout the dairy industry, with
studies in different areas showing the presence of varying bacterial biofilms. Both thermophilic
and mesophilic biofilms have been found. Formation occurs on many surfaces that are exposed
to product, including membranes, stainless steel and plastics. Regular cleaning schedules and
well-developed cleaning-in-place (CIP) processes leave these biofilms little time to develop
and become mature. In waste treatment, however, there are no regular CIP processes, so the
biofilms have time to mature fully. As the effluent is generated by cleaning the plant, any and
all bacteria that are present at any stage of the process will also be present in the effluent.
Therefore, any biofilm that is already known to occur in the dairy industry could also be a
problem in the effluent treatment systems.

As all of the wastewater is destined for a natural water body, the load of these pollutants must
be reduced considerably. Fortunately, biofilms are one of the most economical, satisfactory and
energy-efficient hazardous pollutants to deal with in wastewater produced from agricultural,
municipal, industrial and mining sources. In the United States, 240 liters of wastewater per
capita is produced daily, containing 240 mg/1 biosolids (Hammer & Hammer, 2001). According
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Figure 10.1 Dairy wastewater pipe, showing corrosion caused by growth of a biofilm.

to one study, more than 8x 10°¢ dry tons of biosolids are disposed of per annum in the United
States (Environmental Protection Agency, 2006), and 2.39x 10 in Europe (Chang e al., 2002).

One treatment method that is very effective and that has been used for years are irrigation
systems. This is used in areas where discharge into waterways is not possible or is not allowed
by the district or regional governing bodies. However, in the last couple of years, our laboratory
has seen corrosion and reduced flow to complete blockage of the pipes used in dairy wastewater
systems (Figure 10.1). The processes that can be used to treat effluent or clean pipework are
limited because the effluent is discharged on to fields that are used to grow crops. For example,
common methods such as acid washes cannot be used because the plants would die if acid were
sprayed on to the fields.

10.2 Overview of dairy effluent treatment

Dairy effluent treatment practices change according to where a plant is located. Dairy
plants can use a range of different treatments, producing highly processed to minimally
processed effluents. These varying treatment practices may be a reason for the slime
build-up that is sometimes seen. Some regulatory bodies require a large amount of treat-
ment before a company is allowed to discharge effluent. Other sites are allowed to employ
minimal treatment.

A few common methods used to treat dairy effluent include clarification, oil-water separation,
grease trapping and solids separation. Dairy effluent is also usually treated by biological means,
as all components of dairy effluent are biodegradable; however, fats and proteins are not as easily
degraded (Kushwaha et al., 2011). Both aerobic and anaerobic treatment processes are available,
with anaerobic processes being more widely used in industry.
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Aerobic treatments include processes such as activated sludge, trickling filters and aeration
ponds, or a combination of these. As fat has an inhibitory effect on these processes, it is often
removed in an earlier step, such as a dissolved air flotation (DAF) tank. Kushwaha et al.
(2011) state that among the various aerobic processes, sequential batch reactors seem
promising. Effluent is added to activated sludge contained in these reactors, then treated and
discharged. Equalisation, aeration and clarification of the effluent can all take place in a DAF
tank. A membrane filtration system can also be attached to increase the treatment, resulting in
a suspended solids (SS)-free effluent.

However, although studies show the advantages of aerobic treatment, there are also draw-
backs. Aerobic treatment often has high energy requirements and a high area demand (aeration
ponds). Upflow anaerobic sludge blanket (UASB) reactors are therefore commonly used for
effluent treatment in the dairy industry. These reactors have the effluent enter from the bottom
and travel up through the sludge while gas and solid separation take place. However, due to the
inhibitory effect of fat in anaerobic treatment, fast and efficient treatment is not possible.
Enzymatic pretreatment might provide one way of removing this fat.

Table 10.1, developed from Kushwaha er al. (2011), compares aerobic and anaerobic
treatment of dairy effluent.

A highly efficient aerobic wastewater treatment system is the ICI Deep Shaft System
(Walker & Wilkinson, 2006). This evolved from the basic aerobic fermentation technology
used in the production of single-cell protein from methanol. The technology uses a novel
pressure-cycle fermenter, in which the air provides oxygen for microbial fermentation and
mixing of the liquid, giving an oxygen transfer efficiency of approximately 50%. This is
excessive for waste treatment, so modifications have been made to give a longer bubble
contact time by increasing the height of the fermenter. Such systems have been used to

Table 10.1 Comparison of aerobic and anaerobic processing. Adapted from Kushwaha et al. (2011).

Factors Aerobic process

Anaerobic process

Reactor type

Reactor size

Effluent quality

Energy
Biomass yield

Loading rate

Oil /grease removal

Shock loading

Alkalinity addition

Aerated lagoons, ponds, trickling
filters, biological disks, rotating
biological contactor

Large area generally required

Excellent

High energy input required
6-8 times greater biomass produced

9000 g COD/m?® max. reported

Do not cause serious problems

Excellent performance

N/A

UASB, packed bed reactor, CSTR,
fixed film reactor, buoyant filter
bioreactor

Smaller reactor size

COD removal fair, nutrient removal
low, further treatment required

Can produce energy, i.e. methane
Lower biomass produced

Very large — up to 3.5 times greater
than anaerobic

Inhibitory action during treatment

Showed bad response to shock
loading

Needed to maintain pH, due to acid
production from lactose
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Figure 10.2 Basic dairy effluent system.

treat effluent from potato starch plants, breweries and various chemical manufacturing
plants, but not, to our knowledge, in the dairy industry.

Figure 10.2 shows a basic treatment process for dairy effluent. This process is for a dairy
powder plant that requires minimal treatment processing, involving only the removal of fat.

10.3 Dairy farm waste treatment

Effluent stored in a dairy farm waste effluent pond on-farm mainly consists of animal
excreta and wastewater generated from farm management practices. The effluent stored
on-farm may account for 25% of total on-farm emissions of methane to the atmosphere
(Mosier et al., 1998; MFE, 2010). Methane emissions generated by a 1000 m? dairy farm
waste effluent pond for a dairy herd of 450 cattle are estimated at 26 m*/day (Craggs
et al., 2008). Currently, it is not cost-effective for the average dairy farm to harness the
methane production as a renewable source of energy (Pratt et al., 2012). However, an
anaerobic digester has been used to treat wastewater and to produce biogas. The micro-
bial communities in the anaerobic digester will aggregate to form flocs or sludge granules
that may facilitate the production of methane.

Methane emission is seasonal, with higher levels during summer than winter, perhaps due to
the methane influx rate, temperature and the possibility of a shift in the microbial population
within a dairy farm waste effluent pond (Pratt et al., 2012). However, it may also be explained
by there being less waste produced during winter, as milking is reduced compared with the
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summer. Methanogenesis is dependent on the concentration of dairy farm waste, which provides
the energy source for methanogens: a group of archaea responsible for methane production as a
byproduct of their metabolic pathway.

Several factors influence methanogensis, including hydrolysis, acidogenesis and
acetogenesis, which are performed by specific microbial communities that are dependent
on each other for their metabolisms (Weiland, 2010). Therefore, methanogenesis may be
enhanced in a complex microbial community within a biofilm because of the enclosed
structure of the biofilm and the availability of substrates. The physicochemical properties
and structure of a biofilm can provide an anoxic environment for growth of methanogens.
It has been suggested that microbial diversity within biofilms predominates in nature and
that they may function at a level that is similar to that of multicellular organisms.
Enzymatic activities within biofilms tend to be greater than those in planktonic cultures
(Frglund et al., 1995; Teh et al., 2014).

The profile of methanogens found in an anaerobic manure digester has been suggested to be
influenced by management practice and by years of operation (St-Pierre & Wright, 2013).
Methanosarcina thermophila was found to be dominant in two digesters, while another com-
prised four phylogenetic groups: Methanomirobiales, Methanosarcinales, Methanoplasmatales
and Methanobacteriales (St-Pierre & Wright, 2013). Furthermore, the microbial community
composition in a dairy farm waste effluent pond consists primarily of Bacillus, Clostridium,
Mpycoplasma, Eubacterium and Proteobacteria species that originate from the gastrointestinal
tracts of ruminants (Ibekwe et al., 2003). Certain strains of the methanogens and ruminant
microorganisms have been sequenced by the Hungate 1000 Project (www.hungate1000.org.
nz), a catalogue of reference genomes from the rumen microbiome (Kelly et al., 2013). The
reference genomes can be used to support international efforts to develop methane mitigation
and rumen adaptation technologies. The diversity of microbial communities in the dairy farm
effluent pond may influence the rate of methanogenesis.

10.4 Composition of biofilms

The composition and quantity of microorganisms in a biofilm are highly influenced by physio-
chemical factors provided for the development and sustenance of biofilms. In aerobic, anoxic
and anaerobic environments, different microorganisms can survive and perform according to
their genetic potentials. Biofilm composition is decidedly manipulated by the composition of
wastewater received (Lydmark et al., 2007).

The composition and morphology of biofilms have been intensively studied in recent years.
Different molecular biology techniques have been applied to explore the nature and function of
microorganisms and related components of biofilms (Ivnitsky et al., 2007; Sanz & Kochling,
2007). Advancement of confocal laser scanning microscopy and other techniques in biophysics
has helped us a lot in deepening our knowledge of the structure of biofilms and the anatomical
interaction of microorganisms (McLean et al., 2008).

Techniques such as DNA extraction, polymerase chain reaction (PCR), denaturing gradient
gel electrophoresis polymerase chain reaction (DGGE-PCR), gene sequencing and fluorescent in
situ hybridisation (FISH) have been employed to identify and differentiate the microorganisms
structuring biofilms and developing active consortia. In one study, 14 different experiments were
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conducted to find the composition of a biofilm. Of a total of 22 sequences obtained, 19 were
Gram-negative. In all scenarios, Proteobacteria was seen to be a ubiquitous group (16 of 22
sequences), with the predominant member the b-subdivision (8 sequences), followed by
the g-subdivision (5 sequences). Pseudomonas/Burkholderia, Ralstonia, Bacteroidetes and
Sphingomonas were the dominant groups found in most cases (Ivnitsky et al., 2007).

Analyses of adairy wastewater system in our laboratory have shown the Enterobacteriaciae
family to be the dominant bacteria present. The ability of these bacteria to form biofilms
and their role in preventing biofilms in wastewater treatment are not known and should be
studied further.

Aerobic granules have been extensively studied by different researchers. They are
made up of different layers of microorganisms, especially bacteria, with each layer made
of characteristic species and involved in a different activity, such as nitrification, denitri-
fication, ammonia oxidation or simple respiration (Tsuneda et al., 2004). Weber et al.
(2007) have studied the importance of ciliated protozoa in the formation of biofilms with
a granular appearance. Swarming protozoa provide support for the attachment of bacteria,
which subsequently develop layers on the stalks of protozoa; these initially developed
central masses are further joined by swarming protozoa with colonising bacteria.

Sometimes, fungi can provide some support, and this process keeps on going, forming
larger sludge granules. With the help of FISH and Gram and Neisser stains, it has been
shown that most of the filaments are related to the genus Thiothrix or to Sphaerotilus natans.
Synthetic wastewater granules have been found to be dominated by cocci tetrads and a great
quantity of extracellular polymeric substances (EPS) (Weber et al., 2007).

EPS are the predominant component of a biofilm, making up 50-90% of the solid phase
of a sludge. If methods for the removal of EPS are evolved, a great amount of sludge can be
removed (Tian, 2008). Various studies on the types, characteristics, synthesis, functioning
and significance of EPS in an activated sludge have been reviewed by Raszka et al. (2006)
and Tian (2008). EPS provide stability and strength to a biofilm against shearing forces, and
a very small quantity can work as a glue to keep the flocs joined together (Sheng et al.,
2006). EPS are important to the structure and stability of the granule. It has been found that
extracted EPS consist of 45-55% proteins, 30-33% humic substances and 10% carbohy-
drates. The protein component of EPS is involved in foam formation in sludge (Nakajima &
Mishima, 2005).

Phospholipid-derived fatty acids (PLFAs) can be used to determine the composition and
microbial mass of a biofilm, due to the unique fatty acids that many bacteria produce.
Analysis using methods such as gas chromatography—mass spectroscopy (GC-MS) provides
information on the identity and quantity of each PLFA present. Results in one study showed
varying total amounts of PLFA in the emitter heads of irrigation systems, but the diversity of
PLFAs was low. Emitters that experienced higher clogging rates had greater amounts
of PLFA. Protein and polysaccharide concentrations in the biofilm were arguably related to
the stress experienced in each emitter head (Yan et al., 2009). The composition of the EPS
matrix was found to be very heterogenous.

EPS are involved in biosorption of heavy metals like copper, lead and cadmium. At first
it was thought that bacterial cell surfaces were the sites of biosorption of the metals, but later
EPS was found to perform that duty. Comte et al. (2008) have observed that a change in pH
changes the ability of EPS to bind metals; increasing pH from 4 to 8 increased the binding.
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The mineral content ranges from 10 to 90% of the total dry weight of the granules taken
from sludge, depending on the wastewater composition and so forth. The main components
of the ash are calcium, potassium, sodium and phosphorous (Schmidt & Ahring, 1997).

10.5 Application of biofilms in dairy wastewater treatment

While it is true that biofilms were initially recognised and studied because of the negative
impact they had on food industries and human health, they can be utilised beneficially in
some circumstances, as in the case of wastewater treatment strategies. Prokaryotes are the
most common microorganisms used in biological wastewater treatment processes (Bitton,
2005). The aim of biological wastewater treatment is to facilitate the removal of organic and/
or inorganic compounds from wastewater by utilising the metabolic and respiratory processes
that key bacteria are able to deploy (Andersson, 2009). Bacteria are able to absorb dissolved
nutrients and utilise them for growth and survival, removing material from water and
converting it into biomass in the bacteria themselves, or else metabolising these nutrients
into compounds in a gaseous phase (Andersson, 2009). Prokaryotes belonging to the classes
a-, B- and y-proteobacteria, Bacteroidetes and Actinobacteria are commonly found in
biological wastewater treatment systems (Wagner & Loy, 2002). Excess nutrients in waste-
water, particularly nitrogen and phosphorus, and a lack of oxygen content are of great
concern for the environment. Eutrophication is the excessive growth of algae, leading to
abnormal changes in a habitat; this process is facilitated by runoff wastewater resulting from
human activities (Kloc, 2012). While the environment is capable of removing wastewater
material on its own, the increase in wastewater runoff has prompted the development of
vigorous wastewater treatment research, including research into biological wastewater
treatment, in particular the use of biofilms and nitrogen/ammonia removal.

Effluent containing high concentrations of COD, BOD, nitrogen, minerals, complex
chemicals and ammonia can be harmful for aquatic life in a water body into which it is dis-
charged. Standards have therefore been set to ensure that effluent received by any water body
contains these components at an acceptable level. To achieve this criterion, all wastewater
needs to be treated before passing into a body of water. Chemical and physical treatment can
increase cost to an unbearable level. However, major quantities of certain components can be
removed by microbial degradation very efficiently and economically.

There are two different types of degradation — aerobic and anaerobic — and different kinds
of bioreactor have been developed using biofilms operating in either of these modes.

Membrane-aerated biofilm reactors are used in some waste treatment systems. They can
deliver oxygen at high rates and transfer efficiencies, leading to increased biofilm activity. In
a thick membrane, oxygen supply is the reaction limiting factor. Decreased oxygen supply
caused by a high organic load rate, low hydraulic retention time and high temperature can
further be augmented by thick membrane structures. A novel method has been proposed in
which biofilm is developed on oxygen-permeable membranes provided with a supply of pure
oxygen (Syron & Casey, 2008).

