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Preface to the Technical Series, Second Edition

For more than 70 years, the Society of Dairy Technology (SDT) has sought to provide
education and training in the dairy field, disseminating knowledge and fostering per-
sonal development through symposia, conferences, residential courses, publications,
and its journal, the International Journal of Dairy Technology (previously known as
Journal of the Society of Dairy Technology).

Through this time, there have been major advances in our understanding of milk sys-
tems, probably the most complex natural food available to man. Improvements in pro-
cess technology have been accompanied by massive changes in the scale and efficiency
of many milk and dairy processing operations, accompanied by an ever widening
range of sophisticated dairy and other related products.

In 2005, the Society embarked on a project to produce a Technical Series of dairy-
related books, to provide an invaluable source of information for practicing dairy scien-
tists and technologists, covering the range from traditional to modern large-scale
operations. The 2nd edition of ‘Probiotic Dairy Products’, under the editorship of
Drs Adnan Tamime and Linda Thomas, provides a timely update on the advances that
have been made in the understanding of the human gut microbiota, the characterisation,
enumeration and production of probiotics together with their relationship with prebiotics
and the commercial implications for dairy and other products within the legislative
constraints.

Andrew Wilbey
Chairman of the Publications Committee, SDT
October 2016



Preface to the Technical Series, First Edition

For more than 60 years, the Society of Dairy Technology (SDT) has sought to provide
education and training in the dairy field, disseminating knowledge and fostering per-
sonal development through symposia, conferences, residential courses, publications,
and its journal, the International Journal of Dairy Technology (previously known as
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. Improvements in
process technology have been accompanied by massive changes in the scale of many
milk/dairy processing operations, and the manufacture of a wide range of dairy and
other related products.

The Society has now embarked on a project with Blackwell Publishing 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 traditional to
modern large-scale operations. This, the first volume in the series, on ‘Probiotic Dairy
Products’, under the editorship of Dr Adnan Tamime, complements the second volume on
‘Fermented Milks’ in providing a wide-ranging review of this group of micro-organisms,
which are increasingly recognised as playing a vital role in the maintenance of our health
while also contributing to the microbiology of many fermented dairy products.

Andrew Wilbey
President, SDT
February 2005



Preface to the Second Edition

Since the publication of the first edition of this book in 2005, we have witnessed incredible
advances in our knowledge and understanding of the human microbiota, mainly due
to the development and use of new molecular analysis techniques. One example is the
new ‘omic’ technologies that have been used to detect and analyse all the genes, pro-
teins and metabolites of individuals’ gut microbiota. Studies investigating different
population groups in various states of health that have used such methods have given a
better overall picture of the composition and functions of the gut microbiota. This new
edition of ‘Probiotic Dairy Products’ reflects this scientific interest by incorporating a
new chapter on the human gut microbiota (see Chapter 1), which reviews current
knowledge.

The vast amount of research that has been conducted in this field, which has included
several multi-national projects, has resulted in numerous high-profile scientific papers
that have helped to drive medical and consumer interest in probiotics, because of their
influences on the gut, its microbiota and overall health. Another new chapter for this
edition describes the history of probiotics (see Chapter 2), reminding us of the origins
of these products and the early pioneers in this field. It is generally acknowledged that
the probiotic concept started with Metchnikoff’s idea that a long healthy life could be
promoted by increasing numbers of lactic acid bacteria in the colon at the expense of
‘putrefying’ bacteria that were injurious to health. In the twenty-first century, probiotic
benefits have been reported for an extraordinary range of health and disease areas (see
Chapter 8), and it is important to note that clinical studies have been conducted not just
with tablets or powders but also with probiotic dairy products, in the form of fermented
milk drinks and yoghurts. One great advantage of dairy products over pharmaceuticals
is that the former can be incorporated readily into one’s daily diet, and thus can quite
easily be part of a proactive strategy for health maintenance.

It is an absolute requirement that manufacturers can assure product quality and safety.
Probiotic products must contain adequate numbers of live microbial strains, and other
chapters in this book provide valuable updates on genomic analysis of probiotic strains
(Chapter 3) and aspects of probiotic products’ production and quality control (Chapter 4).
The new molecular technologies can now be applied for the identification and enumera-
tion of the live probiotic strains in dairy products, although culture methods remain
important. These methods are reviewed in Chapter 6.

Since the first edition of the book, the sale and marketing of probiotics have expanded
to around the world, which has led to regulatory changes to ensure that, among other
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things, probiotic health claims are substantiated by scientific evidence. This is reviewed
in Chapter 5. Probiotics are sometimes combined with prebiotics to make synbiotic
products, and the research behind prebiotics is discussed in Chapter 7, whilst Chapter 9
gives an overview of the different metabolites that can be produced by probiotic strains
that have potential health benefits. Finally, Chapter 10 speculates on the future for
probiotic dairy products, and the current barriers to progress.

A.Y. Tamime and Linda V. Thomas
December 2016



Preface to the First Edition

Fermented foods, including milk and dairy products, have played important roles in the
diet of humans worldwide for thousands of years. Since the mid-1950s, there has been
increasing knowledge of the benefits of certain micro-organisms, such as lactic acid
bacteria (LAB) and probiotic gut flora, and their impact on human biological processes
and, at the same time, of the identity of certain dairy and non-dairy components of fer-
mented milks and their role in human health and body function. The purpose of this
book, which is written by a team of international scientists, is to review the latest scien-
tific developments in these fields with regard to the ‘functional’ aspects of fermented
milk products and their ingredients.

Some scientific aspects reviewed in this publication are: (a) the latest knowledge
regarding the gut microflora (e.g. identifying the beneficial microbiota in terms of
probiotic and health aspects); (b) the use of a wide range of probiotic micro-organisms
during the manufacture of different dairy products that have dominated the global
markets for the past decades and are used as vehicles to increase the probiotic gut
flora of humans; (c) the genomic sequences of certain strains of LAB; and (d) the use
of prebiotic ingredients, such as galacto- and fructo-oligosaccharides, to enhance the
viable count of probiotic microflora in humans.

Furthermore, numerous related topics — for example, the current statutory regulations
(national and international), analytical methods to enumerate these beneficial organ-
isms, sensory profiling to improve the quality of the product and enhance consumer
acceptability, bioactive components produced by the probiotic microflora, and the treat-
ment of certain human diseases — are also reviewed. It is of interest to note that the cur-
rent research work on probiotic dairy products, which aims to understand the role of the
intestinal microbiota, will underpin new strategies to improve the health status of con-
sumers, and will contribute to a reduction in healthcare costs, particularly in ageing
populations.

A.Y. Tamime
February 2005



1 Microbiota of the Human Gut’

H.B. Ghoddusi and L.V. Thomas

1.1 Background

The human gastrointestinal (GI) tract has been the subject of intense research over the
past decade, since the publication of the first edition of this book. Notably, the Human
Microbiome Project in the United States of America (USA) (http://hmpdacc.org)
(Turnbaugh et al., 2007) and the Metagenomics of the Human Intestinal Tract consortium
in Europe (MetaHIT; www.metahit.eu) (Qin ef al., 2010) have been two major initia-
tives, but very many other research groups have published their findings. Scientists can
get qualitative and quantitative information about all the microbes present in the gut (the
gut microbiota) in the context of their habitat, genomes and surrounding environment
(the gut microbiome), as well as cataloguing all the metabolites in the gut (metabo-
lomics) and getting an overview of microbial functions in the gut based on analysis of
all their genes (metagenomics), the genes’ activity (transcriptomics) and proteins pre-
sent (metaproteomics) (Marchesi et al., 2016). Such work has amassed a vast amount of
data and helped improve our understanding of microbial communities in the human
body. Although the main target of this research has been the human intestinal tract, other
body parts, including the skin and the nasal, oral and urogenital tracts, have not been
overlooked. Apart from finding an answer to the “What is there?’ question, the main
purpose of this research has been to look for associations between any observed changes
in the microbiome and the prevalence of certain diseases (Korecka & Arulampalam,
2012). One clear outcome, however, has been the confirmation of the key influence of
the human gut microbiota on health, not just of the gut but of the whole body, because
of the gut microbiota’s influence on different systems in the body (Rooks & Garrett,
2016). In fact, many scientists and medics are now of the opinion that the gut microbiota
should be considered equivalent to a body organ (Marchesi et al., 2016).

The highly specialised ecosystem that is the human gut microbiota has evolved to
achieve a symbiotic homeostatic relationship with the host (Biackhed et al., 2005; Flint
et al., 2012). The GI tract and its microbiota cannot be really considered as separate

! In the book’s first edition, this chapter was authored by Dr B. O’Grady and Professor Glenn Gibson of the
University of Reading. The current chapter constitutes a major update of that work to reflect the significant
advances in this field since 2005.

Probiotic Dairy Products, Second Edition. Edited by Adnan Y. Tamime and Linda V. Thomas.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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entities because together they represent a dynamic biological system that has developed
together from birth. The human GI tract is composed of highly adapted regions for
mediation of its diverse functions, many of which impact markedly upon host health and
welfare. Physiological considerations in each unique region influence the degree and
type of colonisation, and initial colonisers also modify the physiological conditions
therein. This results in the development of distinct microhabitats along the length of the
GI tract, which influence metabolism, protection and immune stimulation (Flint et al.,
2012; Thomas et al., 2014; Honda & Littman, 2016). Such effects are both local and
systemic, as the GI tract is connected to the vascular, lymphatic and nervous systems.
The ability of the gut to sustain a microbiota that is supportive of health is critical for
host health and reduction of disease risk.

1.2 The human Gl tract and its microbiota

It has long been thought that colonisation of the GI tract begins immediately after
birth (Castanys-Mufoz et al., 2016), but although this is certainly when the primary
colonisation process occurs, recent studies have reported the detection of micro-organisms
in meconium, placenta, umbilical cord and amniotic fluid (Thomas, 2016). Micro-
organisms have also been detected in breast milk (Ferndndez et al., 2013).

Microbial colonisation of the neonate mainly occurs during the delivery process. The
inoculum may be largely derived either from the mother’s vaginal and faecal microbiota (in
a conventional birth) or from the environment (in a Caesarean delivery); hence, the micro-
organisms that colonise the new-born tract are primarily acquired postnatally. The delivery
method is key, as new-borns delivered by Caesarean section are exposed to a different
microbiota compared to that found in the vagina. In a recent pilot study, Dominguez-Bello
et al. (2016) demonstrated that by exposing infants delivered by Caesarean section to
maternal vaginal fluids at birth, not only the gut but also the oral and skin bacterial com-
munities of these new-borns were partially altered to become more like those of a naturally
delivered infant during the first 30 d of their life. The potential long-term health effects of
Caesarean delivery remain unclear, although microbial differences may last for at least one
year (Rutayisire et al., 2016), and links to health risks such as childhood obesity (Blustein
et al., 2013) and allergic disease (Brandao et al., 2016) have been reported.

Bacterial populations in the gut develop progressively during the first few days of
life; facultative anaerobes predominate initially and create a reduced environment that
allows for the growth of strict anaerobes (Rodriguez ef al., 2015). The choice of diet for
the new-born is also of importance as the microbiota of breast-fed infants is predomi-
nated by bifidobacteria, whereas formula-fed infants have a more complex microbiota
that resembles the adult gut, in that Bacteroides, clostridia, bifidobacteria, lactobacilli,
Gram-positive cocci, coliforms and other groups are all represented in fairly equal
proportions (Lozupone et al., 2012; Ghoddusi & Tamime, 2014). Breastfeeding pro-
motes a more beneficial microbiota; the presence of certain oligosaccharides in human
breast milk, for instance, promotes the growth of beneficial bifidobacteria (Smilowitz
et al., 2014). During weaning, the microbiota becomes more complex, and the ecosys-
tem is thought to become fairly stable at around two years of age. The prevalence of
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Table 1.1 The change in the gut microbiota through life.

Stage of life Intestinal microbiota profile
Foetus Usually sterile
Baby Immediately after birth, there is rapid colonisation of the gut with micro-organisms

from the immediate surroundings; the gut microbiota composition is influenced by

mode of delivery and type of feeding:

* Breast-fed: low diversity, dominated by bifidobacteria.

* Formula-fed: a more diverse microbiota with more Bacteroidetes and fewer
bifidobacteria.

Child The gut microbiota becomes more stable and complex over the first three years
(particularly after weaning), so that it becomes much more diverse in its composition
and more like that of an adult.

Adults A diverse composition; dominant phyla are Firmicutes, Bacteroidetes and Actinobacteria.

Old age The microbiota changes to become less diverse and resilient; there are fewer Firmicutes
and bifidobacteria and more Bacteroidetes and Proteobacteria.

bifidobacteria in breast-fed infants is thought to confer protection by improving the
colonisation resistance of the gut; among other mechanisms, bifidobacteria exert directly
antagonistic activities against gut pathogens. New-borns are susceptible to intestinal
infections and atopic diseases as their immune system and GI tract develop. The mode
of delivery and subsequent diet, therefore, have important implications, both at birth and
later in life, as the initial colonisation process has a strong influence on the development
of the GI tract and its microbiota, and in the maturation of the immune system. During
the first few years of life and after weaning, the infant microbiota normalises to a com-
position that remains relatively stable throughout most of adult life (Thomas, 2016).
Table 1.1 summarises how the intestinal microbiota develops with age.

In recent years, the development of next-generation sequencing (NGS) techniques
has played a major role in revealing that the human body harbours more than 1000 phy-
lotypes, although intestinal bacteria mainly belong to just a few phyla (Tojo et al., 2014).
Most of this work comes from analysis of faecal samples; these best represent the distal
portion of the gut. Due to the difficulties in obtaining samples higher in the gut, it has
proved more difficult to get a true picture of the microbial communities in the small and
proximal large intestines (Li et al., 2015; Marchesi et al., 2016).

The GI tract begins with the oral cavity (the mouth, nose and throat), where a
complex microbiota exists that comprises viruses, bacteria, archaea and protozoa.
Bacterial species cause dental caries and periodontal species, but many bacteria in the
oral microbiome remain uncultured (Wade, 2013). Bacteria are found on the posterior
and anterior tongue, sub- and supra-gingival plaque, buccal mucosa and vestibular
mucosa (Willis ef al., 1999). These include members of the Prevotella, Porphyromonas,
Peptostreptococcus, Bacteroides, Fusobacterium, Eubacterium and Desulfovibrio gen-
era. Bacterial numbers drop dramatically to <10° colony forming units (cfu) mL™" of
gastric contents as they encounter the stomach, which provides a highly effective barrier
against invading micro-organisms, both pathogenic and benign. Few micro-organisms,
with the exception of acid-tolerant lactobacilli, yeasts and notably Helicobacter pylori,
can survive the harsh, strongly acidic and peristaltic nature of the stomach.
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There is a high degree of variability between the stomach, small intestine and colon
in terms of numbers and bacterial population types, due predominantly to different tran-
sit times, secretions and nutrient availability (Lambert & Hull, 1996; Guilliams, 1999).
Micro-organisms themselves are also determinants because they interact with and influ-
ence their surroundings to ensure their survival against competitors. This is achieved
through many mechanisms, such as increasing aerobic conditions in the gut or produc-
ing inhibitory compounds, such as bacteriocins or short-chain fatty acids (which also
lower the pH of the gut milieu). Such compounds may also affect the host with positive
or negative consequences (Fooks & Gibson, 2002; Fuller & Perdigén, 2003).

The rapid transit time, low pH and presence of bile associated with the small intes-
tine do not provide an environment that encourages the growth of bacteria. The duode-
num also has low microbial numbers due to its short transit time and the secretion of
intestinal fluids, which create a hostile environment (Sanford, 1992); however, there is
a progressive increase in both numbers and species along the jejunum and ileum. The
small intestine harbours enterococci, enterobacteria, lactobacilli, Bacteroides and
clostridia. These rapidly increase in numbers from 10*-~10°cfumL™" in the small intes-
tine to 10""-10"2cfumL™" in the large intestine, as the flow of intestinal chyme slows
upon entry into the colon (Salminen et al., 1998).

The large gut is favourable for bacterial growth with its slow transit time, ready
availability of nutrients and more favourable pH. Several hundred culturable species
may be present here, although a significant proportion is not cultivable by conventional
methods. The proximal colon is the site of saccharolytic fermentation, due to its high
substrate availability (Scott et al., 2012; Russell et al., 2013; Shanahan, 2013). Organic
acids produced from fermentation result in a lower pH (of 5.5-6.0) compared to the
more neutral pH found in the distal colon. Transit in the distal colon is slower and nutri-
ent availability is minimised, producing slower growing populations that tend towards
more proteolytic fermentations.

An intriguing question about the human microbiota is the relevance of microbial
variations in healthy and diseased individuals, and whether microbial mapping could
help predict specific conditions (Knights et al., 2014). Despite the diverse range of
micro-organisms found in the human digestive tract, it has been suggested that just five
or six genera and two phyla shape the mainstream biomass. Numerically dominant gen-
era include Bacteroides, Bifidobacterium and Eubacterium and, to a lesser extent,
although still important, Clostridium, Enterobacteriaceae and Streptococcus (Gibson &
Roberfroid, 1995; Salminen et al., 1998). Five bacterial phyla represent the bulk of the
bacteria in the gut, with the two major phyla being the Gram-positive Firmicutes and the
Gram-negative Bacteroidetes (LePage ef al., 2013), which have relatively similar pro-
portions in different individuals (Jeffery et al., 2012). In 2011, three different profiles
for the human gut microbiota were proposed, termed ‘enterotypes’, that were dominated
by Bacteroides, Prevotella or Ruminococcus (Arumugam et al., 2011). The situation,
however, may be more complex than this, and further research is also needed to eluci-
date the health implications of such enterotypes (Gibson et al., 2016).

Table 1.2 illustrates the representation of the microbiota of the GI tract, highlighting
some of the common bacteria and their abundance in different parts of the human diges-
tive system. Yeasts, including the opportunistic pathogen Candida albicans, are also
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Table 1.2 Representative bacteria in the gastrointestinal (Gl) tract.

Bacterial family or GI tract Microbial count (colony Function of the GI tract region

genus region forming units (cfu) mL™!

Lactobacillus Stomach 1-10? ¢ Hydrochloric acid secretion

Streptococcus ¢ Macromolecule digestion

Helicobacter e pH2

Peptostreptococcus

Streptococcus Duodenum  10'-10° * Main digestion

Lactobacillus Jejunum 10*-10* * Absorption of monosaccharides,

Ileum 107-10° amino acids, fatty acids and water

e pH4-5

Bacteroides Caecum NR! * Absorption of fluids and salts

Clostridium ¢ Mixing of the lumen contents with

Streptococcus mucus

Actinomycineae * pH5.7

Bacteroides Colon 10"-10" * Microbial production of secondary

Clostridium bile acids and vitamin B,

Bifidobacterium * Water absorption

Enterobacteriaceae e pH7

Eubacterium

NR Rectum NR « Storage of faeces before evacuation
e pH6.7

NR =Not reported.
Adapted from Korecka and Arulampalam (2012).

present in the gut microbiota, although in healthy individuals its counts do not exceed
10*cfug in faeces (Bernhardt et al., 1995; Bernhardt & Knoke, 1997). The vast major-
ity (>90%) of the total cells in the body are present as bacteria in the colon. It is thought
that over 60% of the faecal mass exists as prokaryotic cells. As well as the different
microhabitats along the length of the GI tract, there are other microhabitats, such as the
surface of the gut epithelia, the gut lumen, the colonic mucus layers and the ileum/cae-
cum and colon (Donaldson et al., 2016).

The classification of the microbiota as autochthonous or allochthonous complements
the distinction between these different habitats of the GI tract (Savage et al., 1968).
Autochthonous micro-organisms are indigenous and colonise the GI tract, whereas
allochthonous micro-organisms are transient and will predictably be found in the lumen.
The slow transit time of the large intestine allows multiplication of the luminal micro-
biota; allochthonous micro-organisms exert equally important effects on the GI tract as
their autochthonous counterparts.

1.3 Functions of the Gl microbiota

The GI tract along with its microbiota comprise one of the most metabolically active
organs in the human body. The intestinal microbiota is involved in the fermentation of
endogenous and exogenous microbial growth substrates. The metabolic end products of
carbohydrate fermentation are benign or even advantageous to human health (Macfarlane
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& Gibson, 1994; Flint et al., 2012; Rooks et al., 2016). Major substrates available for
the colonic fermentation are starches that, for various reasons, are resistant to the action
of pancreatic amylases but can be degraded by bacterial enzymes, as well as dietary
fibres, such as pectins and xylans. Other carbohydrate sources available for fermenta-
tion in lower concentrations include oligosaccharides and a variety of sugars and non-
absorbable sugar alcohols. Saccharolysis results in the production of short-chain fatty
acids (SCFAs), such as butyrate, acetate, propionate and lactate that contribute towards
the energy metabolism of the large intestinal mucosa and colonic cell growth; they can
also be metabolised by host tissues, such as the liver, muscle and brain. The production
of SCFAs concomitantly results in a lower pH that can protect against invading micro-
organisms and also reduces the transformation of primary bile acids into secondary
pro-carcinogenic bile acids (Cummings & Macfarlane, 1997; Marchesi et al., 2016).
This is one of the mechanisms utilised by beneficial bacteria in the gut that results in
protection for the host.

Proteins and amino acids can be effective growth substrates for colonic bacteria,
whilst bacterial secretions, lysis products, sloughed epithelial cells and mucins may also
make a contribution. However, diet provides, by far, the predominant source of nutrients,
with around 70-100g d! of dietary residues available for the colonic microbiota. These
materials are degraded by a wide range of bacterial polysaccharidases, glycosidases,
proteases and amino-peptidases to smaller oligomers and their component sugars and
amino acids (Macfarlane & Gibson, 1994).

The gut profile of each adult represents a population of microbes that has evolved
since birth and that can best cope with the physiological and microbiological pressure
encountered within this ecosystem. This stability provides resistance for the host,
also known as the ‘barrier effect’, against invading micro-organisms, both pathogenic
and benign. The indigenous gut microbiota is better adapted to compete for nutrients
and attachment sites than any incoming micro-organism, which it may also inhibit
through the production of compounds (Alderbeth et al., 2000). The role of the intes-
tinal microbiota in challenging invading micro-organisms and preventing disease
through competitive exclusion is best demonstrated by the studies showing that germ-
free animals are more susceptible to infection (Baba et al., 1991). This demonstrates
the individual role of beneficial micro-organisms in preventing infection through
colonisation resistance.

Another important function of the gut microbiota is the production of vitamins B and
K; this is best demonstrated by studies where germ-free animals required a 30% increase
in their diet to maintain their body weight, and supplementation with vitamins B and K
as compared to animals with a microbiota (Hooper et al., 2002).

The ability of the gut microbiota, however, to utilise biologically available com-
pounds can have negative outcomes. Helicobacter pylori can affect the absorption of
vitamin C and important micronutrients for host health (Annibale et al., 2002). Moreover,
the fermentation of proteins and amino acids in the distal colon can lead to the produc-
tion of toxic substances such as ammonia, phenols and amines that are undesirable for
host health (Mykkanen ez al., 1998; Kim et al., 2013). This highlights the importance of
ensuring a balance of beneficial bacteria to prevent the multiplication of pathogens or
bacteria whose growth and metabolism may increase disease risk.
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The GI tract is in more contact with the external environment than our skin, which
exposes ~2m? whereas the GI tract exposes a surface area of ~200 m? (Guilliams, 1999).
The microbiota of the GI tract is therefore heavily involved in gut maturation. As men-
tioned in this chapter, exposure to the intestinal microbiota after birth plays a critical
role in stimulating local and systemic responses and supporting the maturation of the
immune system. The intestinal microbiota also provides a source for non-inflammatory
immune stimulation, throughout life, by stimulating the production of secretory IgA,
which neutralises foreign bacteria and viruses (Moreau, 2000; Mathias et al., 2014). The
immune system—microbiota alliance provides a dynamic environment by defending the
host from pathogens as well as maintaining a balanced and controlled tolerance to harm-
less antigens. Many factors can play a role in destabilising this coalition and disturbing
this symbiotic relationship, including changes in diet and overuse of antibiotics, which
in turn could allow the proliferation of a microbiota lacking in diversity or the resilience
and tolerance needed for a well-functioning immune system. The rise in autoimmune
diseases and inflammatory disorders has been suggested to be partly the result of this
troubled reciprocal relationship. Overall, the ability of the GI tract to perform its
functions of nutrient uptake in conjunction with the exclusion of foreign antigens or
micro-organisms is a complex and difficult process. The interplay between the host
immune response and the GI microbiota is critical to health; loss of tolerance may
become clinically manifest through disorders, such as inflammatory bowel disease
(IBD) (Malloy & Powrie, 2011).

The gut microbiota and host health has found a new clinical frontier in recent years,
the so-called gut-brain axis (El Aidy ef al., 2015), which is described as a two-way
communication between the central and the enteric nervous systems, in which the emo-
tional, intuitive, decision-making and cognitive centres of the brain are linked with
peripheral intestinal functions (Mayer, 2011). This bidirectional interaction is believed
to include signal exchange between gut microbiota and the brain through neural,
endocrine, immune and humoral links (Carabotti et al., 2015; Kountouras et al., 2015).
To provide evidence of these interactions, studies on germ-free animal models,
probiotics, antibiotics and infection have been carried out. At a clinical level, studies
have focused on central nervous disorders such as autism, anxiety-depressive behaviours
and GI disorders, such as (typically) irritable bowel syndrome. It is hoped that such
investigations lead to new therapeutic strategies (Distrutti et al., 2016).

1.4 Influences on the Gl tract and its microbiota

The profile of the intestinal microbiota that develops in each individual is a result of
their host genetics (as shown in twin studies in the UK) (Goodrich et al., 2014), environ-
mental factors and microbiological influences. These factors result in a stable commu-
nity of micro-organisms that is more unique than an individual’s own fingerprint; even
homozygotic twins develop distinct microbial profiles (Zoetendal et al., 2001).
Notwithstanding this, the overall metabolism of a healthy gut ecosystem varies little
from one individual to another, as evinced by the ratios of major metabolic end prod-
ucts. Modern living presents numerous challenges to the human GI tract, particularly in
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the developed world, with often stressful lifestyles and unhealthy intake of processed
foods. Antibiotics and other medications, however, can cause immediate serious disrup-
tion of the gut microbiota, and the resulting dysbiosis may be long term (Jernberg et al.,
2010; Francino, 2015). Disturbances of the microbiota can have serious implications,
and this fragility merits careful consideration of the external influences on the GI tract
and how they may disrupt host health (O’Sullivan et al., 2013). The numerous factors
which act upon the intestinal microbiota are briefly outlined in Table 1.3; some of the
more relevant influences are discussed here.

The influence of diet on the neonatal intestinal microbiota has already been outlined
(do Rosario et al., 2016; Ojeda et al., 2016). The GI tract of healthy humans remains
relatively stable throughout life apart from later life, when a significant decrease of
beneficial bifidobacteria and loss of microbial diversity have been reported. Such
changes have also been linked to indications of increased risk of disease and frailty (van
Tongeren et al., 2005; Claessen et al., 2012; Jackson et al., 2016). Diet is an effective
and rapid modulator of the microbial composition and metabolic activity of the human
gut, which in turn can impact health (Claesson et al., 2012; Conlon & Bird, 2015) with
temporary and/or lasting effects. For example, the ELDERMET study in Ireland has
shown clear differences between the core microbiota in older people compared to
younger ones. Furthermore, clear differences were observed in the gut microbiota that
correlated to these older persons’ place of residence: long-term residential care, reha-
bilitation hospital care for less than six months, attending hospital outpatients or living
in the community (Claessen et al., 2012). The profile of the microbiota of those living
at home was the one most similar to that of healthy younger adults, whereas the gut
microbiota of the older people living in long-term care was significantly different and
much less diverse. These microbiota differences correlated with the different diets eaten
at home or in residential care; the latter had a much lower intake of fruit, vegetables and
fibre, and a higher intake of fatty, starchy and sugary foods. Whilst long-term diet clearly
influences the composition of gut microbiota, even short-term dietary modifications
lead to significant and relatively swift changes in the composition of the microbiota, but

Table 1.3 Influences on the composition of the gastrointestinal microbiota.

* Type of feeding

* Amount, chemical composition and availability of growth substrate
Availability of colonisation sites

¢ Immunological interactions

Individual fermentation strategies by the bacteria
Intestinal transit time

* GutpH

* Redox potential

Availability of inorganic electron acceptors

* Production of bacterial metabolites

* Presence of antimicrobial compounds

* Xenobiotic compounds

» Age of the host

* Peristalsis

Adapted from Fooks et al. (1999).
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these would not be expected to cause a lasting shift in microbiota composition or affect
the core profile. Data indicate that such changes may be at genus and species level, but
not at phylum level (Wu et al., 2011).

Type of dietary intake has consequences in the colon as carbohydrate fermentations
usually result in benign end products (Wong et al., 2006; do Rosario et al., 2016).
However, when carbohydrate levels become diminished, proteolytic fermentation in
more distal regions produces toxic compounds that can predispose to diseases such as
colorectal cancer or ulcerative colitis (Nyangale et al., 2012); thus, protein-based diets
such as the Atkins diet could potentially have serious long-term repercussions for gut
health (Russell ez al., 2011). High intakes of processed food and other dietary aspects will
reduce levels of fibre in the diet, which is of concern as dietary fibre influences stool
volume, colon motility, water absorption and faecal transit time (Dhingra ef al., 2012).

Chronic illness, immune suppression and the use of broad-spectrum antibiotics can
severely compromise the crucial balance between beneficial and harmful micro-organ-
isms in the gut microbiota. The loss of any beneficial genera sensitive to antibiotic
therapy, such as lactobacilli and bifidobacteria, has implications for GI health, as oppor-
tunistic pathogens can overgrow the gut, and the host will have increased risk for iatro-
genic disease. For example, the serious concerns about the risks of antibiotic-associated
diarrhoea, including that caused by Clostridium difficile, are well documented (Burke &
Lamont, 2014; Elseviers et al., 2015).

The increase in antibiotic resistance, the lack of progress in developing new antibiot-
ics, concerns over (possibly long-term) adverse effects associated with antibiotic use
(such as increased risk of obesity) (Reid, 2006; Langdon et al., 2016; Ouwehand ez al.,
2016) plus consumer interest in dietary supplements to maintain GI health have fuelled
scientific research into alternative strategies. The potential for preventing dysbiosis,
increasing the resilience of the gut microbiota or otherwise fortifying the GI tract
through modulation of the intestinal microbiota has been widely explored. The principle
of using harmless bacteria to prevent disease dates back to the suggestion of Metchnikoff
at the turn of the twentieth century that ingested bacteria could promote longevity and
well-being (Metchnikoff, 1907; see Chapter 2 for details). Micro-organisms associated
with health benefits in vivo include many members of the Lactobacillus and
Bifidobacterium genera, although Escherichia coli, streptococci, enterococci, lacto-
cocci, bacilli and yeasts, such as Saccharomyces cerevisiae var. boulardii, have also
been used (Table 1.4). Such strains have been researched for their probiotic potential,
and many strains (including those marketed commercially) are the focus of intense
research (see Chapter 8 for further details).

1.5 Conclusions

A number of disease states have been linked to dysbiosis and/or low diversity of the gut
microbiota, suggesting that its manipulation at any stage of life but particularly in
infancy could have beneficial consequences in reducing the risk of both short-term and
long-term disease (Thomas et al., 2014; Carding et al., 2015; Prosberg et al., 2016).
Differences in the ratio of Firmicutes to Bacteroidetes have also been observed between
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Table 1.4 Examples of microbial species that contain probiotic strains.

Microbial genus or group Species

Bifidobacterium Bifidobacterium bifidum
Bifidobacterium longum subsp. longum
Bifidobacterium breve
Bifidobacterium adolescentis
Bifidobacterium longum subsp. infantis
Enterococcus Enterococcus faecalis
Enterococcus faecium
Lactococcus Lactococcus lactis subsp. lactis
Lactobacillus Lactobacillus acidophilus
Lactobacillus rhamnosus
Lactobacillus reuteri
Lactobacillus casei
Lactobacillus gasseri
Lactobacillus plantarum

Yeast Saccharomyces cerevisiae var. boulardii

individuals and patient groups. Other examples include IBD, where low counts of
Faecalibacterium prausnitzii have been associated with increased risk of ulcerative coli-
tis (Sokol et al., 2009), and several species have been implicated in colorectal cancer,
including Streptococcus gallolyticus, Enterococcus faecalis and Bacteroides fragilis
(Wu et al., 2009; Boleij & Tjalsma, 2013; Wang et al., 2015).

A key question in gut microbiota research, however, is whether such microbial
changes are the cause of the disease or are the result of disease (Zhang, 2013). One
tactic to explore this ‘correlation/causality’ microbial conundrum is to conduct clinical
trials in patients or people at risk of disease, investigating the health effects of modulat-
ing the microbiota. Faecal microbiota transplantation, for example, has shown strong
efficacy for treatment of C. difficile infection (Borody et al., 2015). Probiotics work
through multiple mechanisms of activity, including the modulation of the gut microbi-
ota, and evidence of probiotic benefit for a broad range of disorders has accumulated.
This is discussed further in Chapter 8.

References

Alderbeth, I., Cerquetti, M., Poilane, 1., Wold, A.E. & Collignon, A. (2000) Mechanisms of
colonisation and colonisation resistance of the digestive tract. Microbial Ecolology in Health
and Disease, 12, 223-239.

Annibale, B., Capurso, G. & Delle Fave, G. (2002) Consequences of Helicobacter pylori infec-
tion on the absorption of micronutrients. Digestive and Liver Disease, 34, ST2-S77.