Simultaneous nitrification and denitrification (SND) was achieved by developing a single
compact suspended carrier biofilm reactor (SCBR) and the nutrient removal capacity of the
reactor was studied. The response of the microbial community structure to different ratios of
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carbon to nitrogen (C/N) was determined using denaturing gel gradient electrophoresis
(DGGE), profiles of the 16S rDNA V3 region and amoA gene amplifications. Population growth
curves of ammonia-oxidising bacteria (AOB) and nitrite-oxidising bacteria (NOB) were esti-
mated by FISH with 16S rDNA-targeted oligonucleotide probes. This study showed that the
two-in-one SCBR was efficient for the treatment of municipal wastewater (Xia et al., 2008).

Nitrogen removal from water is achieved using bacteria capable of converting aqueous
ammonia into gaseous nitrogen (Madigan, 2005). The first step in nitrogen removal is facilitated
by AOB, such as Nitrosomonas, that convert ammonia into nitrate:

15C0, +13NH," —10NO,” +3C,H,NO, +23H" +4H,0 (10.1)

The nitrite produced via the oxidation of ammonia is then converted into nitrate by nitrite
oxidising bacteria:

5CO, + NH," +10NO,” +2H,0 — 10NO,” +C.H.NO, + H" (10.2)

Under anaerobic conditions, denitrification results in the utilisation of the nitrate or nitrite
for respiration, producing nitrogen gas and ultimately removing previously aqueous nitrogen
compounds from the water (Henze, 2002). Denitrification is widespread throughout hetero-
trophic bacteria and researchers are still attempting to determine the organisms and condi-
tions most efficient at carrying out in situ denitrification (Andersson, 2009). The overall
process of denitrification with acetate as an electron donor is as follows:

5CH,COOH +8NO, —> 8HCO, +2C0, +6H,0 +4N, (10.3)

Removal of phosphorus from wastewater involves the use of polyphosphate-accumulating
organisms. In contrast to nitrogen removal, phosphorus is not removed via a phase change,
but instead by bacterial uptake of phosphorus for cell growth and development. Thus,
phosphorus in wastewater is utilised for biomass. In order to achieve sufficient uptake
of phosphorus, alternating aerobic and anaerobic conditions are required — an undesirable
requirement in this process, because a significant energy input is needed. However, bacteria
capable of enhanced phosphorus uptake in purely aerobic conditions have been discovered.
Bacteria are also able to remove other compounds from water, including dissolved metals
such as iron (Andersson, 2009).

10.6 Irrigation systems

A number of different irrigation schemes exist in the treatment of wastewater and dairy effluent.
Common irrigation systems include macroirrigators, in which the manifold spans the field and
droppers hang from it as shown in Figure 10.3. Another is the drip irrigator: the application of
water or effluent though a line source with emitters at or below the surface of the soil, using
low operating pressures and small discharge rates. A similar approach is the microirrigator, in
which water is applied both by emitters at or below the surface and by sprayers above the soil
(Yan et al., 2009). Drip irrigation is a plausible solution to the treatment of effluent where other
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Figure 10.3 Macroirrigator, with organic material (noodle-like material) blocking the nozzles.

methods are inappropriate due to factors such as a high water table, space constraints and so on
(Yan et al., 2009). Treated effluent is also increasingly being used in crop irrigation to supple-
ment the demand for fresh water in the industrial and domestic sectors, especially in areas
where there is a fresh water shortage (Liu & Huang, 2009).

A major concern when implementing the treatment of wastewater with an irrigation system
is partial or complete blockage of the emitter heads. Due to the small size of the emitter heads,
they are vulnerable to a number of possible obstructions. These can be caused by physical
blockages, such as sand or rust build-up, chemical contamination, such as precipitated salts, or
biological contamination, such as the formation of biofilms or the growth of algae.

If the biomass of this biofilm reaches a sufficiently high level, EPS can detach from the
surface of the irrigator pipes where it formed and cause blockages in the irrigation system.
This is especially the case in drip irrigator nozzles, due to the low flow rates and small size of
the emitter heads. Yan ez al. (2009) say that ‘More than 90% of the clogging composition
included biological species and the clogging process was usually initiated by bacterial bio-
films’. The emitters that experienced the greatest amount of clogging had the highest content
of EPS present in the emitter head, including the highest amount of polysaccharides, proteins
and PLFAs. However, in many cases it is not the detached EPS that causes the blockage of the
irrigators, but rather the reactions, both physical and chemical, that take place in or around
them (Adin & Slacks, 1991). The major problem encountered was particles becoming
entrapped in the biofilm EPS and forming sediment, reducing flow. This reduced flow could
then help increase the formation of biofilms in the emitter heads, as the amounts of protein
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and polysaccharides were related to the stress imposed by the fluid flow. The bacterial growth
could cause the precipitation of ions present in the water and effluent or the EPS could act like
an adhesive, causing the fine particles in the solution (clay and sand from sources such as
open silos and rust) to agglutinate and cause clogging of the irrigation system.

Adin and Slacks (1991) state that ‘“The clogging rate is more affected by particle size than by
particle number density’. This is because the EPS entraps suspended particles and forms a three-
dimensional structure, with the larger particles forming a larger structure for potential clogging.

In effluent treatment, emitter clogging varies with effluent quality, filtering methods,
environmental conditions, flow rate and the size of the emitter heads. Some preventative
methods can reduce clogging or clean blocked lines, such as the use of chlorination, acid
injection, antagonistic bacteria or line flushing systems (Ravina et al., 1997; Dosti et al.,
2005; Sahin et al., 2005; Liu and Huang, 2009).

10.7 Controlling biofilms in waste treatment systems

Turbulent flow through the emitters in a drip irrigator system may be able to reduce the
amount of clogging that occurs by causing the larger particles entrapped by the EPS to be
flushed out. However, emitters with low flow rates or low hydrodynamic forces, as seen in
drip irrigation systems, are more prone to clogging (Oliver et al., 2014). Liu and Huang
(2009) agree that emitters with high flow rates experience less clogging, but also state that
the tailing part of the irrigator laterals — those furthest from pump — no matter what the flow
rate, will experience more clogging than those closer to the source. Another preventative
method found effective by Oliver et al. (2014) is the use of weblike filters. These do not
prevent the formation of biofilms but work as a ‘trap’ for larger solids passing through. This
trap helps prevent the build-up of the three-dimensional structure found to cause clogging.

Sahin et al. (2005) comment on the use of antagonistic bacteria to eliminate clogging in drip
irrigation systems. Three bacterial strains (Bacillus OUS-142, Bacillus ERZ and Burkholdria
OUS-7) were determined to exhibit a strong antagonistic activity, although the mechanism of
this activity was not reported. A system of two irrigator laterals (one for control) was used to
determine whether antagonistic bacteria could be used. The irrigator lines were run for 8 hours
per day for 30 days when all emitters were partially or totally blocked. The antagonistic bacteria
were added to one irrigator line, while the other was flushed with sterile water. After 2 weeks,
the maximum discharge rate for the lateral treated with antagonistic bacteria was observed to
increase, while the lateral treated with sterile water showed no improvement.

Chemical addition to the effluent could also be used to reduce the amount of clogging
encountered. Direct acid injection would be beneficial in chemical clogging of the emitters,
while chlorination could be used to reduce the amount of bacterial build-up in the pipes
(Sahin et al., 2005; Liu & Huang, 2009). Dosti ef al. (2005) found that an ozonation treat-
ment consisting of 0.6 ppm for 10 minutes effectively reduced biofilm build-up on stainless
steel coupons. However, a shorter period of exposure (1 minute) did not significantly reduce
the bacterial population. Chlorination (100 ppm for 2 minutes) was also trialled under the
same conditions and significantly reduced the bacterial populations. The results showed that
there was no difference between the 10-minute ozonation and chlorination methods, except
in one of the biofilms tested (Pseudomonas putida). However, injection of chemicals into
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effluent that is to be sprayed on fields might produce a negative impact. In cases where direct
acid injection can be used, the environmental impact should be taken into account. Spraying
of an acidic effluent could damage crops and cause plant death (Oliver et al., 2014).

Due to the nature of biofilm growth in waste treatment systems, growth often becomes a
problem only when physical blockage of pipelines occurs. Physical means can be used to
reduce the amount of biofilm build-up, but this will not destroy the biofilm, removing only
the build-up present in the piping. Physical methods might include flushing with high-
pressure water or the use of other equipment, such as cleaning balls. Cleaning balls are
usually flexible and are sized 1-3 mm larger than the inner diameter of the pipe. They are
forced through by the pressure of the fluid and rub the walls, keeping them clean (Al-Bakeri &
El Hares, 1993). This is a purely mechanical method of removing biofilm build-up and does
not tackle the problem of bacterial growth in the effluent.

Ultraviolet (UV) irradiation is one of the most common disinfection methods used in
the treatment of wastewater. However, secondary use of this UV-treated effluent, such as
in irrigation systems, can be potentially hazardous due to the possible photo and dark
repair of reversibly damaged bacteria (Haaken ef al., 2014). Haaken et al. (2014) state that
UV irradiation works to reduce the number of bacteria present (Escherichia coli). However,
at high total SS the process was less effective, because the UV radiation was absorbed by
the particles present besides the bacteria, allowing their survival. The effect of UV radiation
was also limited by the formation of biofouling and scaling on the quartz sleeve of the UV
lamps. However, the combination of UV irradiation and electrolysis was found to yield a
reliable bacterial reduction and prevent reactivation. The only limits encountered to this
combination treatment was in wastewaters containing very high total SS, which in practice
were present only in poorly functioning treatment systems (Haaken et al., 2014). Therefore,
for dairy effluent, a UV/electrolysed treatment step could help reduce the problem of
biofilms in the wastewater. Removal of SS would need to take place first.

Recent studies show that quorum sensing and cell-to-cell signalling between bacteria
in the biofilm can also negate the use of cleaning chemicals. This signalling allows bacteria to
monitor the environment around the EPS matrix and then alter their gene expression, allowing
for further resistance to chemical cleaning. Interference with this quorum sensing can be used
as a different approach to the control of biofilm growth, such as by controlling the production
of EPS. Following the application of quenchers that prevent this quorum sensing, biofilms
have been found to be more readily removed with bactericidal chemicals (Anand et al., 2014).

10.8 Conclusion

Biofilms in dairy wastewater treatment can have both positive and negative effects on the
treatment systems. Biofilms can help to remove both organic and inorganic substances.
Biofilm reactors can be used to remove nutrients such as nitrogen and ammonia, as well as
the heavy metals that are often found in wastewater systems. However, the environment
provided by the wastewater also allows for the rapid growth of biofilms that have a negative
impact on treatment. Biofilm formation in pipes can slow down, and in some cases prevent,
distribution of the wastewater. The EPS matrix is responsible for forming slimy structures,
entrapping inorganic particles such as clay and causing blockages.
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More studies should be conducted to explore the genetic potential of microorganisms
involved in wastewater treatment and knowledge must be applied to handle newly emerging
issues of industrial and agricultural byproducts and waste.
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11.1 Introduction

As we have seen elsewhere in this book, microbial biofilms cause a number of problems in the
dairy industry. Understanding the interactions of bacteria with the environment — the physical
properties of the substratum, the characteristics of the fluid (such as pH, temperature and avail-
ability of nutrients) and the intrinsic properties of bacteria, yeasts and moulds — is the first step
in predicting the development of biofilms in a dairy manufacturing plant. This information can
be used to build mathematical models of bacterial attachment to surfaces, biofilm development
and the behaviour of biofilms in response to processing variables.

This chapter introduces different types of models and their features, then presents a case
study of mathematical modelling of typical thermophilic dairy biofilms grown in a labora-
tory reactor.

11.2 What is a model?

Modern food processing plants are often very complex, being constructed of many different
functional components. Each of these components carries out a unit operation on the mate-
rial being processed. A unit operation is a basic step that involves some sort of physical
change or chemical transformation. The process can therefore be broken down into a series
of unit operations that are common to many different plants, such as separation, evaporation,
crystallisation and drying. By studying the individual unit operations, we can build up an
understanding of the whole process.

A model is simply a representation of the system. This may take the form of a physical,
small-scale representation of the components of the process as an aid during the design
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phase in laying out the equipment in the plant, or it may be a mathematical representation
of the various unit operations, which can be combined to describe the whole process. The
mathematical model is the subject of this chapter.

Mathematical models may be empirical correlations representing one aspect of the
biofilm, such as substrate utilisation with respect to mass transport into the biofilm, or
they may be very complex mechanistic models, attempting to relate many factors to the
nonuniform three-dimensional development of the biofilm. Single-species biofilms are
obviously far less complicated than multispecies biofilms, although the latter are more
usual in nature. The biofilm wastewater treatment system is an example of an extremely
complex environment, in which multispecies biofilms grow on multisubstrate feeds and
the biofilm is very thick, resulting in very different conditions at the biofilm-liquid
surface and at the biofilm—substratum boundary.

In all models, particularly less complex ones, many assumptions and simplifications have to
be made. The more detailed models dealing with two- and three-dimensional biofilm systems
attempt to reduce the number of assumptions by including terms to describe such things as
rates of diffusion, nutrient concentration in the bulk phase and concentration gradients in the
biofilms. Unfortunately, as models become more detailed, the computing power required to run
them also increases.

There is a significant body of literature on biofilm modelling. Biofilms have been used in
water treatment for over a century, but only since the 1980s have biofilm processes been
studied (Beg & Chaudhry, 1999). The development of mathematical models to describe bio-
film processes has followed a parallel path.

11.3 Why construct a model?

If we can represent bacterial growth and destruction with mathematical expressions, we
have a tool to optimise processing conditions in order to minimise the impact of biofilms on
the manufacturing process and the finished product. But more than this, we have a tool to
test our understanding of the way that biofilms develop. These two objectives require rather
different approaches.

The selection of the particular model depends upon the application — it may be that the
objective is to study the relationship between temperature and nutrient concentration in
the growth of the biofilm, or the objective may be highly applied, such as predicting the
available runtime of a milk evaporator before the limit for thermophilic spores in
the finished product is reached.

The International Water Association (IWA) Task Group on Biofilm Modelling has produced
a very useful and comprehensive monograph on the subject (Wanner et al., 2006). Wanner
et al. (2006) proposed five potential goals for biofilm modelling:

to understand fundamental mechanisms;
to link different types of mechanisms;

to premodel experimental designs;

to create novel process designs;

to improve the performance of a process.



Biofilm Modelling 205

In many cases, the modelling can reduce the cost of experiments by permitting the performance
of initial experiments in silico to identify the most promising conditions for physical experi-
ments. However, it is important to understand that models are only as good as our understanding
of the system. If this understanding is flawed, our models may predict the behaviour of the
system incorrectly.

11.4 Types of model available

Most food scientists and microbiologists will be familiar with mathematical techniques to
predict spoilage or development of unsafe food. These models fall broadly into four categories:
probabilistic, kinetic, analytical and numerical.

11.4.1 Probabilistic models

Probabilistic models provide a quantitative estimate of the likelihood of a particular micro-
biological outcome occurring in a given time, such as the probability of toxin formation by
Clostridium botulinum in a particular food within a given time. This probability is often
described by a regression equation incorporating a number of terms representing factors that
might alter the probability of toxin production. This equation can be used to produce a
response surface that allows visualisation of the combined effects of factors on the event
being modelled. This ability might be very useful in predicting the development of a biofilm
in a piece of equipment within a particular runtime. Unfortunately, probabilistic models
provide little information on rates of change, although the response surface can indicate
whether the factors interact or are independent.