Arumugam, M., Raes, J., Pelletier, E., Le Paslier, D., Yamada, T., Mende, D.R., Fernandes, G.R.,
Tap, J., Bruls, T., Batto, J.M., Bertalan, M., Borruel, N., Casellas, F., Fernandez, L., Gautier, L.,



Microbiota of the Human Gut 1

Hansen, T., Hattori, M., Hayashi, T, Kleerebezem, M., Kurokawa, K., Leclerc, M., Levenez, F.,
Manichanh, C., Nielsen, H.B., Nielsen, T., Pons, N., Poulain, J., Qin, J., Sicheritz-Ponten, T.,
Tims, S., Torrents, D., Ugarte, E., Zoetendal, E.G., Wang, J., Guarner. F., Pedersen, O., de Vos,
W.M., Brunak, S., Doré, J., MetaHIT Consortium, Antolin, M., Artiguenave, F., Blottiere.
H.M., Almeida, M., Breczhot, C., Cara, C., Chervaux, C., Cultrone, A., Delorme, C., Denariaz,
G., Dervyn, R., Foerstner, K.U., Friss, C., van de Guchte, M., Guedon, E., Haimet, F., Huber,
W., van Hylckama-Vlieg, J., Jamet, A., Juste, C., Kaci, G., Knol, J., Lakhdari, O, Layec, S., Le
Roux, K., Maguin, E., Mérieux, A., Melo Minardi, R., M’rini, C., Muller, J., Oozeer, R.,
Parkhill, J., Renault, P., Rescigno, M., Sanchez, N., Sunagawa, S., Torrejon, A., Turner, K.,
Vandemeulebrouck, G., Varela, E., Winogradsky, Y., Zeller, G., Weissenbach, J., Ehrlich, S.D.
& Bork, P. (2011) Enterotypes of the human gut microbiome. Nature, 473, 174—180.

Baba, E., Nagaishi, S., Fukata, T. & Arakawa, A. (1991) The role of intestinal microflora on the
prevention of salmonella colonization in gnotobiotic chickens. Poultry Science, 70, 1902-1907.

Béckhed, F.,, Ley, R.E., Sonneburg, J.L., Peterson, D.A. & Gordon, J.I. (2005) Host bacterial
mutualism in the human intestine. Science, 307, 1915-1920.

Bernhardt, H. & Knoke, M. (1997) Mycological aspects of gastrointestinal microflora.
Scandinavian Journal of Gastroenterology, 32, 102-106.

Bernhardt, H., Wellmer, A., Zimmerman, K. & Knoke, M. (1995) Growth of Candida albicans in
normal and altered faecal flora in the model of continuous flow culture. Mycoses, 38,
265-270.

Blustein, J., Attina T., Ryan, A.M., Cox, L.M., Blaser, M.J. & Trasande, L. (2013) Association of
caesarean delivery with child adiposity from age 6 weeks to 15 years. International Journal of
Obesity (London), 37, 900-906.

Boleij, A. & Tjalsma, H. (2013) The itinerary of Streptococcs gallolyticus infection in patients
with colonic malignant disease. Lancet Infectious Diseases, 13, 719-724.

Borody, T., Fischer, M., Mitchell, S. & Campbell, J. (2015) Fecal microbiota transplantation in
gastrointestinal disease: 2015 update and the road ahead. Expert Reviews in Gastroenterology
& Hepatology, 9, 1379-1399.

Brandao, H.V., Vieira, G.O., de Oliveira Vieira, T., Camargos, P.A., de Souza Teles, C.A.,
Guimarides, C., Cruz, A.A. & Cruz, C.M. (2016) Increased risk of allergic rhinitis among chil-
dren delivered by cesarean section: a cross-sectional study nested in a birth cohort. BMC
Pediatrics, 16, 57. DOI: 10.1186/s12887-016-0594-x

Burke, K.E. & Lamont, J.T. (2014) Clostridium difficile infection: a worldwide disease. Gut
Liver, 8, 1-6.

Carabotti, M., Scirocco, A., Maselli, M.A. & Severia, C. (2015) The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Annals of Gastroenterology,
28, 203-209.

Carding, S., Verbeke, K., Vipon, D.T., Corfe, B.M. & Owen, L.J. (2015) Dysbiosis of the gut
microbiota in disease. Microbial Ecology in Health & Disease, 26, 26191.

Castanys-Muiloz, E., Martin, M.J. & Vazquez, E. (2016) Building a beneficial microbiome from
birth. Advances in Nutrition, 7, 323-330.

Claesson, M.J., Jeffery, I.B., Conde, S., Power, S.E., O’Connor, E.M., Cusack, S., Harris, H.M.,
Coakley, M., Lakshminarayanan, B., O’Sullivan, O., Fitzgerald, G.F.,, Deane, J., O’Connor, M.,
Harnedy, N., O’Connor, K., O’Mahony, D., van Sinderen, D., Wallace, M., Brennan, L.,
Stanton, C., Marchesi, J.R., Fitzgerald, A.P., Shanahan, F., Hill, C., Ross, R.P. & O’Toole, P.W.
(2012) Gut microbiota composition correlates with diet and health in the elderly. Nature, 488,
178-184.

Conlon, M.A. & Bird, A.R. (2015) The impact of diet and lifestyle on gut microbiota and human
health. Nutrients, 7, 17-44.

Cummings, J.H. & Macfarlane, G.T. (1997) Role of intestinal bacteria in nutrient metabolism.
Journal of Parenteral and Enteral Nutrition, 21, 357-365.



12 Probiotic Dairy Products

Dhingra, D., Michael, M., Rajput, H. & Patil, R.T. (2012) Dietary fibre in foods: a review. Journal
of Food Science & Technology, 49, 255-266.

Distrutti, E., Monaldi, L., Ricci, P. & Fiorucci, S. (2016) Gut microbiota role in irritable bowel
syndrome: new therapeutic strategies. World Journal of Gastroenterology, 22, 2219-2241.
Dominguez-Bello, M.D., De Jesus-Laboy, K.M., Shen, N., Cox, L.M., Amir, A., Gonzalez, A.,
Bokulich, N.A., Song, S.J., Hoashi, M., Rivera-Vinas, J.I., Mendez, K., Knight, R. & Clemente,
J.C. (2016) Partial restoration of the microbiota of cesarean-born infants via vaginal microbial

transfer. Nature Medicine, 22, 250-253.

Donaldson, G.P,, Lee, S.M. & Mazmanian, S.K. (2016) Gut biogeography of the bacterial micro-
biota. Nature Reviews in Microbiology, 14, 20-32.

El Aidy, S.E., Dinan, T.G. & Cryan, J.F. (2015) Gut microbiota: the conductor in the orchestra of
immune-neuroendocrine communication. Clinical Therapy, 37, 954-967.

Elseviers, M.E., Van Camp, Y., Nayaert, S., Duré, K., Annemans, L., Tanghe, A. & Vermeersch, S.
(2015) Prevalence and management of antibiotic associated diarrhea in general hospitals. BMC
Infectious Disease, 15, 129. DOI: 10.1186/512879-015-0869-0

Ferndndez, L., Langa, S., Martin, V., Maldonado, A., Jiménez, E., Martin, R. & Rodriguez, J.M.
(2013) The human milk microbiota: origin and potential roles in health and disease.
Pharmacological Research, 69, 1-10.

Flint, H.J., Scott, K.P., Louis, P. & Duncan, S.H. (2012) The role of the gut microbiota in nutrition
and health. Nature Reviews Gastroenterology and Hepatology, 9, 577-589.

Fooks, L.J., Fuller, R. & Gibson, G.R. (1999) Prebiotics, probiotics and human gut microbiology.
International Dairy Journal, 9, 53-61.

Fooks, L.J. & Gibson, G.R. (2002) Probiotics as modulators of the gut flora. British Journal of
Nutrition, 88, S39-S49.

Francino, M.P. (2015) Antibiotics and the human gut microbiome: dysbioses and accumulation of
resistances. Frontiers in Microbiology, 6, 1543. https://doi.org/10.3389/fmicb.2015.01543

Fuller, R. & Perdigén, G. (eds.) (2003) Gut Flora, Nutrition, Immunity and Health. Blackwell
Publishing, Oxford.

Ghoddusi, H.B. & Tamime, A.Y. (2014) Microflora of the intestine: biology of bifidobacteria. In
Encyclopedia of Food Microbiology (eds. C.A. Batt and M.L. Tortorello), Vol. 2., 639-645.
Elsevier Ltd and Academic Press, London.

Gibson, G.R. & Roberfroid, M.B. (1995) Dietary modulation of the human colonic microbi-
ota — introducing the concept of prebiotics. Journal of Nutrition, 125, 1401-1412.

Gibson, T.E., Bashan, A., Cao, H.T., Weiss, S.T. & Liu, Y.Y. (2016) On the origins and control of
community types in the human microbiome. PLoS Computational Biology, 21, e1004688.

Goodrich, J.K., Waters, J.L., Poole, A.C., Sutter, J.L., Koren, O., Blekhman, R., Beaumont, M.,
Van Treuren, W., Knight, R., Bell, J.T., Spector, T.D., Clark, A.G. & Ley, R.E. (2014) Human
genetics shape the gut microbiome. Cell, 159, 789-799.

Guilliams, T.G. (1999) Healthy microbial organisms. The Standard, 2, 1-8.

Honda, K. & Littman, D.R. (2016) The microbiota in adaptive immune homeostasis and disease.
Nature, 535, 75-84.

Hooper, L.V., Midtvedt, T. & Gordon, J.L. (2002) How host-microbial interactions shape
the nutrient environment of the mammalian intestine. Annual Review of Nutrition, 22,
283-307.

Jackson, M.A., Jeffery, 1.B., Beaumont, M., Bell, J.T., Clark, A.G., Ley, R.E., O’Toole, PW.,,
Spector, T.D. & Steves, C.J. (2016) Signatures of early frailty in the gut microbiota. Genome
Medicine, 8, 8. doi:10.1186/s13073-016-0262-7

Jeffery, I.B., Claesson, M.J., O’Toole, P.W. & Shanahan, F. (2012) Categorization of the gut
microbiota: enterotypes or gradients? Nature Reviews of Microbiology, 10, 591-592.

Jernberg, C., Lofmark, S., Edlund, C. & Jansson, J.K. (2010) Long-term impacts of antibiotic
exposure on the human intestinal microbiota. Microbiology, 156, 3216-3223.



Microbiota of the Human Gut 13

Kim, E., Coelho, D. & Blachier, F. (2013) Review of the association between meat consumption
and risk of colorectal cancer. Nutrition Research, 33, 983-994.

Knights, D., Ward, T.L., McKinlay, C.E., Miller, H., Gonzalez, A., McDonald, D. & Knight, R.
(2014) Rethinking “enterotypes.” Cell Host & Microbe, 16, 433—437.

Korecka, A. & Arulampalam, V. (2012) The gut microbiome: scourge, sentinel or spectator?
Journal of Oral Microbiology, 4, 9367-9381.

Kountouras, J., Zavos, C., Polyzos, S.A. & Deretzi, G. (2015) The gut-brain axis: interactions
between Helicobacter pylori and enteric and central nervous systems. Annals of Gastroenterology:
Quarterly Publication of the Hellenic Society of Gastroenterology, 28, 506-510.

Lambert, J. & Hull, R. (1996) Upper gastrointestinal disease and probiotics. Asia Pacific Journal
of Clinical Nutrition, §, 31-35.

Langdon, A., Crook, N. & Dantas, G. (2016) The effects of antibiotics on the microbiome through-
out development and alternative approaches for therapeutic modulation. Genome Medicine, 8,
39. doi:10.1186/s13073-016-0294-z

Lepage, P., Leclerc, M.C., Joossens, M., Mondot, S., Blottiere, H.M., Raes, J., Ehrlich, D. &
Doré, J. (2013) A metagenomic insight into our gut’s microbiome. Gut, 62, 146-158.

Li, G, Yang, M., Zhou, K., Zhang, L., Tian, L., Lv, S., Jin, Y., Qian, W., Xiong, H., Lin, R., Fu, Y.
& Hou, X. (2015) Diversity of duodenal and rectal microbiota in biopsy tissues and luminal
contents in healthy volunteers. Journal of Microbiology & Biotechnology, 25, 1136—1145.

Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K. & Knight, R. (2012) Diversity, sta-
bility and resilience of the human gut microbiota. Nature, 489, 220-230.

Macfarlane, G.T. & Gibson, G.R. (1994) Metabolic activities of the normal colonic flora. In
Human Health — The Contribution of Microorganims (ed. S.A. Gibson), 17-52. Springer-
Verlag, London.

Malloy, K.J. & Powrie, F. (2011) Intestinal homeostasis and its breakdown in inflammatory bowel
disease. Nature, 474, 298-306.

Marchesi, J.R., Adams, D.H., Fava, F., Hermes, G.D.A., Hirschfield, G.M., Hold, G., Quraishi,
M.N., Kinross, J., Smidt, H., Tuohy, K.M., Thomas, L.V., Zoetendal, E.G. & Hart, A (2016).
The gut microbiota and host health: a new clinical frontier. Gut, 65, 330-339.

Mathias, A., Pais, B., Favre, L., Benyacoub, J. & Corthésy, B. (2014) Role of secretory IgA in the
mucosal sensing of commensal bacteria. Gut Microbes, 5, 688—695.

Mayer, E.A. (2011) Gut feelings: the emerging biology of gut-brain communication. Nature
Reviews Neuroscience, 12, 453—466.

Metchnikoff, E. (1907) The Prolongation of Human Life. Heinemann, London.

Moreau, M.C. (2000) Flore intestinale, prébiotique et effets sur la réponse immunitaire intestinale
a IgA (in French). Archives de Pediatre, 2000, 247-248.

Mykkanen, H., Laiho, K. & Salminen, S. (1998) Variation in faecal bacterial enzyme activities
and associations with bowel function and diet in elderly subjects. Journal of Applied
Microbiology, 85, 37-41.

Nyangale, E.P.,, Mottram, D.S. & Gibson, G.R. (2012) Gut microbial activity, implications for
health and disease: the potential role of metabolite analysis. Journal of Proteome Research, 11,
5573-5585.

Ojeda, P., Bobe, A., Dolan, K., Leone, V. & Martinez, K. (2016) Nutritional modulation of gut
microbiota — the impact on metabolic disease pathophysiology. Journal of Nutritional
Biochemistry, 28, 191-200.

O’Sullivan, O., Coakley, M., Lakshminarayanan, B., Conde, S., Claesson, M.J., Cusack, S.,
Fitzgerald, A.P., O’Toole, P.W., Stanton, C., Ross, R.P. & the ELDERMET Consortium (2013)
Alterations in intestinal microbiota of elderly Irish subjects post-antibiotic therapy. Journal of
Antimicrobial Chemotherapy, 68, 214-221.

Ouwehand, A.C., Forssten, S., Hibberd, A.A., Lyra, A. & Stahl, B. (2016) Probiotic approach to
prevent antibiotic resistance. Annals of Medicine, 48, 246-255.



14 Probiotic Dairy Products

Prosberg, M., Bendtsen, F., Vind, I, Petersen, A.M. & Gluud, L.L. (2016) The association between
the gut microbiota and the inflammatory bowel disease activity: a systematic review and meta-
analysis. Scandinavian Journal of Gastroenterology, 51, 1407-1415.

Qin, J., Li, R, Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., Nielsen, T., Pons, N.,
Levenez, F., Yamada, F., Yamada, T., Mende, D.R., Li, J., Xu, J., Li, S., Li, D., Cao, J., Wang,
B., Liang, H., Zheng, H., Xie, Y., Tap, J., Lepage, P., Bertalan, M., Batto, J-M., Hansen, T., Le
Paslier, Linnebberg, A., Nielseon, H.B, Pelletier, E., Renault, P., Sicheritz-Ponten, T., Turner,
K., Zhu, H., Yu, C., Li, S., Jian, M., Zhou, Y., Li, Y., Zhang, X., Li, S., Qin, N., Yang, H., Wang,
J., Brunak, S., Doré, J., Guarner, F., Kristiansen, K., Pedersen, O., Parkhill, J., Weissenbach, J.,
MetaHIT Consortium, Bork, P., Dusko Ehrlich, S. & Wang, J. (2010) A human gut microbial
gene catalogue established by metagenomic sequencing. Nature, 464, 59-65.

Reid, G. (2006) Probiotics to prevent the need for, and augment the use of, antibiotics. Canadian
Journal of Infectious Disease & Medical Microbiology, 17, 291-295.

Rodriguez, J.M., Murphy, K., Stanton, C., Ross, R.P., Kober, O.I., Juge, N., Avershina, E., Rudi,
K., Narbad, A., Jenmalm, M.C., Marchesi, J.R. & Collado, M.C. (2015) The composition of the
gut microbiota throughout life, with an emphasis on early life. Microbial Ecology in Health
and Disease, 26, 26050. http://dx.doi.org/10.3402/mehd.v26.26050

Rooks, M.G. & Garrett, W.S. (2016) Gut microbiota, metabolites and host immunity. Nature
Reviews Immunology, 16, 341-352.

Do Rosario, V.A., Fernandes, R. & Trindade, E.B. (2016) Vegetarian diets and gut microbiota:
important shifts in markers of metabolism and cardiovascular disease. Nutrition Reviews, 74,
444454,

Russell, WR., Gratz, S.W., Duncan, S.H., Holtrop, G., Ince, J., Scobbie, L., Duncan, G., Johnstone,
A.M., Lobley, G.E., Wallace, R.J., Duthie, G.G. & Flint, H.J. (2011) High-protein, reduced-
carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic
health. American Journal of Clinical Nutrition, 93, 1062-1072.

Russell, W.R., Hoyles, L., Flint, H.J. & Dumas, M.E. (2013) Colonic bacterial metabolites and
human health. Current Opinions in Microbiology, 16, 246-254.

Rutayisire, E., Huang, K., Liu, Y. & Tao, F. (2016) The mode of delivery affects the diversity and
colonization pattern of the gut microbiota during the first year of infants’ life: a systematic
review. BMC Gastroenterology 16, 86. doi:10.1186/s12876-016-0498-0

Salminen, S., Bouley, C., Boutron-Ruault, M.C., Cummings, J.H., Franck, A., Gibson, G.R.,
Isolauri, E., Moreau, M.C., Roberfroid, M.B. & Rowland, I.R. (1998) Functional food science
and gastrointestinal physiology and function. British Journal of Nutrition, 80, S147-S171.

Sanford, P.A. (1992) Digestive System Physiology, 2nd ed. Physiological Principles in Medicine
series (series eds. M. Hobsley, K.B. Saunders & J.T. Fitzsimons). Edward Arnold, London.

Savage, D.C., Dubos, R. & Schaedler, R.W. (1968) The gastrointestinal epithelium and its autoch-
thonous bacterial flora. Journal of Experimental Medicine, 127, 67-76.

Scott, K.P., Gratz, S.W., Sheridan, P.O., Flint, H.J. & Duncan, S.H. (2012) The influence of diet
on the gut microbiota. Pharmacological Research, 69, 52—60.

Shanahan, F. (2013) The colonic microbiota in health and disease. Current Opinion in
Gastroenterology, 29, 49-54.

Smilowitz, J.T., Lebrilla, C.B., Mills, D.A., German, J.B. & Freeman, S.L. (2014) Breast milk
oligosaccharides: structure-function relationships in the neonate. Annual Reviews in Nutrition,
34, 143-169.

Sokol, H., Seksik, P., Furet, J.P., Firmesse, O., Nion-Larmurier, 1., Beaugerie, L., Cosnes, J.,
Corthier, G., Marteau, P. & Doré, J. (2009) Low counts of Faecalibacterium prausnitzii in
colitis microbiota. Inflammatory Bowel Disease, 15, 1183-1189.

Thomas, L.V. (2016) The gut microbiota and the role of probiotics in children. In Probiotics and
Children (eds. M. Manfredi & G. Luigi de’ Angelis), 1-29. Nova Science Publishers Inc., New York.



Microbiota of the Human Gut 15

Thomas, L.V., Ockhuizen, T. & Suzuki, K. (2014) Exploring the influence of the gut microbiota
and probiotics on health. British Journal of Nutrition, 112, S1-S18.

Tojo, R., Sudrez, A., Clemente, M.G., de los Reyes-Gavildn, C.G., Margolles, A., Gueimonde, M.
& Ruas-Madiedo, P. (2014) Intestinal microbiota in health and disease: role of bifidobacteria
in gut homeostasis. World Journal of Gastroenterology, 20, 15163-15176.

Turnbaugh, PJ., Ley, R.E., Hamady, M., Fraser-Liggett, C.M., Knight, R. & Gordon, J.I. (2007)
The Human Microbiome Project. Nature, 449, 804-810. doi:10.1038/nature06244

Van Tongeren, S.P., Slaets, J.P., Harmsen, H.J. & Welling, G.W. (2005) Fecal microbiota compo-
sition and frailty. Applied & Environmental Microbiology, 71, 6438—6442.

Wade, W.G. (2013) The oral microbiome in health and disease. Pharmacological Research, 69,
137-143.

Wang, X., Yang, Y. & Huycke, M.M. (2015) Commensal bacteria drive endogenous transforma-
tion and tumour stem cell marker expression through a bystander effect. Gut, 64, 459-468.
Willis, C.L., Gibson, G.R., Holt, J., Atherton, S. & Allison, C. (1999) Negative correlation
between oral malodour and numbers and activities of sulphate-reducing bacteria in the human

mouth. Archives of Oral Biology, 44, 665-670.

Wong, J.M., de Souza, R., Kendall, C.W., Emam, A. & Jenkins, D.J. (2006) Colonic health: fer-
mentation and short chain fatty acids. Journal of Clinical Gastroenterology, 40, 235-243.

Wu, S., Rhee, K.J., Albesiano, E., Rabizadeh, S., Wu, X., Yen, H.R., Huso, D.L., Brancati, F.L.,
Wick, E., McAllister, F., Housseau, F., Pardoll, D.M. & Sears, C.L. (2009) A human colonic
commensal promotes colon tumorigenesis via activation of T helper type 17T cell responses.
Nature Medicine, 15, 1016-1022.

Wu, G.D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y.-Y., Keilbaugh, S.A., Bewtra, M.,
Knights, D., Walters, W.A., Knight, R., Sinha, R., Gilroy, E., Gupta, K., Baldassano, R., Nessel,
L., Li, H., Bushman, FED. & Lewis, J.D. (2011) Linking long-term dietary patterns with gut
microbial enterotypes. Science, 334, 105-108.

Zhang, L. (2013) The gut microbiota and obesity: from correlation to causality. Nature Reviews
Microbiology, 11, 639-647.

Zoetendal, E.G., Akkermans, A.D.L., Akkermans van Vliet, W.M., de Visser, R.A.G.M. & de Vos,
W.M. (2001) The host genotype affects the bacterial community in the human gastrointestinal
tract. Microbial Ecology in Health and Disease, 13, 129-134.



2 Probiotics: The First 10000 Years

R. Levin

It can only be a matter of time, we shall obtain exact information on the influence
of diets which prevent intestinal putrefaction, prolong life and maintain the
body’s forces.

Metchnikoff (1907)

2.1 In the beginning

Milk is not only an important food for humans, it is the first food of infants. It is believed
humans began domesticating animals somewhere between 8000 BC and 5000 BC. Not
long after, it must have been realised that the milk of other animals was just as able as
human milk to satisfy the nutritional, energy and fluid needs of both adults and children.
Moreover, early humans must have soon discovered that, whereas milk normally has a
short life, under certain conditions, it forms curds with an extended shelf-life.

Probiotics in the form of fermented milk products have been in regular and continu-
ous use as a source of nutrition and, unknowingly, for health and well-being, since time
immemorial. Indeed, early evidence comes from a sculptured relief found at Tel Ubaid
in ancient Babylon that appears to depict the production of cultured milk products for
food some 8000 years ago. Milk is also mentioned in the Old Testament several times:
when three angels visited Abraham, he asked Sarah to bake bread and he brought curds
and milk (Genesis 18:7). This could be the first record of processed foods containing
living micro-organisms, but the Vedic Hymns of India, written before 2000 BC, also
reveal that Hindu people used fermented milk in their diet (Kroger et al., 1989).
Sumerians also crossed expanses of desert with milk carried in bags made from sheep’s
stomach where bacteria fermented the milk to curd, improving its flavour and keeping
qualities. Hippocrates named milk as both a food and a medicine for curing stomach
disorders. Plinius, the Roman historian, also recorded that fermented milk was used for
stomach disorders. Since earliest times, many Nomadic and semi-Nomadic tribes have
produced sour milk because of its improved keeping qualities. The best known of these
are Kefir, Leben, Koumiss and Matsun (known also as Mazoor, Mazun, Matsoni or
Madzoon). In the eleventh century AD, Yuseuf Has Hajib recorded the use of yoghurt by
ancient Turks in his book ‘Kutadgu Bilig’.

Probiotic Dairy Products, Second Edition. Edited by Adnan Y. Tamime and Linda V. Thomas.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.



18 Probiotic Dairy Products

The earliest of these milk beverages were probably produced because of spontaneous
fermentation by miscellaneous bacteria that contaminated the goat skin bags carried by
nomadic peoples, such as the Bulgars, who migrated from Asia to Europe in the second
century AD, eventually settling in the Balkans. Many of today’s traditional fermented
drinks came from the Asian nomads, since fermented milks (together with animal meats)
comprised their main nutritional and energy source. Nomads of Central Asia produced
a variety of fermented milks, influenced by the animals they bred. Milk from at least
eight species of domestic mammals (cow, buffalo, sheep, goat, horse, camel, yak and
zebu) has been used to make traditional fermented milk products for human consump-
tion. The following are details of nomadic beverages taken from descriptions given by
Douglas (1911).

o Kefir has been used in the Caucasus for about as long as Koumiss has been used in
the steppes. It differs in that it is prepared from the milk of sheep, goat or cow. The
process is started with the addition of kefir grains to the milk contained in ‘leath-
ern’ bottles. The grains are small solid kernels, kept by families and handed down
from one generation to the next. They were described as a ‘zoogloea’ composed of
bacilli and yeast, the latter being Saccharomyces cerevisiae (Kern, 1881). After
the grains were added to the ‘leathern’ vessels containing the milk, in summer
fermentation would proceed to completion in cool chambers for 1-2 days. During
winter, the vessels would be placed in the sunshine at about ~16 to 18 °C. Agitation
of the process would be supplied in the form of kicks from passers-by or children
at play.

e Koumiss, thought by some to be the greatest of all the fermented milks, is made
from mare’s milk. It has been celebrated since ancient times as the principal food of
the wandering tribes of Bashkirs, Kalmucks and Tartars who inhabit the steppes of
European Russia and plains of West and Central Asia. Dr John Grieve, a surgeon in
the Russian Army in 1784, sent a description of it to The Royal Society of Edinburgh
(of which he was a member), entitled ‘Method of Making Wine called by the Tartars
Koumiss, with Observations on its Use as a Medicine’. This resulted in the establish-
ment of sanatoria at Samura and elsewhere in Russia, which ‘successfully’ treated
pulmonary consumption.

e Leben is a soured milk product associated with Middle Eastern countries, prepared
from the milk of buffalo, cow and goat. It is prepared by adding fermented milk
from the previous preparation to boiled fresh milk. The fermentation is rapid,
finishing in ~6h.

e Arka is a strong alcoholic beverage prepared by the Tartar and Burgaten tribes by
distillation of fermented milk. It contains 7-8 g 100 mL" alcohol and also volatile
fatty acids.

e Matzun is a drink mainly found in West Asia, prepared from buffalo, goat or cow
milk and partly used for butter making. It is prepared in the Caucasus, using a simi-
lar procedure as that for Kefir.

e Yoghurt is related to Matzun and Leben. After boiling to concentrate the milk, it is
inoculated with a small quantity of an old culture, then allowed to ferment at a com-
paratively higher temperature.
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These practices still continue in some isolated mountain and desert areas of Asia and
Africa. It was in the fifteenth century AD that the science behind fermentation began to
be elucidated. Girolamo Fracastoro (1478-1553), an Italian physician and professor at
the University of Padua, was possibly the first to propose that epidemic diseases are
caused by external factors. He conceived the possibility that tiny transferable particles
could transmit disease by direct or indirect contact, or even without contact, over long
distances, but he did not anticipate that such tiny particles would be living entities. This
hypothesis persisted for three centuries until Louis Pasteur revealed their true nature
(Pasteur, 1878). Meanwhile, in about 1590, two Dutch spectacle makers discovered that
when two lenses were placed in a tube, nearby objects appeared greatly enlarged. One
century later, Anton van Leeuwenhoek, also from Holland, while working in a store
where magnifying glasses were used to count the threads on cloth, taught himself meth-
ods of grinding tiny lenses to great curvature for higher magnification. Two of these,
placed in a tube, led to his first microscope and the consequent first visualisation of
bacteria, yeasts and blood corpuscles upon which his fame became based. He reported
his findings meticulously in more than one hundred letters to the Royal Society in
London and the French Academy in Paris.

2.2 The intervention of science

The first major discovery in bacteriology was by French chemist Louis Pasteur
(1822-1895) who, using a microscope, revealed that the cause of spoilage in local beer,
wine and milk was microbial contamination. He and Claude Bernard went on to invent
a process in which milk was heated to kill most of any bacteria and moulds present,
completing its first test in April 1862. The process duly became known as pasteurisa-
tion. On becoming Professor of Chemistry at the University of Strasbourg in 1849,
Pasteur married the daughter of the university’s rector and together they had five
children, but only two survived to adulthood, the others succumbing to typhoid. These
personal losses undoubtedly inspired Pasteur to seek cures for deadly microbial diseases,
such as typhoid. Convinced from his contaminated beverage studies that animals and
humans could be similarly afflicted by disease causing micro-organisms, he formally
presented the evidence for his Germ Theory of Disease in 1878, for which he would
subsequently be awarded the Nobel Prize for Medicine. Pasteur is now recognised as
one of the founders of preventative medicine.

Fresh milk can turn sour within hours, but fermented milks (e.g. yoghurt) last
much longer and, moreover, are characterised by the presence of microbial metabo-
lites that, fortunately, render the product pleasant to taste. The sensory properties of
fermented milks (taste, aroma and viscosity) are all the direct result of specific
bacterial action. Pasteur’s publication of his Germ Theory of Disease prompted and
coincided with an intensive period of progress in the scientific study of milk. The
dairy industry appeared to have captured the attention of scientific investigators
throughout the world, but especially in the Pasteur Institute in Paris. A wholly unex-
pected and very close relationship between milk, intestinal disease and longevity
then began to emerge.
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2.3 A remarkable sequence of important discoveries

The sequence of discoveries that ultimately led Metchnikoff to his lactic microbe
hypothesis was as follows:

Senator (1868) declared that the decomposition of protein within the alimentary
tract under normal conditions results in the formation of substances toxic to the host.
Billroth (1874) was credited with being the first to observe that the meconium of the
new-born infant is sterile. This was later confirmed by other researchers between
1880 and 1900.

Bouchard (1884) elaborated the theory of intestinal intoxication in which he claimed
that the amount of putrefactive products eliminated in urine was a measure of intes-
tinal putrefaction, calling his measurements ‘urotoxic coefficients’.

Ortweiller (1886) demonstrated that the administration of certain carbohydrates
tended to lessen putrefaction in the digestive tract.

Hirschler (1886) was the first to observe that feeding particular carbohydrates, such
as sucrose, lactose, dextrin and starch, as well as alcohol and glycerol, has an inhibi-
tory effect on intestinal putrefaction.

Escherich (1886) was a pioneer paediatrician, who devoted himself to improving
child-care, particularly with regard to infant hygiene and nutrition, and he published
his extensive systematic study of the microbes in infants’ ‘dejecta’, in both health and
disease states. He noted a predominance of Gram-positive rods, but (surprisingly)
failed to isolate the two species that were soon to generate considerable and continu-
ous interest, which were then known as ‘Bacillus bidifus’ (presumed to be Lactobacillus
bifidus and later renamed as Bifidobacterium bifidum) and ‘Bacillus acidophilus’
(presumed to be Lactobacillus acidophilus). Nevertheless, the quality of his study and
his monograph on the relationship of intestinal bacteria to the physiology of digestion
in the infant established him as the leading bacteriologist in the field of paediatrics. In
1919, Bacterium coli was renamed Escherichia coli, after its discoverer.

Poehl (1887) noted that ingestion of soured milk tended to decrease the undesirable
products of protein decomposition by bacteria. This was confirmed by other
researchers between 1887 and 1903.

Doderlein (1892) reported that vaginal lactobacilli were much depleted in numbers
in women with vaginitis; he was probably the first to suggest a potentially beneficial
role for lactic acid bacteria in the treatment of vaginitis.

Grigoroff (1905), a Bulgarian postgraduate at Geneva University, was aware of the
number of centenarians to be found in Bulgaria, a region in which yoghurt, a soured
milk, was a staple food. Working with Professor Massol at Geneva University, he
isolated several microbes from ‘podkvassa’ starter used for the production of
Bulgarian yoghurt. Among these was a very active lactic acid-producing species that
he called ‘Lactobacillus bulgaricus’ (presumed to be Lactobacillus delbrueckii
subsp. bulgaricus). Another species he found in the starter, Streptococcus thermo-
philus, received no attention as it was then considered to be a pathogen. Specimens
of the lactic acid-producing cultures were sent, at Metchnikoff’s request, to the
Pasteur Institute, where they were further investigated by Ddderlein and Michelson
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(Cohendy, 1906a). Further investigations at the Pasteur chemical laboratories were
conducted by Bertrand and Weisweiler (1906), who found it to be an extremely
active producer of lactic acid, producing 25 gL' milk. Fortunately, it produced no
alcohol or acetone, two other by-products of fermentation. All these qualities made
the ‘Bulgarian bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) appear
the ideal microbe to colonise the digestive tract for the purpose of ‘arresting putre-
faction and pernicious fermentations’.

e Solukha (1896) further researched the effects of specific milk components on the
reduction of intestinal putrefaction, concluding that lactose inhibited putrefaction
when given orally.

e Tissier (1900), who worked at the Pasteur Institute, was the first to note that Y-
shaped “bifid” bacteria were predominant in the faeces of new-born breastfed babies.

e Moro (1900) revealed a predominance of a distinctive, highly acidic, gut bacillus in
the intestinal tract of breast milk-fed babies, which he accordingly named B. acido-
philus’ (presumed to be Lb. acidophilus).

o Tissier and Martelly (1902) believed that the chief agent responsible for the inhibi-
tion of the putrefying bacteria was the lactic acid produced by such bacteria.

e Bienstock (1902) reported that certain microbes, which sour milk by the production
of lactic acid, hinder putrefaction of milk.

o Tissier & Gasching (1903) demonstrated that acid-producing bacteria were able, in
a sugar-containing medium, to arrest the growth of putrefactive organisms.

o  Weiss (1904) demonstrated the presence of large numbers of B. acidophilus (pre-
sumed to be Lb. acidophilus) in the human intestine after milk was consumed.

e Cohendy (1906b) reported treating two men and two women with 250 mL of a milk
culture of the ‘Bul. bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus). The
organisms could be recovered from the faeces in considerable numbers from the
third to fifth days, as well as every day thereafter for 24 days. Prior to this admini-
stration, no ‘Bul. bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus)
appeared in any pre-treatment faecal specimens. In a separate study, Cohendy
(1906a) administered 250 mL of a 24 h milk culture of the bacteria to himself for
5 months and to 30 others for 7 months. He reported evidence of disinfection of the
intestines after seven days, together with stool deodorisation and easier evacuation
of stools. Absence of putrefaction persisted 2 weeks after cessation of treatment.