11.4.2 Kinetic models

In kinetic models, a mathematical function is fitted to the response variable; for example, an
equation that describes the growth curve is fitted to the experimentally derived growth rate.
This is a ‘logistic equation’ (Vandermeer, 2010; Weisstein, 2013), a term apparently first used
by Verhulst (1845). Examples of kinetic models are the Gompertz equation (Zwietering et al.,
1990), the parameters of which can be applied to the lag time and growth rate of microbial
populations; the Arrhenius equation (Del Mundo et al., 2014) and its variants, such as the
Ratkowsky square root model (Ratkowsky et al., 1983); and the more general Bélehradek
power function (Robertson, 1998).

Kinetic models are capable of modelling the various phases of microbial growth,
such as the lag phase, the exponential phase and so on, which is important because the
response of the population in individual phases of microbial growth may vary depending
on the conditions. Once the important factors have been determined, response surface
methodology can be used to evaluate several factors simultaneously, using factorial
designed experiments, reducing the number of experiments required and yielding
information on interaction of factors.
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Many models have mathematical parameters (a, b, c etc.) with no biological meaning, and
it can be difficult to interpret them. The equations include experimentally derived constants,
such as those found in the Gompertz equation:

yzaexp[—exp(b—ct)} (11.1)

. . . . InN Lo
where y is relative bacterial concentration, W a, b and c are constants and ¢ is time.
nNo

Zwietering et al. (1990) showed how such equations can be reparameterised by substitut-
ing the mathematical parameters with lag time (), maximum specific growth rate (p, ) and
the asymptote (A). Zwietering et al. (1991) demonstrated how this and various other equa-
tions could be used to predict experimentally determined numbers of microorganisms as a
function of temperature and time.

Wanner et al. (2006) have provided a summary of the various types of model that can be
applied to biofilm systems. It is not appropriate to go into detail here: the reader is referred
to their monograph.

The conservation of mass is one of the most important principles of any quantitative
system. The mass balance can be expressed as:

Net rate of accumulation of mass of component in the system = Rate of mass
influx of component to the system + Net rate of generation
of the component in the system — Rate of mass efflux of component
from the system

(11.2)

Most of the following models are derived from the principal mass balance. The differences
between these models are in the number of assumptions and computations and in their
flexibility.

11.4.3 Analytical models

Analytical models are widely used to model general biofilm systems. They do not require a
high level of mathematical knowledge and they can be solved using mathematical derivation,
omitting the need for numerical techniques. Each term and its effects can be analysed directly
and separately. The analytical model can be used only for a simple biofilm system with simple
conditions, such as a biofilm that is homogeneous and has only one rate-limiting substrate.
Zero-order kinetics is assumed where the concentration of the limiting substrate in the bulk
fluid is higher than the half saturation concentration (K ), whereas first-order kinetics is used
where the substrate concentration is below K_(Wanner et al., 2006).

Pseudoanalytical models

A pseudoanalytical model is a less complex alternative to an analytical model, in which
assumptions are made to simplify the conditions and maintain the robustness and predictive
power of the model. A simplified form of pseudoanalytical model can be designed only for
a highly specific system with many known parameters, such as biofilm thickness, whether
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the system is single-substrate limited and whether the kinetics is first-order or zero-order.
As this model is simpler than an analytical model, the algebraic equations within it are
solvable by hand or using a spreadsheet.

Such a model might be a mass balance on a reactor system using the concentration of the
bulk as input and concentration in the outflow as output, based on the principle of conservation
of mass (Rittmann & Sédez, 2004).

The basic pseudoanalytical model applies only to a specific system, such as a steady-state
biofilm with one microbial species and one rate-limiting substrate. However, it can be adapted
to fit a multispecies environment, which makes the multispecies system model more acces-
sible to nonspecialist modellers. It illustrates the important interactions between different
materials or biomasses in a multispecies biofilm system, such as the Geobacillus/Anoxybacillus
biofilms in the dairy industry.

11.4.4 Numerical models

Numerical one-dimensional dynamic models

A dynamic model is often used if the prediction concerns how a biofilm forms and develops
over time in one dimension perpendicular to the substratum. This model is normally applied
to a more complex system, such as a multispecies biofilm in a multisubstrate environment,
and can be used to study the biofilm formation process, the microbial composition of the
system and the impact of detachment processes on the biofilm.

Because of the one-dimensional nature of the model, with gradients of variables perpendicular
to the substratum, local prediction may not hold true when applied to the whole system. For
example, if a microcolony of one species utilises the product of an adjacent second species, a
local concentration gradient parallel to the substrate will result. Another limitation is that this
model considers the bulk liquid to be a fully mixed homogeneous environment without any
clusters of microbes, sediments, lumps or other particulates (such as protein).

Numerical one-dimensional steady-state models

Analytical and pseudoanalytical models involve expression of key processes and variables
using linear algebraic expressions to approximate nonlinear equations. Using a computer to
apply numerical methods, it is possible to solve nonlinear equations, at least approximately.
Compared with the one-dimensional dynamic model, the numerical one-dimensional steady-
state model excludes consideration of the dynamic development of the biofilm with time.
Because of this, the assumptions need to be carefully selected.

Multidimensional numerical models

This type of model can simulate the heterogeneity of complex biofilm systems. Whether bio-
film structure is heterogeneous or homogeneous depends on how it forms and the environment
within it (Picioreanu et al., 1998). A multidimensional numerical model can provide some
insight into the details of this process, such as how bacteria interact with each other and with
the substratum and how they form different biofilms (Picioreanu & Van Loosdrecht, 2002).



208 Biofilms in the Dairy Industry

Some assumptions in the less complicated analytical models and one-dimensional models
no longer hold true and cannot be applied in multidimensional models. Instead, in many
cases, the biofilm is assumed to be a uniform structure with cells evenly distributed in the
microcolony (Picioreanu et al., 2000). This model is much more complicated and realistic
than any of the previously mentioned ones, with far fewer idealised and simplified assump-
tions. In the real world, a biofilm is a three-dimensional structure. The multidimensional
model allows us to simulate more realistic situations, such as flows into and out of the bio-
film (Picioreanu et al., 2000).

The crucial limitation of this type of model for application in industry is the complexity of
the mathematical equations. Such models have much more freedom, but they are no longer solvable
by hand or with simple computer skills. Models that attempt to describe, from first principles,
all stages of microbial biofilm growth are exceedingly complex. Solving multidimensional
models requires heavy computing power, and the useful information gained from them may still
be limited.

Some aspects of biofilm growth, such as the attachment of bacteria to surfaces, have been
studied extensively, and research on the modelling and prediction of biofilm structure has
been conducted by Picioreanu et al. (2000).

11.5 Modelling dairy biofilms

According to the IWA Task Group, there are six steps in designing and using a mathematical
model for biofilms (Wanner et al., 2006):

1. Identification of important processes and variables existing in the system.

2. Expression of the identified processes in mathematical terms.

3. Implementation of mass, energy or momentum balances to combine the mathematical
expressions.

4. Assignation of appropriate values (such as values according to literature or experiments)
to the mathematical terms in the modelling equations.

5. Solution of the mathematical equations using suitable techniques, ranging from simple
spreadsheets to numerical methods.

6. Description of the properties of the system, represented by the model’s variables.

To this list might be added the most important consideration: “What is the purpose of this
model? How will it be used?’

After identifying variables and processes, the appropriate mass balance needs to be deter-
mined, together with expressions for each variable within it. There are two types of parameter:
system specific and universal. System-specific parameters, such as biofilm thickness and density,
are dependent on the targeted biofilm system and may vary when the system varies. Universal
parameters, such as kinetic parameters for microbial reactions, are obtained from the literature or
from other experiments that are independently conducted on the biofilm being modelled.
Universal parameters do not change with the system.

In its simplest form, a biofilm can be described in terms of compartments, as shown in
Figure 11.1. This schematic diagram of the process contains two compartments: the bulk
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Figure 11.1 Schematic diagram of the processes and compartments of a biofilm in a reactor system.

liquid flowing past the biofilm and the biofilm itself. Strictly, there is another compartment:
the boundary liquid layer, which is a very thin layer of liquid formed between the bulk fluid
and the biofilm. Particles within the boundary layer have less momentum, due to the reduced
flow. In a simplification of this system, the boundary layer is ignored. There is bacterial
interchange between the bulk liquid phase and the biofilm phase. This is often called the
‘biotransfer potential’. ‘Settling’ is the movement of bacteria towards and attachment to a
substrate or an existing biofilm, while ‘sloughing’ is detachment from the biofilm — as
clumps of cells or pieces of biofilm — and reentry into the bulk phase.

Further simplification can be achieved by assuming that there is no growth within the
bulk liquid phase. This is appropriate for dairy systems, as the mean residence time in
processing equipment is usually too short to allow an increase in bacterial numbers. There
is no death in either the bulk liquid phase or the biofilm phase. The sloughing event is
random and is the only process that decreases the bacterial population in the biofilm.

11.6 Example of biofilm modelling

There is a remarkable paucity of published models of biofilm formation in dairy manu-
facturing plants. Most mathematical models refer to very specific aspects, such as initial
attachment or mass transfer through the boundary layer. A notable exception is the work
of de Jong et al (2002), who developed a mathematical model that describes the con-
tamination of food as a result of attachment, growth and release of bacteria in processing
equipment. They studied the effects of fluid flow on the adherence of Streprococcus
thermophilus and estimated model parameters in a plate heat exchanger. Their model
was validated during whey processing in a full-scale cheese plant, predicting the growth
of S. thermophilus. There was some lack of agreement between measured and predicted
outflow levels, but this was thought to be the result of an underestimation of the wall
coverage in the plate heat exchanger.
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11.6.1 Model laboratory system

In our laboratory, we built a small laboratory system to model biofilm formation by
Geobacillus stearothermophilus in heated dairy processing equipment (Figure 11.2). The
system consisted of a reservoir of milk held at 4 °C, a preheating section to bring the milk up
to the operating temperature and a small flat hexagonal reactor, in which biofilm growth was
modelled. Two preheating pipes and reactors provided duplication to obtain an estimate of
reproducibility in the experiments. The hexagonal reactors were placed side by side on a
modified thermocycler, which enabled control of the local temperature. The milk was drawn
through each reactor by a peristaltic pump and discharged to waste.

In this example, the objective was to model biofilm development by G. stearothermophilus
in a reactor at a constant temperature. While conducting investigations using this system, it
became apparent that biofilm development also occurred in the preheating section. We therefore
also modelled biofilm development in the preheating pipe. The compartmental model for the
system, which separates the preheating pipe and hexagonal reactor, is shown in Figure 11.3.

11.6.2 Pipe model

The preheating section consisted of a narrow-bore silicone tube (hereafter refered to as ‘the pipe’)
submerged in a water bath held at 55°C. The feed milk contained G. stearothermophilus at
approximately 10°*CFU/ml — higher than would be expected in good-quality milk. The bacteria

Milk-out
sampling
Two hexagonal reactors point

(Volume = 4ml) were set
side by side on the heating ¢

10% sterile Reactor

RSM and final

concentraFlon Waste

of Geobacillus

103-10*CFU/m] | [T~~~ Thermocycler
;/ N

55°C water bath Programmable 1.5 ml/min
(Preheating pipe) heating

Figure 11.2 Laboratory system developed by Massey University to study biofiim development. Milk, inocu-
lated with G. stearothermophilus, was held in a reservoir on ice, drawn through silicone tubing submerged in
a 55°C water bath (preheating pipe) into the two custom-made hexagonal reactors (set up in parallel and
placed on top of a modified PCR thermocycler) and pumped into a waste container.



Biofilm Modelling 211

I I

I I

| Inflow from | Oiitos

i reservoir | Growth within bulk Inﬂovfi into réactor | Growth within bulk | 0 Waste

! Death within bulk ! .| Death within bulk .
T | Bulkmilk M) ! Bulk milk (N) g

i Outflow from pipe

: : A

i i

i Settling Sloughing i Settling Sloughing

I 1

I I

I I

i i

l Growth within biofilm in | Clowin i veasios

i pipe i Death within reactor

! Death within biofilm in pipe | | Biofilm in reactor

| Biofilm in the pipe (F) | R)

I I

I I

I I

I I

Preheating pipe Hexagonal reactor

Figure 11.3 Schematic diagram of processes in the preheating section and hexagonal reactor. The dashed-
line box is the preheating section and the solid-line box is the reactor section. M is the total number of bacteria
in the bulk milk phase in the preheating section; F is the total number of bacteria in the biofilm phase in the
preheating section; N is the total number of bacteria in the bulk milk phase in the hexagonal reactor; and R is
the total number of bacteria in the biofilm phase in the hexagonal reactor section. All have units of CFU.

entering the preheating section could either remain within the bulk milk phase or settle on to the
pipe surface. The settled bacteria could detach (slough off) or grow and form a biofilm, with
progeny cells either extending the biofilm or detaching and entering the bulk milk phase. Cells
within the bulk milk phase would be washed out of the system in the outflowing milk.

The system started with a known concentration of bacteria in the incoming milk and a
sterile reactor. To a certain extent, this represents the situation in a dairy manufacturing
plant; that is, the milk entering the manufacturing process will contain low numbers of bac-
teria and the plant surfaces can be assumed to be clean at the start of a manufacturing run.
The measurable factors in the experiment were the concentration of bacteria in the inflowing
and outflowing milk and the final counts on the reactor surfaces. A biofilm could develop in
the preheating pipe and unattached or detached cells would enter the reactor.

Under normal circumstances in an actual dairy manufacturing plant, death of the bacteria
may occur both in the bulk milk phase and in the biofilm. These cells no longer take any
part in growth, although the nutrients released from the dead cells within the biofilm may
permit some growth in the biofilm that would not otherwise occur. The model could be
simplified by assuming that no death occurred in either the bulk or the biofilm phase. The
death term in the biofilm compartment could be replaced by the sloughing term; sloughing
is a random event. In addition, if the mean residence time in the preheating section and
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hexagonal reactor were set significantly shorter than the doubling time of the bacteria, to a
first approximation it could be assumed that no growth occurred in the bulk milk in the
preheating pipe or hexagonal reactor.

With these simplifications made, the parameters of the model describing the preheating
section (‘the pipe model’) could be selected and expressed using mathematical terms, then
later organised into equations.

Development of the pipe model

Law of population growth
The key theory behind this model is a modified logistic equation (Weisstein, 2013), which is
the law of population growth (Stover & Weisstein, 2013):

d_P:rp(l_fj (11.3)
dt k

where P is the total population of the system (CFU), ¢ is time(s), r is relative growth rate of
the population (/s) and k is the carrying capacity of the system (CFU).

Equation 11.3 describes the sigmoidal nature of restricted population growth, in which
dP/dt eventually approaches zero. Bacterial growth shows an exponential growth phase and
an equilibrium stationary phase. The logistic growth equation is the simplest model to fit this
situation:

dp rP’

o rP— " Growth rate — Death rate (11.4)
1

The term rP is the unrestricted growth rate; at some point, the rate of change of the popula-
tion becomes zero, and the rate of death is equal to the rate of growth.

2
d—P:O so, rP:i
dt k

Therefore, P =k (11.5)

In other words, at equilibrium, the population size is equal to the carrying capacity of the
system. Therefore, the unit of the carrying capacity is the same as that of the population,
which is CFU.