2.4 Could disinfection be the solution?

Having established a relationship between intestinal bacteria and putrefaction, efforts
were made to eliminate putrefaction by disinfecting the intestines. Bouchard (1887),
who was regarded as the pioneer, administered charcoal, naphthalene or iodoform and
observed a reduction in toxicity of the stool and urine. Wassilieff (1882) claimed that
calomel reduced the number of intestinal micro-organisms, and Rovighi (1892)
employed turpentine, camphor, menthol and boric acid with moderate success. Many
more attempts were made until 1912, when the use of intestinal disinfectants was finally
accepted to be impractical.
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Many scientists tried to quantify the enormous number of bacteria in the intestine of
humans and animals. Eberle (1896), Klein (1900) and Hehewerth (1900) tried direct
microscopic counting. Winterberg (1898) used the Thoma—Zeiss blood counting cham-
ber for the first time, while Strasburger (1902) resorted to the gravimetric method, which
proved efficient, and calculated that a healthy adult daily excretes about 8 g dry weight
of dried bacteria or 128 trillion cells. Others used plate culture and other methods to
estimate the total number of bacteria in the faeces.

2.5 On the cusp of a major breakthrough

In a remote village near Kharkov, which was within the Russian Empire in 1845 but is
now in Ukraine, a child was born into the family of a semi-retired officer of the Russian
Imperial Guard and his reputedly beautiful and intelligent wife, the daughter of a
Russian Jewish author. The infant, Ilya (later changed to Elie) Metchnikoff, would
become an internationally recognised scientist, as well as becoming the principal figure
in the probiotic story to date (Figure 2.1). By the age of eight, he had developed an inter-
est in collecting and studying plant and insect life. At the age of 11, he attended the
Lycée in nearby Kharkov where he was first introduced to the world of microscopic

Figure 2.1 Elie Metchnikoff (1894-1916) in front of a conventional light microscope. Reproduced
with permission of the Wellcome Photo Library.
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biology. His time there spanned a period of intense scientific activity, especially in the
fields of biological and microbiological science. In 1862, the publication of Darwin’s
‘Origin of the Species’ excited the young Metchnikoff, as well as stimulating much
argument among biologists and theologians.

His mother, with whom he maintained a close attachment until her death in 1889,
persuaded him against studying medicine. Instead he chose natural sciences and marine
zoology, a decision that was to have profound and lasting effects in the worlds of medi-
cine and microbiology. The larvae of the humble starfish became a focus of his investi-
gations, where he first noted the presence of mobile cells that engulfed and apparently
digested bacteria, thereby preventing them from threatening the host organism. This led
to the Nobel Prize-winning concept of phagocytosis, a concept totally at variance with
the belief held by most pathologists at the time (Tauber, 1992).

In 1889, following a visit to Louis Pasteur, Metchnikoff joined the Pasteur Institute
in Paris where he initiated his studies with fermented milk. In 1895, following Pasteur’s
death, he was named Director of the Pasteur Institute. At the turn of the twentieth cen-
tury and following the general acceptance of his phagocytosis theory, Metchnikoff
turned to investigating the mechanisms of ageing, influenced no doubt by Darwin’s
theory of organ and tissue adaptation. The fact that he himself was approaching 60 may
also have played a part. He became convinced not only that the large intestine and its
massive bacterial population were obsolete, but also that its population contained vast
numbers of proteolytic organisms. These, he believed, were constantly producing toxic
metabolites that were absorbed systemically by the host, acting as accumulative poisons
and accelerating the ageing process. He proposed to fight these by introducing an oppos-
ing force: lactic acid-producing bacilli. This original approach would involve oral
administration of living cultures of the bacilli suspended in milk. The bacteria would
ferment milk carbohydrates, such as lactose, into lactic acid, thereby causing a fall in
pH. The resulting soured, acidic milk would, he believed, be unsuitable for the contin-
ued survival and multiplication of any putrefactive organisms present in the intestines.

His first public presentation of this hypothesis was a Wilde Lecture given to an audi-
ence in Manchester in 1901, entitled ‘Flora and the Human Body’. The hypothesis then
played a significant role in two of his books: ‘Nature of Man’ in 1903 followed by
‘Prolongation of Life’ (Metchnikoff, 1907). Praise began to be heaped on him when the
latter was translated into English and favourably reviewed in Harper magazine. In 1911,
The Independent named him one of “Twelve Major Prophets of Today’ (along with H.G.
Wells, G.B. Shaw and nine others), and the lead story in the 13 July 1912 issue of
Scientific American was entitled ‘Professor Elie Metchnikoff: The Most Distinguished
of Living Bacteriologists’.

Metchnikoff planned his research along two routes: (a) to investigate the role of the
intestinal microbiota as chronic intoxicants, and (b) to study tissues that show prominent
changes with advancing age, such as hair and skin. It was his belief that the application
of science could extend the normal life span to 100 to 120 years. To achieve this, he
proposed to strengthen beneficial cells within the body and transform the ‘wild’ intesti-
nal bacteria by the introduction of useful and harmless acid-producing bacteria. This
belief was backed by correspondence from contacts in Asia and Africa, describing the
apparent longevity of ‘well preserved natives’, who showed few signs of senility and
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consumed soured milk as a major part of their diet. He was also aware of certain excep-
tionally long-living populations in Bulgaria and the Russian Steppes, who existed
largely on sour milk. In order to test his lactic acid hypothesis, however, he needed lactic
acid-producing bacteria that were safe to administer, stable, harmless, accessible and
beneficial. Possibly at Metchnikoff’s request, his colleague in the Pasteur laboratories,
Cohendy (1906a, 1906b), had been conducting a series of feeding studies which involved
a milk-based culture of the Bulgarian sourced lactic acid bacteria, after he had ascer-
tained that it passed safely through the digestive tract to reach the colon to live there on
a permanent or semi-permanent basis. He found this a very powerful lactic ferment,
naming it ‘Bul. bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) and noting
evidence of reduced putrefaction and greater ease of evacuation. Tested in the Pasteur
chemistry laboratory, it had proved to be an extremely active producer of lactic acid,
producing 25 gL' of milk.

All these and other qualities commended the ‘Bul. bacillus’ (presumed to be Lb.
delbrueckii subsp. bulgaricus) to Metchnikoff as the most useful method for preventing
putrefaction and pernicious fermentation in the gut. In practice, however, he preferred to
use another lactic acid-producing microbe known as ‘paralactic bacillus’ (presumed to
be Lb. delbrueckii subsp. bulgaricus) because, although it produced less acid, this strain
prevented the breakup of fats and gave the curdled milk a pleasant flavour. For more
than eight years, Metchnikoff experimented on himself by taking it as a regular part of
his diet. The soured milk was prepared from boiled milk, which after rapid cooling was
inoculated with the mixed lactic bacilli. The resulting fermentation took a few hours,
depending on the ambient temperature. Prepared according to his recipe, the milk
provided about 10 gL' of lactic acid. He consumed 300-500 mL daily; when his health
appeared to benefit, his friends followed his example and soon physicians were
prescribing this sour milk for their patients.

In the concluding remarks of his ‘Prolongation of Life’ thesis, Metchnikoff (1907)
commented:

if it be true that our unhappy and precocious old age is due to poisoning of the tissues, it is
clear that agents which arrest intestinal putrefaction must at the same time postpone and
ameliorate old age. It can only be in the future, near or remote, we shall obtain exact infor-
mation upon what is one of the chief problems of humanity. In the meantime, those who
wish to preserve their intelligence as long as possible and make their life as complete and
normal as possible, must depend on general sobriety and on habits conforming to the rules
of rational hygiene.

Demand for his sour milk became so great that the Pasteur Institute began selling
cultures. The market was soon flooded with commercial products claiming to contain
the ‘Bul. bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus), including one by
a company named Le Ferment sold under the trade name ‘Lactobacilline’, the label of
which, much to his annoyance, bore the name of Professor Metchnikoff. The outbreak
of World War I (WWI) and the German occupation of Paris brought an end to
Metchnikoff’s research, although he continued working at the Institute on problems
related to soldiers’ health. He died of heart failure in 1916 at the (then) ripe old age of
71. A scientist to the end, his final words to his friend Dr Salimbeni were to ask him to
conduct his post mortem and to look carefully at the intestines.
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Mechnikoff’s achievements were recognised by numerous honours, including The
Royal Society’s most prestigious prize, the Copley Medal, in 1906. It is also worth men-
tioning that, prior to developing his lactic acid hypothesis, Metchnikoff had regarded the
large intestine as a disused organ, best surgically removed. This approach appealed to
Sir Arbuthnot Lane, a distinguished surgeon, who began performing colectomies. He
appears to have continued this procedure in spite of a 50% fatality rate, but it eventually
prompted a debate on alimentary toxaemia at the Royal Society of Medicine in 1913,
during which Lane’s ideas were comprehensively dismissed and from which Lane is
reported to have “driven away crushed” (Hamilton-Miller, 2008).

2.6 The urge for progress switches to the USA (1914-1931)

Following receipt of a doctorate degree from the Department of Physiology and
Physiological Chemistry at Yale University, in 1902, Leo Fredrick Rettger chose to pur-
sue his career in what was then a comparatively young science: bacteriology. Fifteen
years later, as Professor of Bacteriology at Yale, he delivered the Presidential Address to
the Society of American Bacteriologists in which he expressed a hope of bacteriology
becoming a wholly independent science. Author of the first scientific paper to be pub-
lished in the Journal of Bacteriology, he lived to see his hope realised.

According to Rettger et al. (1935), no aspect of modern bacteriology received more
research attention than the bacteriology of the digestive tract. He was undoubtedly the
most prolific researcher in the immediate post-WWTI era to study bacterial implantation
in the intestines for therapeutic purposes. Much of this work, which was almost continu-
ous over three decades, was prompted by the discovery by others that ‘B. acidophilus’
(presumed to be Lb. acidophilus) was a normal resident in the large intestine and, there-
fore, more likely to be successfully implanted there (Rotch & Kendall, 1911). During
the first decade of the twentieth century, most investigators confirmed Metchnikoff’s
claim that the ‘Bul. bacillus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) could
be implanted in the human intestine; however, in the second decade, Hull & Rettger
(1917) and many others all failed to achieve this. Luerssen & Kuhn (1908) and Spiegel
(1911) found a decided lack of evidence for the benefits of the ‘Bacillus bulgaricus’
(presumed to be Lb. delbrueckii subsp. bulgaricus) milk and tablets. In addition, Distaso
& Schiller (1914) concluded that the implantation of this organism in the intestines was
impossible. Rettger & Cheplin (1921a) eventually concluded that the reason why inges-
tion of milk soured with ‘B. bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulga-
ricus) appeared to Metchnikoff to have such a marked transforming influence on the
intestinal flora (now known as microbiota) was that, on examining the stool, what
appeared at first sight to be ‘B. bulgaricus’ (presumed to be Lb. delbrueckii subsp. bul-
garicus), was, in fact, the almost indistinguishable, normally resident, ‘B. acidophilus’
(presumed to be Lb. acidophilus), invigorated by the lactose present in the milk. This
conclusion was claimed to substantiate reports of beneficial effects from feeding lactose
and milk to typhoid fever patients by Torrey (1915), who also demonstrated that admin-
istering a high lactose-containing diet suppressed putrefying bacteria and favoured
the growth of ‘B. acidophilus’ (presumed to be Lb. acidophilus). Cheplin & Rettger
(1920) thought the explanation for this was that incompletely digested carbohydrate
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reaching the large intestine served as a readily available source of energy for these bac-
teria; therefore, they argued that the fundamental principle of Metchnikoft’s sour milk
therapy to transform the intestinal microbiota was justified. Hull & Rettger (1917)
claimed that lactose and dextrin preferentially favoured the growth of ‘B. acidophilus’
(presumed to be Lb. acidophilus) more than any other intestinal micro-organisms.

As early as 1915, Cheplin & Rettger (1920) had suggested that ‘B. acidophilus’
(presumed to be Lb. acidophilus) might work better than ‘B. bulgaricus’ (presumed to
be Lb. delbrueckii subsp. bulgaricus) and thereafter until 1932, having developed a
method for preparing acidophilus milk; however, Rettger er al. (1935) conducted a
series of clinical studies with it in a variety of intestinal conditions. In the first study
with 40 constipated patients, 32 (77.5%) showed positive effects from the treatment, and
of these, 27 (87%) continued to show no symptoms and maintained an intestinal micro-
biota with apparently high levels of ‘B. acidophilus’ (presumed to be Lb. acidophilus)
for 12-16 weeks following discontinuance of treatment. In a second study involving 17
patients with constipation and biliary symptoms, 13 (76.5%) responded favourably,
while four (23.5%) did not. Of the positive cases, nine (69%) became ‘implanters’. A
third investigation comprised eight patients with chronic ulcerative colitis and eight
patients with ‘mucous colitis’, of whom 75% and 87.5%, respectively, showed positive
effects. None of the 13 responders became ‘implanters’ (Rettger & Cheplin, 1921b).

The results of the clinical and bacteriological studies convinced the investigators that
this species, now known as Lb. acidophilus, was a significant factor in the successful
application of acidophilus milk in these cases. The investigations and methods with
detailed clinical results are fully described in a book by Rettger et al. (1935), in conclu-
sion of which they claimed:

on the basis of our clinical investigations, we feel justified in concluding that acidophilus
milk of high viability, given in massive quantities over relatively long periods, will, in the
majority of cases, be beneficial in relieving patients suffering from simple constipation,
constipation accompanied by biliary symptoms and idiopathic ulcerative colitis

They were pleased to report that their acidophilus milk was pleasant to taste and smell,
was not very acid and was stable. The curd was described as soft and of creamy consist-
ency, and easily prepared. They advised that pure strains of ‘B. acidophilus’ (presumed
to be Lb. acidophilus) should be used, which should be grown in milk kept at 35-37°C
sufficiently long enough to produce acidity and a soft curd within 24 h.

Also, Rettger et al. (1935) lamented the fact that as their acidophilus milk treatment
increased in popularity, the principle on which the therapy was based, namely massive
doses of the correct culture accompanied by large amounts of lactose in milk as the
vehicle, met with considerable abuse in the hands of the producers of acidophilus prod-
ucts and physicians. This undermined confidence in the principle. The market became
flooded with numerous ‘acidophilus’ products that, with few exceptions, belied the
labels. Few contained Lb. acidophilus or any other aciduric organism in appreciable
numbers, if at all, at the time of purchase. Others that boasted of cultures of high viability
contained, in place of the recommended intestinal species of Lactobacillus, strains
resembling common oral and dental species of the same genus. Furthermore, concentrates
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of the products were prescribed in such small doses that they would be ineffective, even
if they contained high numbers of viable bacteria. Such concentrates, however, found
willing advocates and buyers because they preferred a treatment in a vial, rather than
one supplied in a large volume.

Describing their clinical experiences with acidophilus milk, Griffith & Matt (1932)
stated that therapists and bacteriologists agreed that viable cultures of the Lb. acidophi-
lus bacteria in several types of vehicles, when administered in proper dosage to animals
and humans, were fully capable of implantation in the intestinal tract, with an eventual
transformation of the intestinal bacterial community from a proteolytic to an aciduric
predominance. Moreover, it was accepted by leading clinical researchers that this
benefited the average patient, particularly in the alleviation of constipation, as well as in
the treatment of diarrhoeas.

In 1921, Cannon (1921) confirmed the surprising observation by Torrey (1915) that,
whereas animal protein encourages putrefaction in the intestinal tract, ‘vegetable
proteins do not offer the slightest encouragement to the growth of the putrefactive intes-
tinal types of bacteria and, moreover, encourage the overgrowth of non-gas producing
acidic flora’.

Having noted from a survey of the then contemporary literature on Lb. acidophilus
and ‘Lb. bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) that the advo-
cates of each were still irreconcilable, Nicholas Kopeloff, a bacteriologist working at
the Pasteur Institute, undertook a series of human studies designed to resolve the dis-
pute. His objective was to establish whether either, both or neither was capable of being
implanted in the large intestine, and he was careful to ensure that the strain of ‘Lb.
bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) was Metchnikoft’s
original culture, while the Lb. acidophilus strain was that used by Kulp & Rettger
(1924), principal proponents of the argument. The survey checked the effects of both
strains for the treatment of constipation, and Kopeloff & Beerman (1925) concluded
the following:

e ‘Lactobacillus bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulgaricus) could
rarely, if ever, be implanted in the human intestine. In only one instance out of 12
was the strain recovered from faeces 2 weeks after the feeding of large quantities of
the bacteria.

e Lactobacillus acidophilus was recovered from the faeces of the same patients, in
large numbers, during the 2 weeks following feeding.

o Constipation was markedly alleviated by the administration of acidophilus milk,
whereas no improvement was recorded with ‘Lb. bulgaricus’ (presumed to be Lb.
delbrueckii subsp. bulgaricus).

Kopeloff & Beerman (1924) also investigated the influence of Lb. acidophilus on
the intestinal microbiota, following their earlier observations, and they concluded the
following aspects: (a) there was evidence to indicate that the ingestion of Lb. acidophi-
lus in large numbers transformed the intestinal microbiota from Gram-negative to
Gram-positive species, (b) the higher the percentage of viable Lb. acidophilus recovered
in faeces, the higher the number of normal defecations, plus the character of the faeces
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changed to become larger in quantity, a softer consistency and a lighter colour, (c) it was
possible to recover Lb. acidophilus from the faeces of patients long after treatment was
discontinued, and (d) Lb. acidophilus could be administered rectally in situations where
oral administration needed to be supplemented or was undesirable.

Fascinated by its potential, Kopeloff (1923) contemplated whether the action of Lb.
acidophilus was physical, mechanical or bacterial and, therefore, devised a series of
studies from which he finally concluded that the bacterium exerted the described effects
bacteriologically. His recommended daily dosage for treatment was one litre of acido-
philus milk containing approximately 200 million viable Lb. acidophilus mL™!, given in
two doses and accompanied by 100-300 g lactose.

According to Frost et al. (1931), numerous articles and two books appeared each year
between 1914 and 1930, mostly from scientists in the USA, all dealing exclusively with
‘B. acidophilus’ (presumed to be Lb. acidophilus). Among these were 18 articles and
one book reporting successful clinical results from such bacterium implantation in the
intestines. These led, once again, to a surge of commercial acidophilus milk products
being marketed. Concerned about the dubious quality of some of these, James (1927)
examined 107 samples purchased from retail stores, mostly pharmacies. Of these, 34
were in broth, 28 in milk cultures, 34 in tablets, three in powdered form and eight semi-
solid (bacteria suspended in solidified agar or petrolatum). Of the 107 samples, only 13
contained the species indicated on the label, in reasonably pure form and sufficient num-
bers; 15 contained pure cultures but in insufficient numbers to have any benefit. All the
others were ‘worthless’. As a consequence, in 1934, the American Medical Association
(AMA) Council of Chemistry & Pharmacy issued a specification requiring that
‘Acidophilus Milk’ must contain not less than 200 million viable cells mL" on the day
of manufacture and not less than 100 million cells mL~" on the date of expiry.

In the 1930s, Arthur Burke, Head of the Dairy Department of Alabama Polytechnic
Institute, published a book (‘Practical Manufacture of Cultured Milks and Kindred
Products’; Burke, 1938) which, according to its sub-title, provided ‘A complete and prac-
tical treatise on the manufacture of commercial cultured buttermilks of all types — lactic,
Bulgarian, Acidophilus, Kefir, Koumiss and yoghurt’. Kefir was manufactured and
marketed in Los Angeles in 1979 and in New Jersey in 1985 (Kroger et al., 1989).

2.7 Meanwhile, in Europe

In 1916, Isaac Carasso, a member of a prominent Sephardic Jewish family located in
Ottoman Salonica (now Greek Thessaloniki), concerned about the unrest in the Balkans
and the threat of an oncoming Greek army of occupation, decided to transfer his family
back to Barcelona, which his ancestors had been forced to leave in or about 1492. On
arrival, he was struck by how many children were suffering with intestinal infections.
Like everyone born in the Balkans, he knew that such children were treated with tradi-
tional yoghurt. Meanwhile, he had become aware of Metchnikoff’s work on the use of
lactic acid bacteria to prevent and treat intestinal infections. In 1919, he set up a small
laboratory to manufacture traditional yoghurt into which he introduced Metchnikoff’s
cultures (‘Lb. bulgaricus’ — presumed to be Lb. delbrueckii subsp. bulgaricus — and
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Streptococcus thermophilus), purchased from the Pasteur Institute. Unlike in the
Balkans, yoghurt was relatively unknown in Western Europe; therefore, Carasso decided
to market the product as a medicine, which he introduced to doctors and distributed
through pharmacies. Every morning, 400 porcelain pots containing his yoghurt were
delivered to pharmacies in Barcelona. News about the health benefits of the product was
spread by word of mouth, and the small porcelain pots became very successful in just a
few years. During this time, it became necessary to give the product a name, so Carasso
chose to call it Danone, being the diminutive for his young son Daniel. In due course,
Daniel was sent to the Pasteur Institute to take a course in intestinal bacteriology and
prepare him for his major role in the future development of what is now a highly suc-
cessful global company (Grimes, 2009).

In 1917 during WWI, the German officer and bacteriologist Alfred Nissle isolated a
strain of Escherichia coli from the stool of a soldier who, unlike his comrades, had sur-
vived an attack of Shigella dysentery. Impressed by this, Nissle cultured the organism
and went on to treat shigellosis and salmonellosis with significant success. The strain,
now designated E. coli Nissle, still used today, is a good example of a non-lactic acid-
producing probiotic. For obscure reasons, prospective, controlled clinical studies do not
appear to have been undertaken with the strain until the late 1990s and early 2000s.
Comparisons with mesalazine for the treatment of ulcerative colitis revealed the strain’s
efficacy to be similar to that of the standard pharmaceutical treatment (Jacobi &
Malfertheiner, 2011).

2.8 The ultimate breakthrough comes from Japan?

Coincidental with Cheplin & Rettger’s (1920) dismissal of Metchnikoff’s claims for
‘B. bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulgaricus), a young medical
student named Minoru Shirota (Figure 2.2), who had enrolled in Kyoto Imperial
University (now Kyoto University), Japan, in 1921, was excited by Metchnikoft’s thesis
and became convinced that a positive balance of the good bacteria in the gut was the
basis of a long and healthy life. He was also very concerned about the widespread loss
of life among children in Japan in the early 1900s, due to poor sanitary conditions and
accompanying infectious disease, and decided to direct his career towards preventative
medicine and microbiology. In 1924, he decided to dedicate his research to finding a
strain of Lactobacillus that would pass safely through the intestines to the colon, where
it could contribute positively to the balance of the gut microbiota. While still a student
in the Faculty of Medicine, he started his research in the Bacteriology Laboratory, ini-
tially with Metchnikoff’s ‘B. bulgaricus’ (presumed to be Lb. delbrueckii subsp. bulga-
ricus), hoping this would lead to a simple, inexpensive and easily administered method
of countering the effects of disease-producing bacteria. His early results were disap-
pointing, as he too found that the strain could not survive passage through the gut. Then
followed a meticulous screening of some 300 lactobacilli strains, looking for one or
more capable of maintaining viability through to the large intestine. From these, 18
promising candidates were selected, including one particularly robust strain of
Lactobacillus casei (then classified as Lb. acidophilus). The strain was later renamed
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Figure 2.2 Minoru Shirota (1899-1982) in front of an electron microscope. Reproduced with permis-
sion of Yakult Europe B.V., The Netherlands.

Lb. casei Shirota in his honour. According to Kyoto Professor Emeritus Nakaya, ‘Shirota
laboured hard to find a lactic acid producing bacteria which could survive passage
through the intestines. It took several years and intense passion’. Shirota was eventually
successful in the winter of 1930, the year in which he had received his doctor of medi-
cine degree (Anonymous, 2009).

Together with colleagues, in 1935, Shirota developed a milk-based suspension of his
strain, producing it in his clinic and distributing it from there. Writing in his news-sheet in
1937 and addressing would-be users of his product, he explained how his bacterium worked:

Following oral ingestion it decomposes sugars converted from food starch within the bowel
to yield lactic acid. If there are pathogenic bacteria in the bowel, they are immediately
inhibited or destroyed. Result — diseases like children’s dysentery, typhus and cholera can
be cured. At normal intestinal temperature a single bacterium divides every 17 minutes and
therefore increases to 160 million in 24 hours.

He continued, ‘readers may find it strange that the same product is effective against both
constipation and diarrhea’ (Shirota, 1937). His explanation was based on a study (pos-
sibly unpublished) by Matsuo and Yoshikawa of Kyoto University who had discovered
that ‘lactic acid slows small bowel peristalsis but speeds large bowel peristalsis’.
Demand grew to a point that it became necessary and desirable to scale up manufac-
ture and begin serious marketing and sales activities. Possessing a good business sense,
he set up a company to produce and market his product under the name ‘Yakult’. He
chose this name because of its similarity to the Esperanto word for yoghurt. Esperanto
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was an artificial language created by Zamenhof, a Polish ophthalmologist, in 1887; it
was based on a variety of different language roots and designed to provide a simple-to-
learn method of facilitating communication between peoples irrespective of their
national tongues. The name’s international implications probably appealed to Shirota.

To confirm that viable organisms of Lb. casei Shirota were reaching the large intes-
tine, Shirota had used microscopic examination and testing of stool samples; the gut
survival of this strain has since been confirmed in several human intervention studies
using more modern methods (Yuki et al., 1999; Tuohy et al., 2007). In addition, Shirota
conceived the idea of distributing his product by hand, in order to establish a personal
relationship with customers, and so he engaged the help of a handful of nurses. The
outbreak of WWII caused a lengthy interruption to his plan, but retaining his original
enthusiasm he soon re-started operations after the war, and by 1963 the scheme was suf-
ficiently successful for it to be extended. As of 2016, some 40 000 Yakult Ladies provide
a nationwide personal service in which the sale and distribution of the product are
accompanied by the provision of general health and lifestyle advice, especially to young
mothers. For this service, the Yakult Ladies are provided with a continuous training
programme (Ben & Soble, 2013).

Interest in the gut microbiota and probiotic research revived post-war, mainly due to
the discovery that antibiotic administration could stimulate the growth of animals and
the development of improved methods of rearing germ-free animals — both of which
underlined the need for better understanding of the composition of the gut microbiota
(Fuller, 1992). Pasteur had been the first to suggest a possible role for germ-free animals
in research, and Nuttal & Thierfelder (1895) had successfully reared guinea pigs com-
pletely free of microbes. The technique became available for research groups through-
out the world by the 1950s, helping to confirm Metchnikoff’s hypothesis that gut
bacteria could have an adverse effect on the host animals.

Another important contributor to the post-war revival of probiotic research was the
acceptance by relevant authorities of the granting of patent rights for novel probiotics
that were clearly identifiable and for hitherto unknown strains with special, desirable
features. This prompted commercial interest and substantial research investment into
discovering suitable bacterial strains. The most prolific patent assignees from 1950 to
2011 were Nestlé, Danisco, DSM, Unilever and Yakult, which were helped considerably
by the realisations during the 1950s to 1960s by scientists and nutritionists that the gut
played an important role in protecting the host (whether animal or human) against dis-
ease, that not all bacteria were bad and that many gut species were actually beneficial
(Anonymous, 2011). Not surprisingly, therefore, probiotic research carried out between
1950 and 1980 concentrated on screening for potential probiotics from strain collections
isolated from humans, animals or other natural sources. At the same time, scientists
began understanding how the gut bacteria interact with their hosts and inhibit
pathogens.

Important work was conducted in the 1950s by Bohnhoff et al. (1954) and Freter
(1955, 1956), who showed that the administration of antibiotics to animals killed poten-
tially beneficial commensal gut bacteria and rendered the animals much more suscepti-
ble to infection by Salmonella typhimurium and Shigella flexneri. In 1954, Vergin (1954)
proposed that antibiotic-induced dysbiosis could be reversed by a probiotic-rich diet;
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this suggestion is often cited as the first example of a probiotic application, as defined
in the 2000s. Further insights came from the discoveries that growth-promoting antibi-
otics given to chickens increased their susceptibility to salmonella colonisation of the
gut and, in human medicine, when it was found that antibiotic therapy could induce
diarrhoea including that caused by Clostridium difficile. If more evidence was needed,
this was provided by an animal study that showed a germ-free guinea pig could be killed
by ten cells of a Salmonella spp., but that it required 10° cells to kill a guinea pig with a
normal gut microbiota (Collins & Carter, 1978).

Animals obtain their protective microbiota from the mother, but modern perinatal care
practices used for farm and domesticated animals tend to restrict maternal contact and
may provide an unnatural pre-prepared diet and environment. This may affect the devel-
opment of the gut microbiota. In addition, concerns about the use of antibiotics in ani-
mals has led to the restriction on antibiotics as growth promoters to only those not used
clinically. In some countries (e.g. Sweden), restrictions have gone further with a ban on
any antibiotics being used as growth promoters. All of this has prompted interest in pro-
biotic use in animals, with research in the 1960s showing that Lactobacillus supplemen-
tation could stimulate growth in pigs (Kohler & Boehm, 1964). At that time, however,
antibiotics seemed the more effective way of promoting rapid weight gain, coupled with
lower feeding costs and earlier dispatch to the market. Probiotics failed to make an
impression until efficacy was shown and the implications of antibiotic usage in animals
emerged. Widespread evidence of resistance to antibiotic treatments in both animals and
humans began to appear, followed by legislation designed to restrict the liberal and often
inappropriate use of antibiotics. The problem was well illustrated in Canada, where the
pig industry was the country’s second largest agricultural export, contributing 42 000
jobs to the Ontario economy alone. Around 10-12% of pigs were dying before weaning,
50% through intestinal infections (Reid & Friendship, 2002). Antibiotics were clearly
not solving the problem and could well have been exacerbating it by disrupting the intes-
tinal microbiota, increasing infection susceptibility and permitting the emergence of
antibiotic-resistant pathogens. Thus, agricultural scientists and farmers began turning to
probiotics, with some marked success. In a comprehensive study of 296 strains of lactic
acid bacteria from the gut of 50 chicks, 77 were found to inhibit the growth of Salmonella
enteritidis and enteropathogenic E. coli (Carriga et al., 1998).

The carriage of E. coli 0157:H7 is particularly alarming in cattle. In a challenge
study screening 18 probiotic strains against this pathogen, the ability of E. coli 0157:H7
to colonise the gut was diminished, emphasising the importance of early gut colonisa-
tion by probiotics (Zhao et al., 1998). For probiotics to be universally accepted in the
farming industry, however, probiotic strains need to be carefully selected and
scientifically validated.

2.9 Conclusions

The emergence of a highly specific group of bacteria with important common health-
promoting properties owes its origin to Metchnikoff and his concept that installing
harmless lactic acid-producing bacteria into the intestines would suppress or prevent
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pathogenic invasion. Although his recommended strain for the purpose proved unable to
colonise the colon, the concept was carried forward with partial success, primarily by
Leo Rettger and colleagues at Yale University in the USA from 1912 to 1934, and then
with complete success by Minoru Shirota in Japan in 1930. Consolidation of this pro-
gress began in Europe in the 1970s and 1980s, and during this period, Parker (1974)
gave an identity to that small, remarkable, highly specific range of bacteria with impor-
tant common properties, by naming them ‘probiotics’. Currently, bacterial strains con-
sidered to meet the probiotic definition belong to several different species of lactobacilli
and bifidobacteria, as well as strains of E. coli, enterococci, streptococci, lactococci and
one yeast (Saccharomyces cerevisiae var. boulardii).

One of the most striking facts to emerge is the characteristic change in the intestinal
microbiota that occurs whenever milk constituted a large part of the diet. The beneficial
effects of milk in the treatment of various intestinal diseases has been known for some
time, but only comparatively recently has it been shown that the reduction in putrefac-
tive organisms and increase of beneficial Gram-positive bacterial species are partly due
to the lactose present in the milk.
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3 Genomic Characterisation of Starter
Cultures and Probiotic Bacteria

G.E. Felis, S. Torriani, A.B. Florez and B. Mayo

3.1 Introduction

The first publicly available genome sequence of a lactic acid bacterium strain com-
monly used as a starter in dairy fermentations is that of Lactococcus lactis subsp. lactis
1L.1403 (Bolotin et al., 2001). Since then, a huge number of genome sequences of starter
and probiotic lactic acid bacteria (LAB) has been determined. Indeed, genome sequenc-
ing has become the starting point of most microbial studies, since it can provide, at a
reasonable cost, the framework of the biology of any strain of interest. Comparative
genome analyses can provide insights into the genetic make-up, and thus the metabolic
potential, of the strains, as well as into many aspects of their genome evolution and
divergence. Furthermore, the sequencing of genomes can reveal horizontal gene transfer
(HGT) events between species and strains of starter and probiotic cultures.