Expression of the law of population growth for biofilms

The only process that decreases the bacterial population of biofilms is sloughing. Bacteria can
slough from the biofilm by detaching as single cells or as clumps of biomass. Sloughing is the
average rate for both forms of detachment. Thus, the death term in Equation 11.4 is inter-
preted as the sloughing term. Using F as the population in the biofilm phase, Equation 11.3,
describing the change in the biofilm population (rate of change in F), can be rewritten as:

fi—F = Growth within the biofilm — Sloughing (11.6)
t



Biofilm Modelling 213

The e-folding time is used to describe the exponential growth phenomenon in the logistic
growth equation. The e-folding time is the time interval in which population increases
by a factor of e (e = 2.71). This term is used as the exponential base analogue of the
doubling time, ¢,

Therefore, the growth and sloughing terms can be expressed as:

Growthrate =rF (CFU/S) (11.7)
2

. F
Sloughing rate = -

pipe

(CFUs) (11.8)

where r is the growth rate within the biofilm based on e-folding time (/s) and K e is the
carrying capacity of the tube wall (CFU).

Parameters of the pipe model

In the preheating section, the response of the model used is the rate of change of the number
of bacteria in each of the compartments minus the bulk milk phase or the biofilm phase
(Table 11.1). Bacteria enter the system via inflowing milk and leave the system via the out-
flow. The main processes in the two compartments are growth, settling and sloughing. The
variables from the main processes are listed in Table 11.2. There are some constants in the
system, referred to as system parameters, which do not change within the experiments
(Table 11.3).

Inflow and outflow terms

The milk reservoir remains cold (< 4°C) for the duration of biofilm development experi-
ments. This temperature is below the minimum growth temperature for G. stearothermophilus
and, as a result, growth does not occur in the reservoir. Therefore, the inflow to the heating
pipe (CFU/s) can be treated as a constant.

Inflow(CFU/s) = Incoming milk concentration (CFU/ml) x Flowrate(ml/s) (11.9)

The rate at which bacteria exit from the preheating pipe in the outflow (CFU/s) is given by:

M (CFU) x Flowrate (ml/s)

Volume,,, (ml)

Outflow (CFU/s) = (11.10)

Table 11.1 Response of the pipe model.

Notation Definition Unit

dF/dt Rate of change of the total number of bacteria present in CFU/s
the biofilm on the wall of the preheating pipe

damy/dt Rate of change of the total number of bacteria present in the CFU/s
bulk milk in the preheating pipe
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Table 11.2 Notation used for process expressions and parameters in the pipe model.

Notation Definition Unit
o Settling rate of the bacteria based on e — Fold settling time = 1 /s
S.pipe

F Total number of bacteria present in the biofilm on the preheating pipe CFU
F, Initial number of bacteria present in the biofilm on the preheating pipe at time 0 CFU
Growthmpe Rate of change of the number of bacteria present in the biofilm on the preheating pipe ~ CFU/s
Inflow,, Rate at which bacteria enter the preheating pipe in the inflow of milk from the reservoir CFU/s
k Carrying capacity of the system CFU

ipe Carrying capacity of the preheating pipe wall CFU
M, Total number of bacteria present in the bulk milk in the preheating pipe at any CFU

particular time after the start of the run

M, Initial number of bacteria present in the bulk milk in the preheating pipe at time 0 CFU
0utﬂow]w Rate at which bacteria exit from the preheating pipe in the outflow of the bulk milk CFU/s
P Total population of the system (surface + bulk fluid) in the logistic equation CFU
r Relative growth rate of the population in the logistic equation /s
Settlingw.’w Rate at which bacteria settle from the bulk milk on to the surface in the preheating pipe CFU/s
Sloughingmw Rate at which bacteria slough from the surface into the bulk milk in the preheating pipe CFU/s
L pive Settling e-folding time of the preheating pipe S
L pipe Growth e-folding time of the preheating pipe S
1, Doubling time of the microorganism min

Table 11.3 Notation used for system parameters in the pipe model.

Notation Definition Unit
Volumepw Volume of the preheating pipe cm?
Flowrate System flowrate ml/min
Milk conc,, Concentration bacteria in the incoming milk from the reservoir CFU/ml

Process equation for bacteria in the bulk milk

For the bulk phase milk in the preheating pipe, the rate of change in the number of bacteria is
affected only by the rates of the inflow, outflow, settling and sloughing processes, because
there is no growth in the bulk milk. Bacteria enter the pipe via the inflow and exit via the
outflow. Bacteria in the bulk milk may settle on the pipe wall and attach to form a biofilm.
Bacteria from the biofilm may slough into the bulk milk stream. The rate of change of the total
number of bacteria in the bulk milk phase (the rate of change of M) over time is expressed as:

M

i = Inflow — Outflow — Settling + Sloughing (11.11)
t
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Process equation for bacteria in the biofilm phase

For the biofilm phase, the rate of change of the total number of bacteria is influenced by the rate
of the settling and sloughing processes, as well as by the rate of growth within the biofilm.
Bacterial numbers in the biofilm increase with time. The rate of change of the total number of
bacteria in the biofilm phase (the rate of change of F) over time (CFU/s) is expressed as:

dF . . e e o
m = Settling — Sloughing + Growth within biofilm (11.12)
t

Growth within biofilm term
The relative growth rate, r, represents the proportional increase in the population in one unit

of time. The constant r can be calculated from the growth e-folding time (7, . . $).

r = Relative growth rate within the biofilm based on e —folding time = (11.13)

G, pipe

Equation 11.14 is used to express mathematically the number of bacteria in a biofilm on the
preheating pipe walls (F) at time 7 with respect to the initial population, F;

F =F xe" (11.14)
Substituting for r, this gives:
F = F,x¢"o (11.15)
After differentiation:
o tl x !l (11.16)
After rearrangement:
aF _ 1 F, xé"orm (11.17)
dr  tg 0.

Substituting Equation 11.15 into Equation 11.17 gives:

[;—F = £ = Growth Withinbiofilm(CFU/s) (11.18)
t t

G,pipe

Settling term

A similar approach can be used for the settling term. The settling e-folding time (%) is used.
The settlement term describes the process of the decrease in the numbers of bacteria in the
bulk milk as they leave to form a biofilm. Therefore, the settlement term in relation to the
rate of change in M should be negative:

Settlement rate = —aM (11.19)



216 Biofilms in the Dairy Industry

The e-folding settling rate and the e-folding settling time are used because:

M, =M xe™ (11.20)

where M is the initial population.
Substituting for a in Equation 11.20 gives:

M, =M, xe " (11.21)
After differentiation:
LIy B o (11.22)
dt t&pipe
After rearrangement:
av | 1 | M, xe s (11.23)
dt tS.pipe

Substituting Equation 11.21 into Equation 11.23 gives:

dd—j‘f(CFU/s) __M (11.24)

tS,pipe

The rate of settling is negative in relation to the bulk milk phase because it describes bacteria
leaving the bulk milk. However, this settlement term becomes positive when it describes the
addition of bacteria to the biofilm phase:

C;—f‘f(cpws): M, (11.25)

tS ,pipe

Sloughing term
The sloughing term is derived from Equation 11.8 and is modified by substituting in the
e-folding growth rate (r) from Equation 11.13:
F2
Sloughing = —(CFU/S) (11.26)

pipe X G,pipe

Returning to the two main process equations
Substituting for the inflow, outflow, growth in biofilms, settling and sloughing terms, the two
main process equations (Equations 11.11 and 11.12) can be rewritten as:

‘%/I = Inflow — Outflow — Settling + Sloughing =

" Flowm,e)_[ﬁwfwm]_[ M, HkF] (11.27)

VOlumepipe Z ipe x tG,/np(‘

(Milk conc,

inflow
S.pipe
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M 2
d—F = Settling—Sloughing+Gr0wth:[ L ]_(k r ]—{ F ] (11.28)
1 . .
pipe G, pipe

dt S, pipe Xt tG, pipe

Optimisation of the pipe model

The model needs to be optimised in order to find values for the parameters (tSpipe’ L pive and

kp[pe) that allow it to best fit the measured data. These values can then be used in the model
for later prediction. We used the statistical software ‘R’ (version 2.15.3, Institute of Statistics
and Mathematics of Wirtschaftsuniversitit Wien, Vienna, Austria) in this part of the study.

Determination of best fit is achieved using the following process:

The model (Equations 11.27 and 11.28) is rewritten into ‘R’.

After inserting different values for each of the parameters, the output is given as the
estimated M and F values for each time interval.

Data from experiments on the heating pipe are converted into M values using Equation 11.10.
The differences between the converted M values and the estimated M values from the
model are used to calculate ‘badness’ (lack of fit), according to Equation 11.29:

(Estimation — Observation )2 (11.29)

Total badness = Z Estinati
stimation

e The badness value is minimised by inserting different values for the three unknown
parameters, using an iteration process.

After the optimisation process is completed, the best values for these parameters are:
f. . =4.853x10*seconds;t =6.473x10% seconds; and k . =4.067x10° CFU.

S, pipe G, pipe pipe

Validation of the pipe model

Parameters generated by the model need to be validated through a comparison with observed
data. An example of such a parameter is the specific growth rate. The measured specific
growth rates for G. stearothermophilus, growing as biofilms on stainless steel coupons in a
CDC reactor in 10% solids skim milk, are 1.47/h at 50°C, 1.60/h at 55° C and 1.20/h at 60 °C.

The specific growth rate (/h) and the doubling time (¢,, h) can be calculated from the
optimised value of L pipe THE relationship between ¢, and L pine is shown in Equation 11.30.
The relationship between the specific growth rate and 7, is shown in Equation 11.31.

ty = 1o e X IN2 (11.30)

Using the optimised value of L6 pipe A0 solving for

Predictedt, = 6,473 x[n2~= 4486seconds =~ 1.25hours

Predicted specific growth rate = [n2 ~0.56/h (11.31)

Ip
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The specific growth rate calculated from the estimated value for 7, . using Equations 11.30
and 11.31 is lower than the observed specific growth rate for G. stearothermophilus in bio-
films measured in a CDC reactor. This lower apparent growth rate is likely to be the result of
the temperature gradient along the preheating pipe, some of the pipe wall being below the
minimum temperature for growth. Thus, the optimised value of L6 pipe is likely to be an over-
estimate, which can be refined if the temperature profile in the preheating pipe is known.

The bacterial numbers in the bulk milk phase estimated using the model and calculated
from the observed data (the counts for milk at the outflow) for two trials are plotted together
in Figure 11.4. The model predicts growth with lag, log and stationary phases of similar
lengths to those observed. However, the reduction in bacterial numbers in the lag phase is not
predicted, perhaps reflecting rapid initial attachment to the pipe. The observed data are noisy,
possibly as a result of the randomness of detachment or sloughing events and the presence
of cell clumps in the outflow. This plot demonstrates that the model can successfully estimate
the levels of G. stearothermophilus exiting from the preheating section and can be used to
calculate the inflow of G. stearothermophilus for the reactor model.
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Figure 11.4 Bacterial numbers in the bulk milk phase calculated from the model using the optimised param-
eters (black line) and observed values for bacterial numbers in the bulk milk phase obtained from two trials
(filled and open circles). Observed bacterial numbers in the bulk milk phase (CFU) were calculated from counts
(CFU/ml) for milk samples taken at the outlet of the preheating pipe using the formula log, , (Observed bacterial
numbers in bulk milk phase) = log, , (Bacterial count determined for bulk milk at outlet x Volume of pipe).
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11.6.3 Reactor model

The pipe model can be used to estimate the number of G. stearothermophilus in the bulk
milk phase in the preheating section. The output from the pipe model, the M values, are used
to feed into the reactor model to take account of bacterial growth in the preheating pipe
before the milk enters the reactor system.

Parameters for the reactor model

As in the preheating section, the model response used is the rate of change of the number of
bacteria in each of the compartments: the bulk milk phase or the biofilm phase (Table 11.4).
Bacteria enter the system via the inflowing milk from the preheater pipe and leave the system
via the outflow. The main processes in the two compartments are growth, settling and slough-
ing. The variables from the main processes are listed in Table 11.5. There are some constants
in the system, referred to as ‘system parameters’, which do not change within the experi-
ments (Table 11.6).

Assumptions of the reactor mode/

The approach and parameters used for the reactor model are very similar to those for the
pipe model. All assumptions in the pipe model still hold. However, there are more assum-
ptions that need to be considered in the reactor system, such as the carrying capacity of
stainless steel compared with silicone tubing and the velocity with which bacteria settle on
to the reactor surface.

Bacterial attachment to the stainless steel of the hexagonal reactor and the silicone tubing of
the preheating section are assumed to be similar. Therefore, the carrying capacity of the pipe,
km.pe, is used to calculate the carrying capacity of the hexagonal reactor (k, ) (Equations
11.32-11.34). It is also assumed that the carrying capacity does not change with temperature.

k . = Carrying capacity per unitarea x Area (CFU) (11.32)

pipe pipe

k = Carrying capacity per unit area x Area

reactor

CFU) (11.33)

reactor (

The carrying capacity of the reactor is rewritten using the known kpipe term:

k. xArea,
— pipe reactor (CFU) (1 134)

Area

reactor

pipe

Table 11.4 Responses for the reactor model.

Notation Definition Unit

dN/dt Rate of change of the total number of bacteria in the bulk milk in the hexagonal reactor ~ CFU/s

dR/dt Rate of change of the total number of bacteria present in the biofilm on the walls of the ~ CFU/s
hexagonal reactor
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Table 11.5 Notation for process expressions and parameters in the reactor model.

Notation Definition Unit

X Distance travelled by the bacteria before attachment cm

ot Time taken for the bacteria to travel that distance s

Growth,, Rate of change of the number of bacteria present in the biofilm on the walls of the ~ CFU/s
reactor

Inflow . Rate of change of the number of bacteria present in the inflow to the hexagonal CFU/s
reactor

acior Carrying capacity of the hexagonal reactor CFU
N, Total number of bacteria present in the bulk milk in the hexagonal reactor at any CFU

particular time

N, Initial number of bacteria present in the bulk milk in the reactor at time 0 CFU

Outflow, - Rate at which bacteria exit from the hexagonal reactor in the outflow of the bulk CFU/s
milk

R Total number of bacteria present in the biofilm on the hexagonal reactor surface CFU

r Relative growth rate of the population in the logistic equation /h

Settling, Rate at which bacteria settle from the bulk milk on to the surface in the hexagonal ~CFU/s
reactor

Sloughing .~ Rate at which bacteria slough from the surface into the bulk milk in the hexagonal CFU/s
reactor

L reactor Settling e-folding time of the hexagonal reactor s

1 reactor Growth e-folding time of the hexagonal reactor S

t, Doubling time of the microorganism min

Velocity Specific settling velocity cm/s

Table 11.6  System parameters.

Notation Definition Unit
Area Surface area of the hexagonal reactor cm?
Flowrate System flowrate ml/min
Volumelw Volume of the preheating tube cm?
Volume Volume of the hexagonal reactor cm®

Settling term

It is assumed that the bacterial settlement and attachment process does not involve accele-
ration, as described in Figure 11.5. The distance that bacteria travel before reaching the
surface is ox and time taken is 6z. Both values are assumed to be very small. N represents
the number of bacteria in the bulk phase in the reactor (CFU). The volume and the area are
properties of the system; that is, of the preheating pipe or the reactor. The number of bacteria
settling is proportional to the number of bacteria in the bulk phase.
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Figure 11.5 Schematic diagram of bacteria settling from the bulk phase on to the surface. The dot repre-
sents a single bacterium.

Settling decreases the number of bacteria in the bulk phase. From the bulk phase point of
view, the settling term is negative:

Oxx Area x N (11.35)

reactor t

Bacteria settled = —

Volume

reactor

The settling velocity is defined by the distance and the time taken to travel that distance.
Therefore, this relationship is written as:

Distance 6 x =Velocity x 6tw (11.36)

After replacing the distance term in Equation 11.35:

oty x Velocityx Area,,,, xN, (11.37)

Bacteria settled = ——3¢

Volume

reactor

Over the period &t , which is very small, N, can be regarded as constant.
After rearrangement:

A
Bacteria settled = —N, x A eactor_ | Velocity x ot (11.38)
Volume,

reactor

After differentiation with respect to time:

A
AN _ N | Ao Veiocity (11.39)
dt Volume

reactor
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The term dN/dt is the rate of depletion of bacteria from the bulk milk. The settling term can
also be described using the settling e-folding time 7, as in the previous pipe model. Switching
N for M in Equation 11.24, we get:

d_Nz[_lijt (11.40)

These two expressions (Equations 11.39 and 11.40) can be linked to establish the relation-
ship between velocity and the settling e-folding time, 7,

_le( Area )xVelocity: L xN, (11.41)
Volume tg
After cancelling terms:
( Area jx Velocity = 1 (11.42)
Volume tg
After rearrangement:
Velocity =— 2" (cnjs) (1143)
Areaxt,
f, = Yolume| Area ) (11.44)
; Velocity

The volume and area parameters are specific for the system. Therefore:

Volume , , /Area
tS pipe = . / — (S) (1 145)
' Velocity
< reactor — VOIumermctor /Areareactor (S) (1 146)
' Velocity

Development of the reactor model

The basis for this model is to use a similar approach and a similar logistic equation as in
the pipe model.

Process equation for bacteria in the bulk milk and biofilm phases

The rate of change of the total number of bacteria in the bulk milk phase (the rate of change
of N) can be expressed as the net result of the rates of all processes in the schematic diagram
in Figure 11.3, with units for all terms of CFU/s:

aN = Inflow —Outflow — Settling + Sloughing (11.47)

d t reactor reactor reactor reactor
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The rate of change of the total number of bacteria in the biofilm phase in the hexagonal reactor
(the rate of change of R) can be expressed, with units for all terms of CFU/s, as:

+ Growth_ (11.48)

dR
d_ = Se”lingreacmr - Sloughingreacmr reactor
t

Inflow and outflow terms
The inflow to the reactor is the outflow from the preheating section, which is determined
using Equation 11.10 from the pipe model:

_MtXFIOWrate (1149)

Inflow CFU/s)= Outflow (CFU/s) =

reactor (

Volume,,, ,

The rate at which bacteria exit from the reactor in the outflow is related to the total number
of bacteria present in the bulk milk phase, N, and the volume of the reactor:

N, x Flowrate
CFU/s) = (11.50)

reactor

Outflow

reactor (

Settling term
From the assumptions for the pipe model, it is known that the process of settling on to sur-
faces is related to the settling e-folding time. Substituting N for M in Equation 11.24, we get:

N,
Settling :d—N =———t = (CFU/s) (11.51)
dt S,reactor
Combining Equations 11.44 and 11.51 gives:
Settling, =i o Vel < Ared XN oy (11.52)
S, reactor VOlum ergapm r

Sloughing term
The sloughing term from the pipe model (Equation 11.26), modified for the hexagonal reactor,
becomes:

Sloughing = R—(CFU,S) (11.53)

reactor
Xt
reactor G ,reactor

Using the relationship between k and k,  in Equation 11.34, we get:

reactor e

R*xArea,,
Sloughing = T e (CFUIs) (11.54)

reactor k % Area_ x t

pipe reactor G,reactor

Growth-within-biofilm term
The growth term for bacteria in the pipe model (Equation 11.18) can be modified for the
reactor model and is expressed as:

(11.55)

Growth CFU/ s) =

reactor ( ¢
G, reactor
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The value for ¢ in the growth term is calculated within ‘R’ using a function that

G, reactor

describes the relationship between growth rate and temperature.

Returning to the two main process equations
Substituting for the inflow, outflow, growth-within-biofilm, settling and sloughing terms, the
two main process equations (Equations 11.47 and 11.48) become:

dN . .
E = Inﬂowreact{)r - Oulfzowrea('mr - Settllngr(flll't(”" + Sloughlngreucmr
_| MM, x Flowrate [NN, x Flowratej (Velocity x Area,,, . NN, ]
VOIMmepipe VOlumercuctor VOlumgre‘a(;tnr
R’ x Area
pipe (11.56)
kpipe X Areareavzor X tG,reaclor
dR . )
E = Settllngreur'ror - Sloughlng reactor + GrOWthreactor
. 2
_ [ Velocity x Area,,,, xN, j B R"xArea,,
VOlumermctor kpi[)e X Areama(‘mr X tGQreaclor
4 R (11.57)

t

G, reactor

Application of the reactor model

Knight et al. (2004) were the first to report the effect of temperature cycling on the control
of dairy biofilms by either interruption of exponential growth or prevention of cell attach-
ment to surfaces. In our study, we used the thermal cycler to shift the temperature of the
hexagonal reactor out of the temperature zone for growth on a regular basis to disrupt biofilm
formation or exponential growth.

To construct the model for temperature cycling in the reactor, we need to know the
relationship between specific growth rate and temperature. A series of experiments was
conducted in a CDC biofilm reactor to determine the maximum specific growth rate of
G. stearothermophilus on stainless steel coupons at various temperatures (Table 11.7).

For sine wave thermocycling, the temperature and time relationship is expressed as in
Equation 11.58 to calculate the temperature at any specific given time point during the thermo-
cycling experiments; 7 is the maximum temperature and 7 the minimum; time is in units
of seconds and period is in units of minutes.

T t t s t Tmin + Tmax Tmm B Tmin 271- X ”me
emperature at any given time = - XCOS| ——
P e 2 2 period x 60 (11.58)

For square wave thermospiking, the temperature and time relationship is constructed using
the modulus of integer division. The total time since start of thermospiking is divided by the
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Table 11.7 Maximum specific biofilm growth rate versus temperature
for G. stearothermophilus in 10% reconstituted skim milk.

Temperature (°C) Maximum specific biofilm growth rate (/h)
35 1x107° (no growth observed in 36 hours)”
40 0.8465

50 1.4661

60 1.1977

70 1.0520

80 1x107° (no growth observed in 24 hours)*

“A very small result (1x107%h) was given to the no-growth situations to
avoid ‘divide by zero’ errors in the model.

sum of times spent at high (1, and low (z, ) temperatures; that is, by the period of one
cycle. If the remainder is larger than the time at high temperature, then at the given time
point, the temperature is low. If the remainder is smaller than the time at high temperature,
then at the given time point, the temperature is at the high setpoint. Therefore, using ‘R’, the
preceeding statements can be expressed as true (1) or false (0):

if Modulus of {specific time / (tm.gh +1,, )} <lygoitistrue, 1 (11.59)

if Modulus of {specific time / (t +1 )} > 1,- 1t isfalse, 0 (11.60)

high low
Then, if the statement is true, the temperature at a specific time after the start of the run
is equal to the high temperature (T, expressed as T+ difference between T\, and T ).

If the statement is false, the temperature at a specific time is equal to the low temperature
(T, expressed as T, .+ 0). Thus, the temperature at a specific time is described as follows:

min’

Temperature atany giventime =7, +(T,. —T,.. ) x(1or0) (11.61)

An important assumption implicit in this model is that the bacteria respond instantly to a
change in temperature with a change in growth rate. This is unlikely to be true and the result-
ing predictions can be expected to underestimate the effects of thermal cycling.

The model was applied to a square wave temperature-cycled system (preheater pipe and
hexagonal reactor) to compare the observed bacterial counts with the predicted bacterial
counts in the outflowing bulk milk phase (Figure 11.6).

The logistic equation is used widely to predict populations in ecology and biology. This
model provided a reasonable prediction of the observed biofilms growth in this system. It
was also a reasonable first approximation for the temperature-cycled system. It predicted the
general growth behaviour of the bacteria in the temperature-cycling experiments and the
duration of each phase — the lag phase, log phase and stationary phase — of the bacteria in
the outflow from the temperature-cycled reactors. It did not predict the initial reduction in
bacterial counts in the outflow during the lag phase.
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Figure 11.6 Comparison between the estimated bacterial concentration in the outflowing bulk phase
and the actual outflowing bacterial concentration (CFU/mI) using the reactor model with square wave
thermospiking at 55°C/15 minutes, 35°C/35 minutes in 10% RSM.

This model is very simple to use under laboratory conditions. Before it can be used in an
actual dairy process, it must be validated using pilot plant trials. The outcome and the assump-
tions need to be tested to determine whether the predictions of this reactor model still hold.

The model provides a first approximation to modelling the biofilm behaviour of G. stearother-
mophilus in a flowing, heated system. As it was designed based on simulation of simplified and
idealised processes, rather than on what actually occurs in the plant, there are some limitations in
its application to real manufacturing situations and some validation work is needed. After
validation in the pilot plant, the model may be used in manufacturing plants as a predictive tool
by changing its parameters. For example, the area and volume values can be changed easily.

11.7 Conclusion

The example described in this chapter shows the principles involved in biofilm modelling
and provides two mathematical models tested with experimentally derived data. The pipe
model demonstrates the large changes that may arise in the feed to a process when biofilm
formation is able to occur in equipment such as plate heat exchangers in preheaters. Logistic
theory is the foundation for both the pipe model and the hexagonal reactor model. These two
models can estimate biofilm growth with a known level of incoming thermophilic bacteria
under constant or cycling temperatures. A rapid microbiological tool, such as flow cytome-
try, can be used to determine the incoming milk counts within a short period of time. These
values can then be used in the model to estimate the potential plant runtime and the quality
of the final product, thus providing plant management with a tool to maximise runtime while
maintaining levels of Geobacillus within specification.

In milk powder manufacturing plants, there are two main sites for the development of
biofilms of thermophilic bacteria that cause noticeable increases in the levels of thermophilic
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vegetative cells and spores in the outflowing product. These are the plate heat exchanger
before the evaporators and the first two passes of the evaporators (Scott et al., 2007). The
preheating plate heat exchanger before the evaporators is a suitable site for implementation
of mathematical modelling, as it is easy to set up and is unlikely to affect the operation of the
evaporator. Implementing temperature cycling in evaporator passes 1 and 2 is less feasible
because of the impact it would have on the subsequent evaporation process. Another site
where temperature cycling may be introduced is the heat exchanger used to heat milk before
separation. Modelling of thermophilic biofilm growth at this stage may permit optimisation
of the separation of cream and skim milk to minimise the growth of thermophiles.

These models need to be scaled up in pilot plant-scale trials and validated before they can
be implemented in manufacturing plants. They can be modified for Anoxybacillus species or
mixed species to assist in the control of thermophilic bacteria in dairy manufacturing plants.
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12 Biofilm Control in Dairy Manufacturing Plants

Geoff Knight

Food Process Hygiene Solutions, Melbourne, Victoria, Australia

12.1 Introduction

Biofilm development is a concern on both the internal surfaces of processing equipment
and on environmental surfaces located within dairy manufacturing plants. Biofilms that
develop on internal surfaces, referred to as ‘process biofilms’, can lead to direct microbial
contamination of product streams and result in microbial quality and safety issues for dairy
products. Biofilms that develop on environmental surfaces, referred to as ‘environmental bio-
films’, may harbour, and be potential sources of, pathogenic and spoilage bacteria. Although
dairy products and product streams do not come into direct contact with environmental
surfaces, environmental biofilms may be a source of indirect contamination of dairy products
through, for example, the creation and spread of aerosols during cleaning processes.

12.2 Factors that influence growth and survival
of bacteria in biofilms

The daily (or cyclic) production schedule employed in dairy manufacturing, comprising a
period of production, followed by cleaning and sanitation, followed by a period of production
and so on, leads to a cyclic pattern of biofilm development in dairy manufacturing plants
(Figure 12.1). This pattern holds for biofilms that develop in processing equipment and on
environmental surfaces. Microorganisms have the opportunity to grow during the production
period and are inactivated and/or removed by cleaning and sanitation. Microorganisms may
survive, grow or be inactivated, depending on the conditions, in the period before production
resumes. A range of factors, of relevance for both groups of biofilms, influence how micro-
organisms grow and survive. Some of the most important are described in this section.

12.2.1 Temperature

The local temperature is one of the most influential factors affecting microbial growth. Typical
temperature growth profiles for psychrophilic, psychrotrophic, mesophilic and thermophilic
microorganisms are shown in Figure 12.2. Key values are the minimum (7 . ), maximum

min
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Figure 12.1 Pictorial representation of the cyclic pattern of biofilm development that occurs in dairy manufac-
turing plants. This includes periods of growth (during production), inactivation and removal (during cleaning and
sanitation) and survival (in the time before production resumes). Major factors that influence the growth, inactiva-
tion, removal and survival of microorganisms are shown.
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Figure 12.2 Typical temperature growth profiles for psychrophilic, psychrotrophic, mesophilic and thermo-
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(T ) and optimum (7:),”) growth temperatures. Important bacterial groups for the dairy industry
include psychrotrophic bacteria, which can grow when the temperature is <5 °C, mesophilic
bacteria, which have optimal growth temperatures between 30 and 40°C and include many
pathogenic bacteria, and thermophilic bacteria, which can grow when the temperature is between
45 and 70°C.

The temperature throughout the dairy production chain varies from a typical storage
temperature for raw milk and refrigerated dairy products of <5°C to >140°C for some
ultra-high-temperature (UHT) processes. The temperature at each step or in each process
along the dairy chain influences the types of bacteria that grow.

Raw milk typically arrives at a dairy manufacturing plant at <5 °C, although it can be
higher depending on a country’s regulations and whether the milk has been allowed to cool
sufficiently on-farm prior to collection by the milk receival tankers. At some dairy manu-
facturing plants, raw milk is cooled as it is pumped from milk tankers into raw milk silos
to ensure it is at <5 °C. In addition to the silos used for storage of raw milk, the transfer
lines that transport raw milk to the processing equipment are also typically kept at <5 °C
during production. Raw milk and dairy products are typically maintained or stored at
refrigeration temperatures (<5 °C) to minimise microbial growth. This also limits the types
of microorganism able to grow to psychrophilic and psychrotrophic microorganisms.

The processing of milk invariably includes a thermal treatment step. In Australia, New
Zealand and many other countries, the minimum thermal treatment for milk is a pasteurisation
step, in which raw milk is thermally treated at a minimum temperature of 72 °C for 15 seconds.
In some manufacturing processes, such as for high-heat milk powders and UHT milk products,
temperatures in excess of 100 °C are used.

When milk is heated in heat-exchange equipment, to achieve pasteurisation conditions or
as part of another manufacturing process, it comes into contact with surfaces at increasing
temperatures. For example, in a pasteurisation plant there are surfaces at <5, 10, 20, 30, 40,
50, 60, 70 and 72 °C (and all temperatures in between). Bacteria present in the raw milk, as
they pass through the pasteurisation equipment, have the opportunity to attach to and grow on
surfaces at temperatures that are favourable for their growth. For example, psychrophilic
bacteria can attach and grow on surfaces at <5-25 °C, mesophilic bacteria at 20—45 °C and
thermophilic bacteria at 45-70 °C. The growth of many of these bacteria on surfaces on the
raw milk side of the pasteurisation equipment is not a major concern for dairy manufacturers,
as cells that detach from surfaces and enter the product stream are inactivated when they are
exposed to pasteurisation conditions (>72 °C for 15 seconds). Pasteurised milk is cooled back
to <5°C prior to packaging. The heat exchangers on the cooling side of the pasteurisation
equipment provide additional surfaces at 72, 70, 60, 50 °C, and so on, which can also support
bacterial growth, but only for bacteria in the milk stream that survive exposure to pasteurisation
conditions. Similar opportunities for bacterial growth on surfaces arise in other types of
heated dairy processing equipment.