Knowledge of the complete genome sequence is useful not only in discovering novel
genes and new properties, but also in determining the absence at the genetic level of
undesirable traits. In addition, it is of much help in characterising the variants of modi-
fied or improved strains for both cultures with a technological role (i.e. necessary/useful
for food fermentation processes) and a functional role (i.e. able to confer health benefits
to the consumer/host) (FAO/WHO, 2001; Hill ef al., 2014). Genome sequencing can
further allow precise identification down to the strain level, while providing strategies
for its specific detection and quantification: important aspects for commercially relevant
bacteria.

As an example, comparative sequence analysis led, at the beginning of this century, to
the recognition of clustered regularly interspaced short palindromic repeats (CRISPR) and
their CRISPR-associated (cas) genes (Jansen et al., 2002). In slightly longer than a dec-
ade, these rudimentary immune systems of bacteria have also been identified in several
industrial LAB strains (Horvath et al., 2009). CRISPR-cas systems seem to be related to
the prevention of lateral HGT processes which are involved in, for instance, phage resist-
ance (Barrangou & Horvath, 2012), and thus they are considered as desirable traits for
strain components of starter cultures. Moreover, CRISPR-cas loci could be used as a
strain-level identification tool (Barrangou & Horvath, 2012), and have become a method
for genome editing in a variety of genetic engineering applications (Barrangou, 2014).
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In general, comparative genomics (i.e. the comparison of genome sequence data for
many strains, which can be performed with dedicated software platforms and using
specific databases) is a very important strategy to reveal the peculiarities of specific
strains or groups of strains. Therefore, genome sequencing efforts continuing to date on
one hand might provide redundant information but, on the other hand, are necessary to
continuously improve our knowledge of microbial biodiversity.

Since the first edition of this book (Dellaglio et al., 2005), several important reports
have been published that have provided new data on genome analyses of strains of inter-
est for the food industry. First, in 2006, the comparative genomics of a bunch of LAB
strains belonging to several genera and species were published (Makarova et al., 2006)
and, more relevant for probiotics, the term ‘probiogenomics’ was introduced by Ventura
et al. (2009) to indicate that genome sequence analyses could provide insights into the
genetic background related to the beneficial properties of probiotic organisms (as dis-
cussed in this chapter); this has been further investigated by Lukjancenko ez al. (2011).
Genome-wide analyses can indeed provide scientists with clues about the genetic back-
ground of the ability of strains to sense and adapt to their ecological niche where they
exert specific functions (Siezen & Wilson, 2010), or it can reveal the genetic background
relating to physiological properties of specific interest for industrial applications, as in
the case of the proto-cooperation between Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus for yoghurt production (Hao et al., 2011). This approach
could be applied to all starter cultures (Garrigues et al., 2013), making it possible to
match the phenotypic properties and genetic make-up of strains, opening the way for
targeted strain improvements as well as being the basis for in-depth safety assessments.
In fact, the term ‘pangenomics’, namely the analysis of the pan-genome of a species that
is devised from the genome sequences of different strains of the same species (Medini
et al., 2005), implies the importance of comparative analyses. In this respect, the GOLD
database (i.e. the Genomes OnLine Database: http://www.genomesonline.org), currently
at its fifth version (Reddy et al., 2015), is like a gold mine, since it is a comprehensive
online and regularly updated resource, cataloguing and monitoring ongoing genome
studies worldwide. Information on genomes (and metagenomes) present in the database
is classified in a four-level system: (a) Studies: which group one or more related organ-
ism, (b) Biosamples: individual samples of genetic material, from which the organism
DNA has been isolated for downstream sequencing, and which are analogous to the
BioProjects in the National Center for Biotechnology Information (NCBI), (c) Sequencing
projects: the sequencing deliverables from the Biosamples, and (d) Analysis projects:
methods of data processing which are applied to sequencing projects (Reddy et al.,
2015), all in compliance with the indications of the Genomic Standards Consortium
about minimum information standards (Field et al., 2011; Yilmaz et al., 2011).

Performing a GOLD database search, when ‘food industry’ is selected among the
filters for the relevance of the study, the website (in October 2016) showed that 2578
sequencing projects were ongoing worldwide for 2537 organisms, mainly related to the
domain Bacteria.

Within bacteria, the most important species for dairy applications are of course LAB
strains belonging to the genera Lactococcus and Lactobacillus, together with the species
Str. thermophilus, which all belong to the phylum Firmicutes. Several LAB species also
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include probiotic strains, together with many strains of Bifidobacterium spp., this latter
genus belonging to the phylum Actinobacteria. This has led to the accumulation of
sequence data, details of which are shown in Table 3.1. It has to be pointed out that sup-
pliers of commercial and probiotic cultures around the world may have additional data
on larger numbers of industrial proprietary strains of these genera and species.

In the last 2 years, two important published papers have appeared reporting the
efforts to determine the genome sequences of the type strains of Bifidobacterium (Milani
et al., 2014) and Lactobacillus species (Sun et al., 2015), as well as LAB strains of

Table 3.1 Summary of genome sequences available to date for dairy starter cultures and probiotic
strains retrieved using species names as organisms’ names; Studies, Organisms, Sequencing projects
and Analysis projects correspond to the four-level classification system used in the GOLD database’
(see text for details).

Microbial species and subspecies Number Number of Sequencing  Analysis
of studies  micro-organisms projects projects
performed tested

Bifidobacteria

Bifidobacterium animalis subsp. animalis 26 192 35 28
and Bifidobacterium animalis subsp. lactis

Bifidobacterium bifidum 18 198 32 25
Bifidobacterium breve 22 185 42 35
Bifidobacterium longum subsp. longum and 40 439 107 75
Bifidobacterium longum subsp. infantis

Lactobacilli

Lactobacillus acidophilus 15 388 26 19
Lactobacillus casei 26 389 44 35
Lactobacillus delbrueckii subsp. delbrueckii, 20 837 30 29

Lactobacillus delbrueckii subsp. bulgaricus
and Lactobacillus delbrueckii subsp. lactis

Lactobacillus fermentum 17 400 20 17
Lactobacillus gasseri 12 361 26 17
Lactobacillus helveticus 19 297 30 22
Lactobacillus johnsonii 10 61 12 11
Lactobacillus paracasei 15 581 52 49
Lactobacillus plantarum 70 1106 118 100
Lactobacillus reuteri 15 184 20 17
Lactobacillus salivarius 18 119 20 15
Miscellaneous

Lactococcus lactis subsp. lactis and 53 1632 95 89
Lactococcus lactis subsp. cremoris

Streptococcus thermophilus 34 330 34 31

"https://gold.jgi.doe.gov.

Note: Data compiled from Reddy et al. (2015).
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Figure 3.1 Compass rose of different levels and aspects of knowledge provided by genome sequence
and data analysis.

related genera, including those relevant for dairy applications. This constitutes the
framework for genome-based analyses at various taxonomic levels and provides a refer-
ence scheme to investigate the physiology, biochemistry, evolution and diversity of
dairy-related starters and probiotics.

Since information on identification will be reported elsewhere in this book (see
Chapter 6), here we report on the insights obtained from genome sequence data, on
diversity and evolution at taxonomic ranks above the species level, as well as on safety
aspects and on specific technologically and functionally important features (Figure 3.1).

3.2 Genome sequencing and comparative genomics: insights into
evolution and adaptation to dairy environments

The most recent information gained from genome sequence analyses on the evolution
and adaptation to dairy environments of the main microbial genera and species will be
briefly reviewed. Due to the large amount of information available, an effort of synthesis
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and selection of information has been made. Information is structured following a taxo-
nomic framework and focusing mainly on Firmicutes first, which includes Lactococcus
lactis subsp. lactis and Lactococcus lactis subsp. cremoris, the most frequently employed
starter cultures, and Str. thermophilus, as well as lactobacilli, which could be used as
either starter, adjunct or probiotic cultures (Kelleher et al., 2015). Moreover, some infor-
mation on Actinobacteria, in particular bifidobacteria and dairy propionibacteria, will
be provided.

It can be emphasised that adaptation to milk, which is a nutritionally rich medium
containing carbohydrates, proteins, fats, vitamins and minerals at a neutral pH (Marshall,
1991), seems to have generally determined trends of loss or inactivation (mostly by
mutation) of genes encoding non-essential properties for growth in milk. The loss of
some phenotypic traits has further been complemented by the acquisition through hori-
zontal transfer of key genes coding for critical functions in the milk environment, for
example lactose and casein utilisation, phage resistance, exopolysaccharide (EPS) pro-
duction and so on.

3.2.1 Phylum Firmicutes

Family Streptococcaceae: Lactococcus and Streptococcus

The taxonomic family of Streptococcaceae includes the three genera Lactococcus,
Lactovum and Streptococcus, which share a high degree of sequence similarity (consid-
ering 16S rRNA gene sequences), and these can be found in a variety of environmental
niches, including the dairy-related environments (Cavanagh et al., 2015).

Lactococcus lactis spp. and Str. thermophilus constitute the most economically
important dairy species. Consequently, they have been investigated in several studies
from a genomic viewpoint; the impact of genome sequencing for the selection of dairy
starters in these two taxa has also been recently reviewed (Kelleher et al., 2015). A com-
mon element in industrial dairy Streptococcaceae genomes is the process of gene loss,
along with a relatively high percentage of pseudogenes caused by nonsense mutations,
deletions, truncations and/or frameshifts, which are thought to contribute to cell econ-
omy, and thus to milk adaptation (Cavanagh et al., 2015).

At present, 11 species are recognised in the genus Lactococcus (http://www.bacterio.
net/lactococcus.html). Of these, the most important is Lac. lactis spp., although taxonomi-
cally speaking, this species is divided into four subspecies: Lac. lactis subsp. cremoris,
Lac. lactis subsp. lactis, Lactococcus lactis subsp. hordniae and Lactococcus lactis subsp.
tructae (Pérez et al., 2011), with the former two being the only subspecies of commercial
relevance in the dairy industry. The evolution and adaptation of Lac. lactis strains to milk
have been recently reviewed by Cavanagh et al. (2015), and will be briefly updated here.
Besides Lac. lactis spp., there is a long list of newly described species, including
Lactococcus chungangensis, Lactococcus formosensis, Lactococcus fujiensis, Lactococcus
garvieae, Lactococcus hircilactis, Lactococcus laudensis, Lactococcus piscium,
Lactococcus plantarum, Lactococcus raffinolactis and Lactococcus taiwanensis.

Since October 2016, 85 genomes for different strains of Lac. lactis subsp. lactis and
Lac. lactis subsp. cremoris have been deposited in the GenBank database (https://www.
ncbi.nlm.nih.gov/genome/?term=Lactococcus+lactis). Genomes of lactococci are
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usually relatively small, ranging from ~2.2 to 2.5Mb (Kelleher et al., 2015), with a
protein-encoding gene content between ~ 2000 and ~2800 (Makarova et al., 2006). At
the genus level, the analysis of five Lac. lactis spp. genomes, 1 Lac. raffinolactis genome
and 19 Lac. garvieae genomes has shown that 70% of the genes of the latter species
were shared with other lactococci, constituting, most probably, the core genome of the
genus (Ferrario et al., 2013). In most strains, chromosomes are often complemented
by a large array of 47 plasmids (Kelleher et al., 2015). In fact, dairy lactococci of
industrial use are characterised by the presence of large plasmids carrying genes for
all pivotal properties of technological significance mentioned here (lactose utilisation
and casein breakdown, bacteriophage resistance etc.) (Siezen et al., 2005; Ainsworth
etal.,2014).

Dairy starters of Lac. lactis strains have been defined as ‘domesticated’ (Passerini
et al., 2010). Most probably, these domesticated strains derive from plant-associated
micro-organisms (Kelly et al., 2010) that became adapted to the dairy environment. In
fact, adaptation has led to a reductive evolution of their genomes, mainly with respect to
the biosynthesis of amino acids and the ability to ferment plant-derived carbohydrates
(Kelly et al., 2010; Cavanagh et al., 2015). Comparison of a dairy strain and a sourdough
strain, Lac. lactis subsp. lactis IL1403 versus Lac. lactis subsp. lactis A12, revealed that
about a quarter of the Lac. lactis subsp. lactis A12 genes were strain-specific and mainly
responsible for niche specialisation (Passerini et al., 2013), indicating the importance of
the ‘dispensable genome’ (i.e. of genes present only in a particular strain or group of
strains). These genes are most commonly associated with phages, transposons/mobile
elements and plasmids, and could be horizontally transferred, generating diversity within
the species. Interestingly, lactose utilisation and citrate metabolism (the latter is a char-
acteristic of Lactococcus lactis subsp. lactis biovar. diacetylactis) are plasmid-encoded
traits in Lac. lactis strains (Van Hylckama Vlieg et al., 2006; Kelleher et al., 2015). This
reductive evolution seems to be common not only to the other industrially important
dairy bacterium of the same taxonomic family, Str. thermophilus (Hols et al., 2005), but
also to Lb. delbrueckii subsp. bulgaricus (van de Guchte et al., 2000).

As already mentioned elsewhere, lactose utilisation in starter strains of Lac. lactis spp.
is plasmid encoded and could be unstable (Ainsworth et al., 2014). At least two alterna-
tives for lactose metabolism have been described in this species, showing that phenotypic
growth on lactose is not always exclusive of strains bearing a plasmid-encoded lac
operon. These alternatives can easily be revealed by whole genome sequencing, demon-
strating that this technique is more appropriate to completely characterise the strains
compared to gene-specific detection and analysis (Kelleher et al., 2015).

As for Str. thermophilus, to date 30 genome sequences are available in GenBank
(https://www.ncbi.nlm.nih.gov/genome/?term=Streptococcus+thermophilus), and the
species belongs to a genus which includes 85 species including several pathogens (http://
www.bacterio.net/streptococcus.html). In more detail, Str. thermophilus belongs to the
salivarius group of streptococci, which also includes Streptococcus salivarius and
Streptococcus vestibularis, two commensals that may occasionally cause opportunistic
infections in humans (Delorme et al., 2015). Despite the genetic relatedness of these
three species, they can be readily distinguished by multilocus sequence typing (MLST)
and comparative genome analysis. These techniques confirm the status of separate species
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for Str. thermophilus, which was temporarily classified as a subspecies of Str. salivarius
(Schleifer et al., 1991). In fact, according to recent genome analyses, Str. thermophilus
seems to have evolved relatively recently, from a common ancestor of Str. vestibularis, in
parallel with the development of the agriculture (Delorme ef al., 2015).

Streptococcus thermophilus also possesses a relatively small genome (about 1.7—
1.8 Mb), compared to strains of the other two species, and its genome is characterised
by a relatively high number of pseudogenes, which is in line with its adaptation to milk
(Bolotin et al., 2004; Delorme et al., 2015). Moreover, as observed for Lac. lactis
strains, additional genes coding for thermotolerance are frequently carried on plasmids
(Kelleher et al., 2015). Regarding lactose metabolism, so important for milk adapta-
tion, it differs from that of Lac. lactis starter culture strains, as lactose utilisation in Str.
thermophilus is more similar to that of Lactobacillus delbrueckii subsp. bulgaricus
(Kelleher et al., 2015).

Interestingly, two other species of the genus Streptococcus, belonging to a distinct
phylogenetic group, the Streptococcus bovis—Streptococcus equinus complex [i.e.
Streptococcus gallolyticus subsp. macedonicus (Schlegel et al., 2003; Whiley & Kilian,
2003) and Streptococcus infantarius subsp. infantarius (Jans et al., 2013)], appear to be
dominant in specific fermented (dairy) products (Papadimitriou et al., 2014). In particu-
lar, Str. gallolyticus subsp. macedonicus seems to have all the characteristics indicative
of reductive evolution: reduced genome size, increased number of pseudogenes as well
as loss of genes and pathways related to plant carbohydrates catabolism. In addition, its
genome make-up includes, among others, extra genes for lactose and galactose metabo-
lism as well as casein hydrolysis, which supports once again its adaptation to milk
(Papadimitriou et al., 2014). However, data reported by Papadimitriou ef al. (2014) sug-
gest that neither Str. gallolyticus subsp. macedonicus nor Str. infantarius subsp. infan-
tarius are specialised dairy bacteria like Str. thermophilus, and most probably represent
intermediate evolutionary stages that could be compared to the ancestors of Str. thermo-
philus, and not to the highly dairy-specialised species that we know today.

Families Lactobacillaceae and Leuconostocaceae

Members of these two taxonomic families include strains that may be used as starter and
adjunct cultures for dairy applications (Kelleher et al., 2015).