The local temperature similarly affects bacterial growth on environmental surfaces in dairy
manufacturing plants. The temperature can vary considerably between different locations.
Many dairy manufacturing plant locations remain at ambient temperature, which can result in
low temperatures in winter and warm temperatures in summer. Product storage and processing
areas may also operate under cool or refrigeration conditions. In addition, there can be local-
ised areas around heated equipment where surface temperatures are warm or hot and around
refrigerated equipment where temperatures are low.
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12.2.2 Surface materials

Interactions between bacteria and surfaces are discussed in detail in Chapter 2. Many of the
opportunities for the control of biofilm development in dairy manufacturing plants revolve
around influencing the ability of bacteria to attach to surfaces and the strength of this
attachment.

12.2.3 Nutrients

Milk and milk products contain a range of components, including lactose, proteins, fats,
minerals, vitamins and a variety of organic molecules, that are a source of nutrients for and
can support the growth of a wide range of bacteria. Bacteria that attach to and form biofilms
on surfaces in direct contact with milk or milk product streams will be able to access these
milk components for growth. Fouling of processing equipment surfaces is an issue for dairy
manufacturers, particularly with heated processing equipment. Small amounts of fouling
material that remain associated with surfaces following cleaning can be a source of nutrients
for bacteria that survive cleaning processes.

The availability of nutrients to microorganisms attached to environmental surfaces in
production environments can be variable. Nutrients may be introduced into the factory
environment by the transfer of soil from boots, clothing and equipment and through product
spills. Small quantities of soil can remain associated with surfaces following cleaning,
which may be sufficient to allow microbial growth to occur, particularly if surfaces have not
been allowed to dry.

12.2.4 Water

Water is essential for microbial growth in foods and on surfaces, and its presence influences
survival where growth does not occur. The availability of water in food is measured as water
activity and in air this is measured as relative humidity (RH). Most bacteria grow optimally
when the water activity is 0.98-0.99, although many can grow when it is as low as 0.92.

The water activity of milk and many other dairy products is sufficiently high to allow bacterial
growth to occur. This means that bacteria can grow on processing equipment surfaces that are in
contact with milk and many other dairy products. Some manufacturing processes are designed to
reduce the water content of dairy products. For example, during the manufacture of skim milk
concentrate by evaporation, the water content of the skim milk is reduced from approximately 91
to 55% w/w (corresponding to an increase in the total solids from approximately 9 to 45% w/w).
This results in the water activity of skim milk decreasing to a level that is sufficient to prevent
bacterial growth.

Water is common within dairy manufacturing environments and may be present either as
films on surfaces or as pools that collect in locations with poor drainage. Water may originate
from a number of sources. It is used to prepare cleaning solutions and sanitisers for application
in dairy manufacturing plants and to rinse dairy products, cleaning solutions and sanitisers
from manufacturing equipment and from environmental surfaces. Water may also be present in
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the air on days of high humidity and can collect on surfaces due to condensation. As a result, it
is inevitable that water will be present on surfaces within manufacturing environments.

12.2.5 Time

For dairy manufacturers, the daily production cycle is divided between periods where product
is manufactured, periods where cleaning and sanitation operations are performed and nonope-
rational periods. In the peak of the dairy season, production equipment is operated for as long
as possible and cleaning and sanitation is performed over the shortest time frame that does not
impact on product safety and quality.

The length of time for which dairy processing equipment operates continuously is limited
by the accumulation of organic (primarily protein) and mineral fouling material and the accu-
mulation of bacteria in biofilms on processing equipment surfaces (Bouman et al., 1982;
Refstrup, 2000; Fryer et al., 2006; Burgess et al., 2010). An increase in bacterial numbers in
product exiting dairy processing equipment as a function of production time has been shown
for thermoresistant streptococci (Bouman et al., 1982; Knight et al., 2004) and thermophilic
spore-forming bacteria (Murphy et al., 1999; Refstrup, 2000; Scott et al., 2007). After a
certain period of production, the levels of bacteria in the product increase to a point where
they impact on product quality. The length of this period depends on the microorganism, the
manufacturing process and the individual manufacturing plant. The accumulation of fouling
material and the growth of bacteria in biofilms are only abated by performing cleaning and
sanitation operations.

A similar concept applies to the manufacturing environment. Microbial counts for
environmental surfaces can increase due to growth of microorganisms — under favourable
conditions — during the period between cleaning and sanitation operations. The amount
of growth that occurs on surfaces can be limited by reducing the time between cleaning
and sanitation operations.

12.2.6 Cleaning and sanitation

Cleaning and sanitation of dairy processing equipment is performed to return surfaces to a
state in which they are physically, chemically and microbiologically clean and will not
have a detrimental impact on product quality (Dunsmore et al., 1981; GraBhoff, 1997).
During manufacturing, fouling material accumulates on the surfaces of dairy processing
equipment, particularly on surfaces that are at elevated temperatures. Fouling material
typically comprises organic (mostly protein) and mineral components (Jeurnink &
Brinkman, 1994; Visser et al., 1997), which are removed from surfaces using alkaline
(1-3% w/w NaOH) and acidic (0.8—1.0% w/w nitric acid) cleaning solutions, respectively,
at temperatures of 60—85 °C (GraBhoff, 1997; Jeurnink & Brinkman, 1994).

Cleaning is typically achieved by employing a cleaning-in-place (CIP) procedure
(GraBhoff, 1997; Fryer et al., 2006), which involves circulation of cleaning solutions through
processing equipment under turbulent flow conditions and through large vessels, such as
silos, with the aid of spray balls to ensure complete surface coverage. A typical cleaning
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procedure used in the dairy industry is described in Section 4.5.2; briefly, it includes a
post-product water rinse, an alkali wash, a post-alkali water rinse, an acid wash, a post-acid
water rinse, a sanitation step and a final water rinse. The acid wash may not be performed
during every cleaning cycle in equipment in which milk fouling is not significant, such as
raw milk silos and milk transfer lines.

The alkali and acid washes are generally considered effective at eliminating bacteria in
biofilms from the surfaces of processing equipment, although they are not specifically
designed to do this. For this reason, the sanitation step is often omitted from the cleaning
regime. This has been questioned in recent years, and a number of studies have investigated
the ability of cleaning treatments to inactivate bacteria and to remove bacteria and the biofilm
matrix from surfaces (Flint et al., 1999, Parkar et al., 2004; Bremer et al., 2006).

Cleaning of environmental surfaces in dairy manufacturing plants also focuses on the
removal of organic (e.g. proteins and fats) and inorganic deposits. Cleaning products are
selected primarily based on the types of deposit to be removed, but it is also important to be
aware of the efficacy of the cleaning application for biofilms. Cleaning treatments applied to
environmental surfaces are effective at reducing microbial numbers on surfaces, but are not
typically as harsh on microorganisms as those applied during CIP of production equipment.
This is primarily due to the lower thermal (temperature) and mechanical (turbulence) energy
employed during cleaning of environmental surfaces. As a result, viable vegetative cells and
spores may be present on environmental surfaces following cleaning.

There is an emphasis on controlling pathogenic bacteria on environmental surfaces in
dairy manufacturing plants, in order to reduce the risk of product contamination from the
environment. For this reason, it is common to include a separate sanitation step as part of
the cleaning and sanitation regime. A range of sanitiser products are available for use
within the dairy industry, with individual products selected based on biocidal activity
against bacteria or microbial groups of concern, compatibility with surface materials
within the dairy manufacturing plant and ease of rinsing from surfaces.

12.2.7 Interactions between bacteria in biofilms

Biofilms that develop on surfaces in natural aquatic systems typically include an array of
prokaryotic and eukaryotic microorganisms. The microorganisms that colonise surfaces — both
early and late colonisers — are those that can attach, grow and survive under the local environ-
mental conditions (temperature, nutrient availability, pH, water activity etc.) and are diverse.
The diversity and close proximity of the different microorganisms in biofilms means that there
are likely to be interactions between them. The nature of these interactions can be beneficial
(e.g. one microorganism produces matrix material, which assists another in attaching to the
surface), competitive (e.g. microorganisms compete for the same nutrients), antagonistic (e.g.
one microorganism releases a compound that is toxic to another) or neutral.

Environmental surfaces within dairy manufacturing plants are similarly colonised by a
diverse array of microorganisms. Even under conditions designed to control or limit microbial
growth (e.g. refrigerated production areas), a diverse range of microorganisms will be present.
The microorganisms present will be those best able to grow and survive under the local (e.g.
refrigerated) conditions. There will inevitably be interactions between the pathogenic bacteria
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of concern to dairy manufacturers (e.g. Listeria monocytogenes) and the other microorganisms
present within the biofilms on environmental surfaces.

Biofilms that develop on the surfaces of pipes or processing equipment may be dominated
by one or a few bacterial species, or they may contain a range of microorganisms. Raw milk
contains a range of microorganisms, all of which can, under favourable conditions, attach to
surfaces and form biofilms. Consequently, biofilms that develop on the surfaces of pipes and
on processing equipment that comes into contact with raw milk will contain a range of bacteria
originating in that raw milk. Local environmental conditions, such as the temperature, will
influence which of these bacteria attach to the surfaces and form biofilms. For example, the
microflora in biofilms that develop on surfaces where the local temperature is <5 °C (e.g. in
silos) will differ to that which develops on surfaces at 40 °C (e.g. in heat exchangers).

An example of one or a few species being dominant is the growth of Streptococcus
thermophilus in cheese-milk pasteurisation equipment. S. thermophilus survives pasteuri-
sation and grows on the pasteurised milk side of heat exchange equipment at temperatures
between 35 and 50 °C (Bouman et al., 1982; Knight ef al., 2004). Pasteurisation reduces
the total number of viable microorganisms present and eliminates many bacterial groups
from milk. Whereas on the raw milk side of heat exchange equipment, S. thermophilus
must compete with a range of other bacteria present in the raw milk, on the pasteurised
milk side its ability to grow rapidly leads to it becoming the dominant microorganism
(Bouman et al., 1982; Knight ef al., 2004).

12.3 Controlling biofilm development in dairy
processing equipment

Before designing approaches to control biofilms in production equipment, it is important
to know which locations are susceptible to biofilm development, so that solutions can be
targeted to them. This information can be gathered through line surveys and by direct
examination of surfaces for evidence of biofilm formation. A significant amount of infor-
mation has been obtained by which to identify the locations where S. thermophilus
biofilms develop within pasteurisation equipment (Bouman et al., 1982; Knight et al.,
2004) and biofilms of thermophilic spore-forming bacteria within milk powder production
equipment (Murphy et al., 1999; Refstrup, 2000; Scott et al., 2007).

It is also useful to have a good understanding of the manufacturing process in order to
know the limits of what can be changed within it. For example, in most dairy manufacturing
processes, the nutrient levels and water activity of the product and the product stream cannot
be altered without drastically altering the dairy products. Solutions may then be devised
focusing on one or more factor, some of which are described in this section.

12.3.1 Controlling biofilms with standard cleaning practices
Cleaning, although primarily designed to remove fouling material, is one of the most important

practices for controlling biofilms in processing equipment. The ability of cleaning solutions to
remove fouling material is primarily dependent upon three factors: (i) the chemistry of the
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cleaning solution (to chemically transform fouling material); (ii) thermal energy (cleaning
efficacy is enhanced at elevated temperatures); and (iii) mechanical energy (turbulent flow
enhances removal of deposits) (GraBhoff, 1997; Fryer et al., 2006). These factors also impact
on the ability of cleaning solutions to eliminate (inactivate and/or remove) bacteria from
equipment surfaces.

The alkali and acid wash steps are the most important for minimising levels of bacteria on
surfaces (Dunsmore et al., 1981; Carpentier & Cerf, 1993). There are two reasons for this.
First, cleaning solutions eliminate a high proportion of bacteria from surfaces, both by
removing them and by inactivating those that remain (Dunsmore et al., 1981; Carpentier &
Cerf, 1993). Second, the removal of soil (fouling material) from surfaces, which can interfere
with the activity of sanitisers, allows the sanitiser to work more efficiently during the
subsequent sanitation step (Dunsmore et al., 1981; Zottola & Sasahara, 1994).

It is not clear how effective cleaning and sanitation procedures are at eliminating bacteria
from the surfaces of processing equipment. Investigations in this area have been conducted
using a number of different approaches, including immersion experiments, in which biofilms
grown on test surfaces were immersed in cleaning solutions, and laboratory- and pilot-scale
continuous-flow systems (Flint ez al., 1999; Parkar et al., 2004; Bremer et al., 2006). Each
approach differs in how closely cleaning conditions can be replicated. For example, with
immersion experiments, it can be relatively easy to replicate cleaning temperatures and
cleaning chemical concentrations, but it is more difficult to replicate the mechanical energy
applied at surfaces (i.e. the flow conditions). Such limitations should be considered when
interpreting results.

Some very important work in this field was carried out by Dunsmore and colleagues
(Dunsmore, 1981; Dunsmore & Thomson, 1981; Dunsmore et al., 1981), who utilised a sys-
tem that simulated fouling and cleaning of on-farm milking equipment to demonstrate the
impact of cleaning steps (pre-rinse, alkali wash, post-rinse, sanitiser application) on the accu-
mulation of bacteria and dairy soil on surfaces over multiple fouling and cleaning cycles. The
cleaning treatment employed (0.3% w/v NaOH at 50°C) was very mild and allowed dairy
foulant and bacteria to accumulate on surfaces. Nevertheless, this work demonstrated a couple
of important trends. First, cleaning solutions and sanitisers became less effective at eliminat-
ing bacteria as foulant material accumulated on surfaces, which highlights the importance of
the removal of this material during cleaning. Second, the efficacy of the sanitation step was
dependent on when the sanitiser was applied. For example, the sanitiser was more efficacious
when left in the equipment for the entire intercycle period (the period between the end of
cleaning and the start of the next soiling step) than when applied immediately after cleaning
(second most effective) or immediately prior to fouling (least effective).

Preventing bacterial growth during the intercycle period is very important. At the peak
of the dairy season, the length of the intercycle period can be minimal, with production
resuming as soon as cleaning and sanitation is completed. However, for processing equip-
ment that is operated infrequently, significant levels of bacterial growth may occur during
the intercycle period, which can have major consequences for product safety and quality.
One solution, as suggested by the study of Dunsmore & Thomson (1981), is to leave a
sanitiser in contact with equipment for the entire intercycle period. Careful consideration
must be given to the selection of the sanitiser, as it may need to maintain biocidal activity
for the entire period.
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Studies investigating the ability of cleaning treatments to remove bacteria from
surfaces have made use of immersion experiments (Flint ez al., 1999, Parkar et al., 2004).
Flint et al. (1999) found that alkali (2% NaOH at 75 °C for 30 minutes) and acid (1.8%
HNO, at 75°C for 30 minutes) treatments did not remove cells of S. thermophilus
(attached or grown in biofilms) from surfaces. Parkar er al. (2004) applied these same
treatments to biofilms of Anoxybacillus flavithermus, although they applied them sequen-
tially, achieving complete inactivation and removal of vegetative cells from surfaces.
Parkar et al. (2004) also evaluated alkali and acid treatments using reduced temperatures
and cleaning chemical concentrations, and in these cases achieved complete inactivation
but not complete removal of cells from surfaces. The results of these two studies indicate
that the cleaning treatments typically employed in the dairy industry are able to inactivate
bacteria in biofilms, but it is not clear whether these treatments remove cells from surfaces
in the absence of mechanical energy (turbulent flow), which is typically experienced
during cleaning of dairy equipment.

Both of these investigations (Flint ez al., 1999; Parkar et al., 2004) also utilised a modified
Robbins device (MRD), connected in-line with pilot-scale pasteurisation equipment, to demon-
strate the effects of cleaning on bacterial biofilms. Flint et al. (1999) inoculated S. thermophilus
cells on to test surfaces, transferred these to the MRD, allowed biofilms to develop on test
surfaces while processing milk for 8 hours, and subjected the biofilms to cleaning (1.8% NaOH
at 75°C for 30 minutes followed by 1.0% HNO, at 75°C for 30 minutes). In this case, low
numbers of viable cells were detected on the surfaces by an impedance method and cells were
detected on the surfaces by fluorescence microscopy. The procedure used by Parkar ez al. (2004)
differed in that biofilms were grown on test surfaces in the laboratory, transferred to the MRD
and immediately subjected to cleaning. In this case, viable cells were not detected on surfaces
following cleaning using the impedance method and cells were not observed by fluorescence
microscopy. It is possible that S. thermophilus biofilms are more difficult to eliminate from
surfaces or that allowing S. thermophilus biofilms to develop in the MRD, where conditions
were closer to those experienced in production equipment, resulted in development of more
robust biofilms.

Other studies have looked at the ability of cleaning solutions to remove bacteria from
surfaces using laboratory-scale continuous-flow systems (Dufour ef al., 2004; Bremer
et al., 2006). Bremer et al. (2006) subjected mixed bacterial biofilms, grown under
continuous-flow conditions in reconstituted skim milk powder at approximately 55 °C for
18 hours, to a standard cleaning procedure (1.0% NaOH at 65 °C for 10 minutes followed
by 1.0% HNO, at 65 °C for 10 minutes) and to a range of caustic and nitric acid-based
cleaning products. This system, which used treatment times much shorter than those
typically employed in the dairy industry, was not designed to eliminate all bacteria from
surfaces but rather to identify the most effective combination of cleaning products and
cleaning additives with which to reduce biofilms. The types of bacteria in biofilms were
undefined, and it is not clear whether bacterial spores were present in the biofilms, which
could have affected the results. Nevertheless, while differences were observed between
cleaning treatments, viable bacteria were detected on test surfaces in all cases. This
system could be adapted to investigate the effects of cleaning treatments on target micro-
organisms in biofilms, as well as approaches to enhancing cleaning treatments in order to
achieve complete elimination of bacteria from surfaces.



238 Biofilms in the Dairy Industry

Effect of cleaning solutions on bacterial endospores

Biofilms that contain spore-forming bacteria are particularly difficult to eliminate from the
surfaces of dairy processing equipment due to the resistance of bacterial spores to inactiva-
tion by cleaning solutions. Several studies have investigated the ability of hot alkali solutions
to inactivate bacterial spores (Stadhouders, 1964; Te Giffel et al., 1997; Knight & Weeks,
2008). Stadhouders (1964) exposed spores of Bacillus subtilis, Bacillus circulans and
Bacillus cereus to 0.5, 1.0 and 2.0% NaOH, at temperatures of 70, 80 and 90 °C. The levels
of inactivation achieved for B. subtilis and B. circulans spores exposed to 1.0% NaOH at
70 °C for 30 minutes were 2.5 and 3.41log,  CFU/ml, respectively. Spores of the thermophilic
bacterium Geobacillus stearothermophilus appeared more resistant to hot alkali solutions,
with an inactivation level of 2.21log, CFU/ml achieved following exposure to 1.0% NaOH at
70°C for 60 minutes (Knight & Weeks, 2008). Both of these studies demonstrated that spore
inactivation increased with NaOH concentration and treatment temperature. The implication
of these results is that the alkaline cleaning step (combination of NaOH concentration,
temperature and time) should be designed around elimination of the potential spore loads
present in dairy processing equipment.

The sporicidal activities of acidic cleaning solutions have not been investigated to the
same extent as those of alkaline solutions. Strong inorganic acids (e.g. hydrochloric, nitric,
sulphuric and phosphoric acids) at high concentrations are known to be sporicidal but there
are few detailed studies. Setlow et al. (2002) investigated the sporicidal activity of 0.5-1.0M
HCI towards spores of B. subtilis. They demonstrated that counts for B. subtilis spores
exposed to 0.5M HCI at 24 °C were reduced by 90 and >95% after 60 and 120 minutes,
respectively. Spores were inactivated more rapidly following exposure to 1.0 M HCI, with
counts reduced by >99% within 40 minutes. Setlow et al. (2002) also reported that counts
for B. subtilis spores exposed to 3.0M phosphoric acid were reduced by 50% within
90 minutes, demonstrating that strong inorganic acids can have substantially different
sporicidal activities.

There is also evidence that low concentrations of inorganic acids, when combined with
mild heat, can be sporicidal. Acid titration of spores, a procedure in which spores are
exposed to low concentrations of HCI in the presence of mild heat (e.g. 0.033M HCI at
60 °C), results in the exchange of spore cations with hydrogen ions (Bender & Marquis,
1985). This procedure results in the generation of H-form spores, which have a
significantly lower resistance to inactivation by moist heat than native spores (Bender &
Marquis, 1985; Palop et al., 1999). Bender and Marquis (1985) reported that, depending
on the bacterial species, acid titration procedures could lead to spore inactivation,
although they did not indicate the levels of inactivation that occurred. Results obtained by
the author (G. Knight, unpublished) with four separate strains of Geobacillus stearother-
mophilus demonstrated that spore counts were not reduced following exposure to a
1.0% v/v nitric acid-based cleaning solution at 20 °C for 60 minutes, but were reduced
by >4.0log, CFU/ml following exposure to this cleaning solution at 70 °C for 10 minutes.
While the information available is limited, these studies indicate that inorganic acids can
be sporicidal, particularly at high concentrations and in combination with high
temperatures, and that nitric acid-based cleaning products are sporicidal when employed
under typical application conditions.
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Locations prone to biofilm formation

A range of locations within dairy processing equipment are considered risks to process hygiene
because they are difficult to clean, including gaskets, pump seals, dead legs, end caps, contact
points and other areas where the flow rate may be low. Many of these risks have been addressed
through improvements in equipment design and manufacturing practices, which are covered by
the standards and guidelines produced by 3-A Sanitary Standards, Incorporated (3-A SSI) in the
United States and European Hygienic Engineering and Design Group (EHEDG) in Europe.
However, issues still remain, particularly with older manufacturing plants.

A number of studies have identified the locations where gaskets are inserted into equipment
as susceptible to biofilm formation (Czechowski, 1990; Austin & Bergeron, 1995; Mettler &
Carpentier, 1997). These studies demonstrated that biofilms were more common and extensive
on the surfaces of stainless steel and gasket materials where they contacted with each other (the
contact points) than on surfaces directly exposed to the bulk flow. Gasket materials, including
those made of Buna-n, EPDM and polytetrafluoroethylene (PTFE), are subject to wear, as a
result of exposure to cleaning solutions and the expansion/contraction that occurs with extreme
changes in temperature. This wearing includes pitting, cracking and formation of crevices, all
of which provide bacteria with locations where they can attach and grow and where they
receive protection from the action of cleaning solutions (Czechowski, 1990; Austin & Bergeron,
1995; Mettler & Carpentier, 1997). Growth of bacteria in contact points, and in the cracks and
crevices of gaskets, is supported by migration of nutrients from the bulk liquid during the
production period. In addition, the relatively short times allocated to cleaning, compared with
the length of a production run, are insufficient to enable cleaning chemicals to penetrate to the
deeper locations within contact points (Austin & Bergeron, 1995). The most effective
approaches to the control of biofilms associated with gaskets and contact points are to ensure
CIP systems are working effectively and to have a programme that ensures gaskets are changed
regularly (Czechowski, 1990; Austin & Bergeron, 1995).

A major impediment to the elimination of thermophilic spore-forming bacteria from
processing equipment is that locations where they grow are also susceptible to dairy fouling.
Due to the complexity of the design of dairy evaporators, there are locations where the flow rate
is low and where fouling material accumulates during production. Scott et al. (2007) removed
fouling material containing high levels of thermophilic spore-forming bacteria from three
locations within a dairy evaporator, after the equipment had been cleaned using a typical CIP
regime. This foulant material is likely to act as a source for these bacteria in subsequent
production runs. Hinton et al. (2002) demonstrated, using a laboratory-scale flow system, that
fouling material enhanced accumulation of G. stearothermophilus on stainless steel surfaces.
The fouling material also protected cells and spores from inactivation when test surfaces were
immersed in a 2% NaOH solution at 65 °C for 15 minutes. Te Giffel e al. (1997) also demon-
strated that B. cereus spores were protected from inactivation by a hot alkaline cleaning solution
when spores were attached to a stainless steel surface in the presence of dairy deposits.

Application of enzyme-based cleaning and sanitation products

After finding that a typical cleaning and sanitation regime was unable to remove S. thermophilus
cells from stainless steel surfaces, Flint et al. (1999) suggested that a useful approach to the
control of biofilms might be to focus on methods of detaching bacteria from surfaces. They
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trialled a commercial proteolytic-based cleaning product against S. thermophilus biofilms,
using an MRD connected in-line with pilot-scale pasteurisation equipment, and demonstrated
that lower numbers of cells remained on test surfaces following application of the proteolytic-
based cleaning product compared with a standard cleaning regime. Parkar ef al. (2004) trialled
the same proteolytic-based cleaning product against biofilms of A. flavithermus, using the same
equipment, and found the cleaning treatment removed all cells (total and viable) from test
surfaces. Proteolytic-based cleaning products are commercially available for the cleaning of
processing equipment and other equipment that comes into contact with raw milk. They are not
currently employed for the cleaning of heated processing equipment, but they are employed for
cleaning with some membrane processes, where surfaces can be sensitive to standard cleaning
chemicals. The additional cost of enzyme cleaners compared with acid and caustic cleaners is
the main reason why they are not used more widely in the dairy industry. Another concern is the
effect that any residual enzyme might have on product quality.

The complexity and diversity of the extracellular polymeric substances (EPS) that make
up the biofilm matrix pose a problem when selecting which enzymes to use to break down
the biofilm matrix and aid the dispersal of bacteria. Biofilms may contain a number of
different types of polysaccharide, which will vary depending on the bacterial species and
genera present. Johansen et al. (1997) used a commercial product consisting of a mixture of
polysaccharide hydrolysing enzymes (polysaccharidases) to disperse biofilms and had
limited success in removing cells of Staphylococcus aureus, Staphylococcus epidermidis,
Pseudomonas aeruginosa and Pseudomonas fluorescens from stainless steel surfaces. The
limited success achieved may relate to differences between the polysaccharides produced by
the different bacterial species and the extent to which other EPS components, such as
proteins, DNA and lipids, contribute to maintenance of the biofilm structure.

Lequette et al. (2010) investigated biofilm removal of a number of bacterial species using a
variety of proteases and polysaccharidases. Both groups of enzymes were able to remove biofilm
biomass from surfaces, but proteases proved more effective against a wider range of bacterial
species. Lequette ez al. (2010) were also able to enhance the effectiveness of enzymes at removing
biofilms through the addition of cleaning additives, such as surfactants and dispersing and
chelating agents (which are also currently used with alkali-based cleaning products).

To be effective at biofilm removal, enzyme-based cleaning products need to demonstrate
activity towards biofilms containing multiple EPS components and should be formulated
with appropriate cleaning additives. However, combining different enzyme groups may
prove difficult due to compatibility issues. For example, proteases will probably demonstrate
activity towards polysaccharidases. It should also be noted that such products do not need to
perform a traditional cleaning function (i.e. removal of protein and mineral deposits), but
may be used as a supplement treatment in an existing cleaning and sanitation regime.

Conclusions on the efficacy of cleaning and sanitation

It is clear that alkali and acid cleaning solutions will inactivate vegetative cells and spores
of bacteria when applied under conditions that are typically employed for the cleaning of
dairy processing equipment. A question still remains over whether residing within a biofilm
provides cells and spores with protection against cleaning solutions. Results obtained by
Flint et al. (1999) and Parkar ef al. (2004) are conflicting, with the former demonstrating
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that bacteria in biofilms can survive cleaning processes and the latter demonstrating the
opposite. This area needs further study to clarify this point.

A second important point is that accumulation of fouling material on processing
equipment surfaces benefits bacteria by enhancing attachment to surfaces and protecting
the bacteria from inactivation and removal. This is particularly apparent for thermophilic
spore-forming bacteria, which have been found in foulant material removed from
processing equipment following cleaning (Scott et al., 2007). In addition to improving
cleaning regimes, a good approach to reducing issues with thermophilic spore-forming
bacteria is to change the design of processing equipment to eliminate locations where
fouling material accumulates during production. This can be achieved, for example, by
changing the design of distributor plates used in evaporators or the locations of support
struts, or by adding spray balls to assist in cleaning of particular locations.

Another point can be made about the use of gaskets in processing equipment, as these
appear to be prone to colonisation by bacteria and biofilm formation. Again, there may be
benefits in changing the design of processing equipment to avoid the presence of gaskets in
areas where biofilm formation is known to occur. For thermophilic spore-forming bacteria,
this can be anywhere that the temperature is between 40 and 70 °C (particularly between 50
and 65 °C, where growth rates are highest). In some cases, such as for plate heat exchangers,
this will not be practical and other approaches may be necessary.

Finally, it can be difficult to assess the effectiveness of cleaning and sanitation for the
control of biofilms in processing equipment. In the case of thermophilic spore-forming
bacteria, typing studies have shown that the same strains consistently contaminate product
from milk powder manufacturing plants (Ronimus et al., 2003; Scott et al., 2007). The
implications here are that the same strains are introduced into processing equipment in every
production run or, as the foulant material contaminated with thermophiles found by Scott
et al. (2007) suggests, that residues that remain in the processing equipment following
cleaning are sources of thermophilic bacteria. One approach that may be used to determine
the efficacy of cleaning procedures is to monitor counts of thermophilic bacteria in a product
over a series of production runs. An example of this is shown in Figure 12.3, where total and
spore counts for thermophilic bacteria in milk powder are determined for a set of six sequential
production runs (G. Knight, unpublished). For each production run, there is a trend of increasing
total and spore counts with time of production. The total and spore counts generally decrease
between the end of one run and the start of the next, due to the effects of cleaning. However, in
some cases, total and spore counts are not lower at the beginning of a production run, and
counts either continue to increase or decrease for a few hours of production before increasing
again. Such a pattern indicates that the processing equipment has not been properly cleaned at
the end of the previous production run and that residues containing thermophilic bacteria are
present in the equipment at the start of production.

12.3.2 Changing equipment design
The initial designs for dairy processing equipment are often based solely on engineering

principles, with an eye to maximising processing and energy efficiency. However, equipment
designs have evolved as engineers and microbiologists have recognised and attempted to
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Figure 12.3 Total and spore counts for thermophilic bacteria in milk powder for six sequential milk powder
production runs. Milk powder samples were obtained every 3 hours at the beginning of each production run
and then every hour. Vertical lines indicate a cleaning and sanitation operation was performed.

solve process hygiene issues. As mentioned earlier, many process hygiene issues have been
addressed by the standards and guidelines produced by 3-A SSI in the United States and
EHEDG in Europe. However, these standards and guidelines still do not address many process
hygiene issues, and some ingenuity is required to resolve these. Recent developments in our
understanding of process hygiene have led to innovative designs for processes and processing
equipment that have the potential to eliminate or substantially reduce some specific process
hygiene issues.

The dairy industry has experienced problems with thermophilic spore-forming bacteria
in milk powders dating back to at least the 1960s (Galesloot & Stadhouders, 1968). The role
that biofilms produced by thermophilic spore-forming bacteria play in this issue is now
recognised and the locations where biofilms develop in milk powder production equipment
have been identified (Murphy et al., 1999; Refstrup, 2000; Scott et al., 2007). One approach
to controlling this issue is to redesign equipment and processes to reduce or eliminate the
surface area on which biofilms can develop. Murphy et al. (1999) suggested bypassing the
second and third preheater sections of an evaporator, which heated milk from 45 to 65 °C,
and achieving this heating using a direct steam injection (DSI) unit. When the evaporator
was operated in this configuration, growth of thermophilic bacteria was not detected in a
20-hour production trial. When making such a change, energy efficiency has to be considered.
In the original configuration, the heating achieved by the second and third preheaters made
use of excess heat from the evaporation process. Using a DSI unit to achieve this heating
requires additional heat input and the costs for this, which can be significant, have to be
weighed up against the benefits of obtaining milk powder with lower thermophile levels. A
slightly different design was proposed by Refstrup (2000), which involved again bypassing
the preheaters, but heated the milk to 67-70°C using a direct-contact preheating (DCP)
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system, which uses vapour collected from the first evaporator effect as a source of heat.
Operating the evaporator with this configuration is similarly able to prevent the growth of
thermophilic bacteria.

Another example of a change to a process is that suggested by Knight ez al. (2004) to
control the growth of thermoresistant streptococci in a cheese-milk pasteurisation plant. In
this case, the locations in the regenerative heat exchange section where growth of thermore-
sistant streptococci occurs (35-50°C) were periodically (every 60 minutes) subjected to a
higher temperature (55 °C) for approximately 10 minutes. This change in the operation of the
pasteuriser resulted in an increase in the production time at which growth of thermoresistant
streptococci was detected from 8—10 hours to >20 hours. As per the previous examples,
losses in energy efficiency during production must be weighed up against gains from longer
production times and lower cleaning costs.

12.4 Controlling biofilm development on environmental surfaces

A major improvement in the hygiene of dairy manufacturing has been the practice of physically
separating locations where raw materials are stored and handled from locations where processing
occurs and where products are stored. Particularly important has been the introduction of critical
hygiene areas, which are locations within a manufacturing plant that enclose processing steps
considered vulnerable to contamination (e.g. the filling step for packaging of a product). Access
to these areas is restricted to production personnel and dedicated clothing and footwear is
provided for personnel to wear. The separation of production areas has enabled manufacturers
to improve control over the hygiene of the manufacturing environment by, for example, limiting
the introduction and movement of microorganisms into and around the manufacturing plant.
A further improvement has been the widespread implementation of environmental monitoring
programmes in dairy manufacturing plants. A high level of importance is now placed on these
programmes to demonstrate control over manufacturing plant hygiene, and they are used to
identify potential hazards before they occur and to identify locations susceptible to colonisation by
pathogenic bacteria, which may require targeted sanitation treatments or a long-term solution.

Both of these improvements in manufacturing practices influence the ability of microorganisms,
including pathogenic and spoilage microorganisms, to colonise surfaces in dairy manufacturing
environments. There are a number of additional factors that dairy manufacturers can consider to reduce
the impact that biofilms in the manufacturing environment have on product safety and quality.

12.4.1 Standard cleaning and sanitation practices

Environmental cleaning products are designed to remove organic and inorganic deposits that
accumulate on environmental surfaces within the production environment. The cleaning products
employed are typically chosen based on the types of deposit to be removed. The most common
environmental cleaning products used in the dairy industry are chlorinated and nonchlorinated
alkaline cleaning products, which are designed to remove organic deposits. Acid-based cleaning
solutions are used to remove inorganic deposits, while neutral pH detergent-based products may
be used where surface materials are sensitive to acidic or alkaline solutions.
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It is important to recognise that cleaning products do affect biofilms. This includes the
removal of bacteria from surfaces as part of the normal cleaning process, as well as the inac-
tivation of bacteria that remain on surfaces. Many cleaning products include components
that demonstrate biocidal activity (e.g. chlorine or anionic surfactants), which allows the
products to be used as combined cleaning/sanitising agents.

Cleaning solutions and sanitisers can influence the microorganisms that survive on surfaces
because they demonstrate different biocidal activities towards different microbial groups. For
example, sanitisers based on quaternary ammonium compounds (QUATS) are highly effective
against Gram-positive bacteria, including Listeria monocytogenes and Staphylococcus aureus,
but are less effective against Gram-negative bacteria such as Pseudomonas spp. (Van Klingeren
et al., 1998; McDonnell & Russell, 1999; Morente et al., 2013). There are several examples in
the literature of a sanitiser being shown to have a greater impact on individual bacterial groups
within a mixed bacterial biofilm. For example, Kinniment et al. (1996) generated mixed
bacterial biofilms containing nine different bacterial species in a constant-depth film fermenter
(CDFF) and exposed these to the sanitiser chlorhexidine (0.125%). The overall biofilm
population was reduced by approximately 2.8log, CFU/plug following exposure to the
sanitiser, but some species were affected to a greater or lesser extent. Veillonella dispar went
from representing <0.01% of the population to representing 8.7% of the population, whereas
Porphyromonas gingivalis went from representing 19.1% of the population to representing
3.0% of the population. Another example is the study of Norwood and Gilmour (2000), in
which mixed bacterial biofilms comprising Pseudomonas fragi, Staphylococcus xylosus and
L. monocytogenes were generated in a CDFE Treatment of the biofilms with sodium hypochlorite
(1000 ppm free chlorine) caused significantly greater reductions in counts for P, fragi and S. xylosus
compared with L. monocytogenes (reductions of 2.84, 2.56 and 1.751og, CFU/plug, respec-
tively). Some additional examples include the studies of Moore et al. (2008) and Knight &
Craven (2010).

An important implication of sanitisers exhibiting different biocidal activities towards
different microbial groups is that the cleaning and sanitation regime will impose a
selective pressure and potentially lead to the development of a resident microflora that
is adapted to the regime. This would be a particular concern if the resident microflora
included a pathogenic microorganism. One approach to preventing the development of
an adapted resident microflora is to alternate between different types of sanitiser
(Langsrud & Sundheim, 1997).

There have been some recent developments in the testing methodology used to
determine the efficacy of sanitisers. Historically, sanitisers have been evaluated against
microbial cells in suspensions (Gibson et al., 1995; Van Klingeren et al., 1998). It is now
recognised that cells within food processing environments are typically associated with
surfaces and that results obtained using suspension tests are not a good indicator of
sanitiser efficacy against cells on surfaces. For this reason, standardised testing procedures
have been developed to evaluate sanitisers against cells dried on to test surfaces (Holah
etal., 1998; Van Klingeren ez al., 1998). More recently, studies have attempted to replicate
‘in-use’ conditions using model systems and have subjected biofilms developed on test
surfaces to multiple cycles of growth, cleaning treatments and recovery (e.g. Verran et al.,
2001; Pan et al., 2006; Peneau ef al., 2007; Knight & Craven, 2010; Marouani-Gadri
et al.,2010). Such model systems enable the influence of cleaning products and sanitisers
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to be evaluated against microbial biofilms under practical conditions and over a longer
term. And there is scope to adapt these model systems to include a model resident micro-
flora and include pathogenic microorganisms that are of particular concern. So, while
suspension and basic surface tests are still valuable tools for evaluating sanitiser efficacy,
model systems that replicate ‘in-use’ conditions are likely to find greater use in evaluating
the effectiveness of environmental cleaning and sanitation procedures.

12.4.2 Moisture

Water has a significant influence on the growth and survival of microorganisms on surfaces
in the processing environment. Water may be introduced into the processing environment
from a variety of sources, including condensation, product spills (and associated clean-up
activities) and cleaning and sanitation operations. Manufacturing plants should be designed
to aid the removal of water from surfaces through the installation of correctly sloped floors,
effective drainage systems and air handling systems that encourage evaporation.
Manufacturing plant personnel should also limit the introduction of water and allow surfaces
to dry through evaporation.

The intense use of water can lead to excess moisture in the atmosphere in dairy manu-
facturing plant environments. Moisture may also be present in the atmosphere simply due
to humid weather conditions. Survival of microorganisms on surfaces tends to be the
greatest when the humidity level is close to 100% RH and to decrease as the RH decreases.
However, depending on the microbial group and other environmental factors, such as the
temperature, survival may be significant at humidity levels as low as 75% RH. For example,
Helke and Wong (1994) investigated the survival of L. monocytogenes spotted on to
stainless steel and Buna-n rubber surfaces during storage at temperatures of 6 and 25 °C
and RH levels of 32.5 and 75.5%. Survival of L. monocytogenes was greatest during
storage at 6°C and 75.5%RH, with viable counts decreasing by approximately
1.0log,,CFU/cm? after 10 days. In comparison, viable counts for L. monocytogenes stored
at 6°C and 32.5% RH decreased by 3—4log, CFU/cm” after 10 days. Temperature is also
an important factor affecting survival. Counts for L. monocytogenes decreased more
rapidly when the storage temperature was 25 °C (Helke & Wong, 1994).

It is important to recognise that different microbial groups can have slightly different
responses to RH levels. Mgretrg et al. (2010) investigated the survival of Shiga toxin-producing
E. coli (STEC) inoculated on to stainless steel surfaces during storage at 20°C at RH levels of
35, 44, 70, 85 and 98%. Survival was greatest during storage at 98% RH and poorest during
storage at 70 and 85% RH. In fact, STEC strains survived better during storage at low RH levels
(35 and 44%) than at 70 and 85% (Mgretrg et al., 2010). Similar observations were made by
Kim et al. (2008), who investigated survival of Enterobacter sakazakii (now known as
Cronobacter spp.) dried on to stainless steel surfaces during storage at a range of RH levels. The
survival of E. sakazakii was greatest at a level of approximately 100% RH and poorest at
85% RH. Like the STEC strains, E. sakazakii survived better at low RH levels (23 and 43%) than
at 85%RH (Kim et al., 2008).

The presence of soiling material (organic and inorganic) will also influence the survival
of microorganisms on surfaces. These same studies investigating the influence of RH on
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microorganism survival also investigated the influence of the presence of soiling material. In
each case, survival of cells was greatest, under all RH levels investigated, when cells were
suspended with organic material, such as microbial growth medium (brain heart infusion
broth), individual components of a growth medium (glucose or peptone), infant formula and
milk (Helke & Wong, 1994; Kim ez al., 2008; Mgretrg et al., 2010). With some combinations
of RH levels, temperature and nutrients, the microorganisms grew on the test surfaces during
the storage period.

Investigations of the influence of RH levels on the survival of microorganisms suggest that
there is a humidity range within which factories should operate so as to reduce the survival of
microorganisms on surfaces. Given that there is some variability between the responses
of different microbial groups, the safest option is to operate at the lowest humidity level that
can be achieved. This will limit the amount of growth that occurs, even if water is periodically
introduced. Whatever humidity level is selected, there will always be one or more microbial
groups favoured by the conditions.

12.4.3 Interactions with other microorganisms

The microbial groups considered most important on environmental surfaces in dairy
manufacturing plants are pathogenic bacteria, such as L. monocytogenes and Salmonella
spp. Pathogenic bacteria are unlikely to be present alone as pure cultures on surfaces
within food processing environments, but rather will be present together with the resident
microflora (Jeong & Frank, 1994a; Bremer et al., 2001). For this reason, pathogenic
bacteria are likely to interact with any other microorganisms present, which may have a
significant influence on their ability to grow, survive and persist on surfaces within the
processing environment.

Due to its importance in food safety and its ability to survive and persist within food
processing environments, L. monocytogenes has been the subject of many studies on
biofilm formation in food processing plant environments (e.g. Sasahara & Zottola, 1993;
Jeong & Frank, 1994a,b; Bremer er al., 2001; Carpentier & Chassaing, 2004).
L. monocytogenes is not very good at forming biofilms by itself and has been shown to
require other bacteria to efficiently colonise surfaces (Sasahara & Zottola, 1993; Bremer
et al.,2001; Kalmokoff et al., 2001). A number of studies have demonstrated that strains
of other bacterial species reduce, have no effect on or enhance biofilm formation by
L. monocytogenes (Jeong & Frank, 1994a,b; Carpentier & Chassaing, 2004). Bremer et al.
(2001) also showed that survival of L. monocytogenes on stainless steel surfaces during
storage at 75% RH, at 4 or 15 °C, was enhanced when grown in a mixed bacterial biofilm
with strains of Flavobacterium spp. A recent investigation employed a confocal laser
scanning microscope to show the spatial organisation in mixed-bacteria biofilms
comprising strains of L. monocytogenes, labelled with green fluorescent protein, and
Lactococcus lactis (Habimama et al., 2011). In this work, L. monocytogenes was shown
to grow exclusively at the base of the biofilm, in contact with the substratum, while the
L. lactis strain formed a thick confluent layer over the top. Similar observations were
made in a study using an STEC strain grown in biofilms with an environmental strain of
Acinetobacter calcoaceticus (Habimama et al., 2010). In this case, colonisation of test
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surfaces by the STEC strain was significantly enhanced when it was grown together
with the A. calcoaceticus strain.

It is clear that pathogenic bacteria interact with other microorganisms and that this
affects their ability to grow and survive on surfaces in biofilms. However, it is not clear
whether these interactions influence the ability of pathogenic bacteria to survive cleaning
and sanitation processes. Kostaki ef al. (2012) generated mixed bacterial biofilms with
L. monocytogenes and S. enterica strains, but found the strains employed did not influence
each other’s growth or susceptibility to sanitisers. In contrast, Van Der Veen and Abee
(2011) found that strains of L. monocytogenes and L. plantarum both survived sanitiser
treatments better when grown together in mixed bacterial biofilms. Further work is
required in this area to elucidate the full extent of the influence of the resident microflora.
And, rather than co-culturing L. monocytogenes with just one other species, it would be
more appropriate to include strains belonging to a number of species, preferably isolated
from a relevant food processing environment, to replicate the typical resident microflora
of a food processing plant.

The interactions between pathogens and resident microflora suggest another approach
that might be exploited to reduce the impact of pathogens in the environment, namely the
use of competitive exclusion cultures. Zhao er al. (2004) isolated yeast and bacterial strains
from biofilms present in the drains of food processing facilities with a history of being free
of L. monocytogenes and were able to identify a number of strains that possessed antilisterial
properties. Two isolates demonstrated a strong ability to inhibit biofilm formation by a
five-strain cocktail of L. monocytogenes on stainless steel surfaces. These isolates were
trialled as competitive exclusion cultures and were shown to significantly reduce the levels
of Listeria spp. detected in the drains of a poultry processing plant (Zhao et al., 2006). This
approach is equally applicable to dairy manufacturing plants, although it would be necessary
to obtain strains that were capable of surviving and demonstrating antilisterial properties
within dairy manufacturing plant environments.

12.5 Conclusion

Biofilm formation is a complex process that is influenced by many factors. Controlling one
factor may not be sufficient to prevent the occurrence of a biofilm-related issue and it is often
necessary to focus on several factors at once. There are many potential solutions available to
dairy food manufacturers, each of which has associated costs. These costs must be weighed up
against the control that dairy food manufacturers want to have over biofilms in manufacturing
processes and environments and against any associated product quality and safety issues. Of
the current control measures employed by the dairy industry, cleaning and sanitation is the
most effective, and this is unlikely to change in the near future.

The dairy industry continues to design and develop new dairy manufacturing pro-
cesses, which come with their own biofilm-related issues. Most of these issues come
down to a time—temperature relationship. If you want to operate a process at a certain
temperature, there will be a maximum time associated with that operation before a
biofilm-related issue arises. Many such issues can be predicted if enough is known about
the process.
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