With regards to the genus Lactobacillus, at present it includes about 180 validly
described species (http://www.bacterio.net/lactobacillus.html), while 14 are described
in the genus Leuconostoc (http://www.bacterio.net/leuconostoc.html). Recently, a
genome-sequencing initiative has been completed focusing on 185 type strains of spe-
cies of 11 genera related to the genus Lactobacillus, including Oenococcus and
Leuconostoc genomes (Sun et al., 2015). The report showed that, when analysing differ-
ent parameters such as average nucleotide identity (ANI) and total nucleotide identity
(TNI), the genus Lactobacillus appears to be more diverse than a well-defined ‘stand-
ard’ taxonomic family (Sun et al., 2015). Moreover, the genus is paraphyletic (i.e. its
evolutionary origin is not unique), and the genera Pediococcus, Weissella, Leuconostoc,
Oenococcus and Fructobacillus appear to be subclades within the ‘real’ lactobacilli. For
those reasons, therefore, the name Lactobacillus Genus Complex (LGC), which would
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include all these genera, has recently been proposed (Sun et al., 2015). This implies that
the separation of these bacteria into two families, namely Lactobacillaceae and
Leuconostocaceae, should be revised. In contrast, the family Streptococcaceae appears
clearly separated from the LGC.

More than 900 genome sequences are available to date (NCBI Genome search with
‘Lactobacillus[orgn]’ as a query, October 2016). Of these, Lactobacillus rhamnosus and
Lactobacillus plantarum strains account for 225 sequences (104 and 121, respectively).
Due to the remarkable diversity of the genus, these sequences are very variable in size
and differ in many genetic properties (the presence or absence of plasmids, rRNA oper-
ons, number of coding sequences etc.). Sun et al. (2015) reported that the smallest and
the largest genomes for lactobacilli were 1.23 Mb (Lactobacillus sanfranciscensis) and
4.91Mb (Lactobacillus parakefiri), respectively. Furthermore, the genome gua-
nine +cytosine (GC) content appears to be very variable (between 31.93 and 57.02%)
among 213 strains tested, and the core genome very small, estimated as 73 genes.
Remarkably, the pangenome appears to be very large (44 668 gene families) and is con-
tinuously increasing as novel genomes are added (Sun et al., 2015).

Among the dairy-relevant species, the smallest genome appeared to be that of Lb.
delbrueckii spp. (about 1.8 Mbp), and the largest that of Lb. plantarum (about 3.2 Mbp)
(Stefanovic et al., 2017). Comparative genomics analyses have revealed that a mobile
insertion element (IS), IS91, seems to be dairy specific (found in dairy Lactobacillus
casei and Lactobacillus paracasei subsp. tolerans) (Sun et al., 2015).

The mostimportant dairy starter cultures among the lactobacilli belong to Lactobacillus
delbrueckii spp. and Lactobacillus helveticus. These two species belong to the same
phylogenetic group, Lb. delbrueckii strains which can also be considered the genus
Lactobacillus, sensu stricto. Other useful adjunct cultures, like Lb. casei, Lactobacillus
paracasei subsp. paracasei, Lb. plantarum and Lb. rhamnosus, are phylogenetically and
metabolically distinct from the Lb. delbrueckii clade. Notably, Lb. casei, Lb. paracasei
subsp. paracasei and Lb. rhamnosus form a group of closely related facultatively hetero-
fermentative species, while Lb. plantarum belongs to another phylogenetic clade and
is most similar to Lactobacillus fabifermentans, Lactobacillus paraplantarum,
Lactobacillus pentosus and Lactobacillus xiangfangensis (Sun et al., 2015). Probiotic
strains most commonly associated with dairy products belong either to Lactobacillus
acidophilus, a species within the Lb. delbrueckii clade, or to Lb. rhamnosus (Stefanovic
et al., 2017). However, other relevant strains belonging to Lactobacillus fermentum,
Lactobacillus gasseri, Lactobacillus johnsonii, Lb. plantarum, Lactobacillus reuteri and
Lactobacillus salivarius species are also used for the same purposes (Table 3.1).

Dairy-specialised strains have shown an abundance of genes encoding components
of proteolytic systems, as well as sugar and amino acid transporters. These might result
from duplications, which make it possible for organisms to uptake nutrients from milk,
while substantial gene loss has been described for coding sequences not necessary in
dairy ecosystems (Stefanovic et al., 2017). Information on dairy-related genes is not
always consistent among studies (O’Sullivan et al., 2009; Kant et al., 2010), but the
studies by Broadbent et al. (2012) and Smokvina et al. (2013) on strains of Lb. casei
group (Lb. casei and Lb. paracasei subsp. paracasei, respectively) have shown that
dairy-specialised strains undergo reduction of the genome, which appears to be



Genomic Characterisation of Starter Cultures and Probiotic Bacteria 45

associated to a restricted capacity of carbohydrate degradation. In contrast, strains that
are able to survive in dairy products but are not dairy specialists could contain genes
useful for conferring flexibility as well as ability to proliferate in different niches, such
as those of the gut or the environment (Senan et al., 2015a).

In summary, dairy adaptation has had deep consequences at the genomic level and,
although there has been a general trend towards genome reduction with respect to sev-
eral functions, strains belonging to different species could show different sets of genes,
either vertically or horizontally transmitted, that account for their performance in milk
fermentation.

3.2.2 Phylum Actinobacteria

Genus Bifidobacterium and related genera

The genus Bifidobacterium includes bacterial strains highly relevant for their health-
promoting properties. At present, the genus comprises 50 validly described species
(http://www.bacterio.net/bifidobacterium.html), and the most important for the probiotic
perspective are Bifidobacterium animalis subsp. animalis, Bifidobacterium animalis subsp.
lactis, Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium longum
subsp. longum and Bifidobacterium longum subsp. infantis (Mattarelli et al., 2008).

In the last 2 years, the sequencing initiative of the type strains for the to-date-
described species has been completed (Milani ef al., 2014), and a comparative genome
analysis on 62 genome sequences of Bifidobacteriales, the taxonomic order in which the
genus Bifidobacterium is included, has been published by Zhang er al. (2016). The
extensive and detailed comparative analysis performed by Milani et al. (2014) showed
a general trend of horizontal gene gain during evolution, involving mainly determinants
for complex carbohydrate transport and degradation, which are most probably related to
their adaptation to the gut niche. The analysis at the order level (Zhang et al., 2016) also
revealed that, inside the family Bifidobacteriaceae, the genera Bifidobacterium and
Gardnerella are not clearly separated; they appear more related to each other than to
other genera (i.e. Scardovia, Parascardovia and Alloscardovia). Moreover, confirming
previous findings, several phylogenetic groups can be devised within the genus
Bifidobacterium, and species of human probiotic interest were spread among three
groups: the Bif. longum group Bif. breve and ‘Bif. longum’ — presumed to be Bif. longum
subsp. longum and subsp. infantis), Bif. bifidum group (Bif. bifidum) and Bifidobacterium
pseudolongum group (Bif. animalis subsp. animalis and subsp. lactis). Remarkably, the
authors highlighted the presence of three Bifidobacterium-specific conserved proteins
(conserved signature proteins, or CSPs) and two CSPs specific for the genera
Bifidobacterium and Gardnerella, which all encode for unknown functions. This high-
lights the usefulness of genome sequencing and comparative analyses to reveal gene
targets that are probably crucial for the biology of the micro-organism but, at present,
completely unknown. Besides those evolutionary considerations and insights into the
biology of organisms yet to be discovered, complete genome sequences have also been
the basis for the definition of an accurate polymerase chain reaction (PCR)-based
identification protocol (Ferrario et al., 2015).



46 Probiotic Dairy Products

Genus Propionibacterium

Propionibacteria are Gram-positive, non-spore-forming, non-motile rods with high GC
content (between 53 and 68%), and they include at present 14 species (http://www.
bacterio.net/propionibacterium.html). Within the genus, several species, namely
Propionibacterium freudenreichii (subsp. freudenreichii and subsp. shermanii),
Propionibacteriu acidipropionici, Propionibacterium jensenii and Propionibacterium
thoenii, represent the dairy propionibacteria (Poonam Pophaly et al., 2012); these can
be used as starter and/or adjunct cultures. The first genome sequence of a
Propionibacterium strain was only determined in 2010 (Falentin et al., 2010); it con-
sisted of 2.7 Mb with 67% GC content. Six years later, 187 genome sequences of propi-
onibacteria have been deposited in GenBank (https://www.ncbi.nlm.nih.gov/genome/?
term=Propionibacterium+%5Borgn%5D). Of these, a large majority (120) focus on
Propionibacterium acnes and therefore are not relevant for the topic of this chapter. The
relatively low number of sequences from dairy propionibacteria suggests that their study
is far behind that of other dairy-associated genera. However, since propionibacteria
could produce antimicrobial compounds (bacteriocins and organic acids) as well as vita-
mins of the B group, conjugated linoleic acid, trehalose, propionic acid and bifidogenic
factors (Poonam Pophaly et al., 2012), it can be expected that the study of this group of
bacteria could progress in the coming years.

3.2.3 Other micro-organisms

Some other starters and, in particular, probiotic micro-organisms could further be
considered, including strains belonging to other LAB genera and species, as well as
strains from other bacterial species and yeasts. High numbers of Enterococcus spp.
and Weissella spp. have been repeatedly reported in many fermented foods, particu-
larly in cheese (Franz et al., 2011; Abriouel et al., 2015). However, strains of the
genus Enterococcus have been proposed as starters (Giraffa, 2003), and some others
(such as Symbioflor 1) have been used as probiotics since the 1950s (Domann et al.,
2007). However, enterococci strains, in particular Enterococcus faecalis and
Enterococcus faecium, have been largely considered to be opportunistic pathogens.
Their dual-faced status might be based on a few set of genes whose absence needs to
be demonstrated in species of this genus to be used in food and feed (EFSA, 2012).
Strains of other species, such as Escherichia coli (Nissle 1917), Bacillus subtilis
(Enterogermina), Bacillus cereus (Toyoi) and others, have been widely used as
human and animal probiotics. Further micro-organisms could also include moulds,
such as Geotrichum candidum, which has many different metabolic pathways that
are of particular interest to the dairy industry (Boutrou & Guéguen, 2005), and only
one yeast (Saccharomyces cerevisiae var. boulardii) that has been approved as a
probiotic for human consumption (Hatoum ef al., 2012). Representative strains of all
these species have already been genome sequenced; however, for the sake of clarity
and brevity, in this section we have focused our attention on the typical LAB genera
and species.
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3.3 Application of genome analysis to LAB and bifidobacteria

The availability of genome sequences has significantly increased our ability to unravel
the fermentation pathways and biochemical routes of LAB and bifidobacteria species
involved in industrial and probiotic applications (Klaenhammer et al., 2005; Stanton
et al., 2005). Comparative genomics is now being used to find core genes, niche-specific
genes and genes linked to specific probiotic traits, but can also be used to find or exclude
the presence of virulence or antibiotic resistance genes (see Figure 3.1) or to find indica-
tions of chromosomal integration of horizontally acquired DNA, which could indicate
the potential of HGT harbouring such undesirable traits. The knowledge gathered
through genome analysis will ultimately allow full exploitation of the biotechnological
potential of LAB and bifidobacteria, facilitating, at the same time, their genetic manipu-
lation. Engineering of LAB and bifidobacteria is pivotal in the discovery of gene func-
tionality of key phenotypic traits, as well as in the use of model strains as a cell factory
for the expression of heterologous proteins (Hanniffy ef al., 2004), the synthesis of
food-grade additives and nutraceuticals (Hugenholtz et al., 2002) and the use of these
bacteria as vaccine and therapeutic delivery systems (Wells & Mercenier, 2003).
Genome sequence availability has recently allowed the replacement of former conven-
tional genetic engineering techniques (Gasson & de Vos, 2004) by state-of-the-art
genome editing methods, such as the single-stranded DNA recombination-mediated
genetic engineering (ssDNA recombineering) (van Pijkeren & Britton, 2014), and the
CRISPR-cas mentioned in this chapter (Oh & van Pijkeren, 2014).

3.3.1 Insilico safety assessment of LAB and bifidobacteria

In silico safety assessment of starter and probiotics strains encompasses several aspects,
such as the absence of transmissible antibiotic resistance (AR), and the genetic make-up
for virulence factors (VFs) and other deleterious characteristics, required to be met by
regulatory agencies, such as those of the European Food Safety Authority (EFSA, 2013).

Determination of the presence or absence of these genetic traits has become more
rapid and cost-effective thanks to the growing availability of whole genome sequences
and the development of bioinformatics tools (Alkema et al., 2015). Thus, such determi-
nation could be considered as an indispensable criterion for (pre-)selection of strains
with industrial and probiotic properties. Indeed, a deep and complete safety evaluation
is required not only for each novel strain but also for strains that have been in use over
a long period of time. As a consequence, whole genome analyses could serve as the
standard in the safety evaluation process, and influence regulatory decisions regarding
the commercial acceptability of the strain (Salvetti et al., 2016).

In the last few years, a limited number of papers have been published regarding the
safety assessments of LAB and Bifidobacterium strains based on the complete genome
sequences. A summary of such studies, which have considered mainly strains used or
proposed to be used as probiotics, is reported in Table 3.2.

Bennedsen et al. (2011) were the first to perform a screening for antimicrobial resist-
ance (AR) genes and VFs via genome sequencing. Twenty-eight strains of LAB and
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Table 3.2 Summary of studies on genome-based assessment of safety for lactic acid bacteria
and Bifidobacterium strains.

Species Strain Origin Genes of concern References
Bifidobacterium ATCC 27536 Chicken faeces tet(W) Bennedsen
animalis subsp. lactis — ~ycc3471 Food/natural source  fef(W) et al. (2011)
IPLAIC4 Fermented milk tet(W)
Bifidobacterium JDM301 Chinese 162 non-specific VF;  Wei et al.
longum subsp. longum commercial 36 AR including (2012)
and Bifidobacterium probiotic product tet(V), tet(W),
longum subsp. infantis tet(PB), tet(Q); SAM
CECT 7347 Infant faeces No VF or AR Chenoll
et al. (2013)
Lactococcus lactis CHCC6005 Food/natural source  tet(S) Bennedsen
subsp. lactis etal. (2011)
Leuconostoc LbEIS5 Ttalian cheese erm(B) Florez et al.
mesenteroides subsp. | ppy6 Ttalian cheese 1e1(S), aadE, aphA-3, (2016)
dextranicum
sat4, vat(E)
Lactobacillus JIDM1 Chinese 126 non-specific VF,  Zhang et al.
plantarum commercial 51 AR, 23AM (2012)
probiotic product
Lactobacillus MTCC 5463 Indian — vaginal 44 non-specific VF, Senan et al.
helveticus tract 32 AR, 8AM (2015b)
Streptococcus NU10and YUIO Malaysian subjects ~ No VF Barbour &
salivarius Philip (2014)
Enterococcus faecium ~ NRRL B-2354 Dairy utensils scm, sagA, efaA, Kopit et al.
pilA (2014)
Weissella cibaria KACC 11862 Kimchi — Korean 2 VE, 4 AR Abriouel
fermented product et al. (2015)
Weissella confusa LBAE C39-2 French wheat 4 VF, 2 AR, vanZ
sourdough

AM =adverse metabolites; AR =antibiotic resistance; VF =virulence factors.

bifidobacteria were tested for the presence of >250 AR genes and >400 toxin and VF
genes. It was found that some strains contained AR genes, while no VF genes were
detected. In particular, Lac. lactis subsp. lactis CHCC6005, showing high-level resist-
ance to tetracycline (MIC >256 ugmL™), carried the gene fet(S) on a medium-copy-
number plasmid and, therefore, the authors indicated that this strain should be
plasmid-cured before use. The gene fetf(W), encoding resistance to tetracycline, has
been detected in all three Bif. animalis subsp. lactis strains analysed. This determinant
is widespread in Bif. animalis subsp. lactis; however, since transfer of fef(W) from Bif.
animalis subsp. lactis to other bacteria has never been demonstrated, this gene can be
considered non-transmissible (Gueimonde et al., 2010; Bennedsen et al., 2011).

A comprehensive safety assessment of the commercial probiotic strain Lb. plantarum
JDM1 based on the whole genome sequence was performed by Zhang et al. (2012). In
total, 51 nonspecific AR-associated genes (as classified by the RAST annotating service;
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http://rast.nmpdr.org/), 126 no-offensive virulence-associated genes and 23 adverse
metabolism-associated genes were found; however, there were no toxin or hemolysin
encoding genes, and safety-associated genes were rarely transferable, thus the generally
regarded as safe (GRAS) status for Lb. plantarum JDM1 was confirmed. An aspect to
be underlined is related to some discrepancies found between genotype and phenotype.
For example, Lb. plantarun JDM1 was sensitive to the antibiotic chloramphenicol, but
the genome contained a cat gene coding for a chloramphenicol O-acetyltransferase
enzyme that is responsible for chloramphenicol resistance in bacteria. These data
suggest that when the analysis of whole bacterial genome sequences reveals putative
unfavourable genes, the biosafety of strains must be assessed more carefully and com-
prehensively through phenotypic analyses.

Whole genome sequencing was used by Wei ef al. (2012) to assess the safety of Bif.
longum subsp. longum JDM301, a commercial strain used widely in China with several
probiotic functions. This strain is safe based on phenotype; however, bioinformatics
analysis of its genome revealed several potential risk factors, that is, 36 genes associated
with AR, including a tetracycline resistance gene with certain risk of transfer, and five
putative genes associated with production of harmful metabolites. In addition, Bif.
longum subsp. longum JDM301 contains 162 nonspecific VFs, mainly associated with
transcriptional regulation, adhesion, and sugar and amino acid transport (Wei et al.,
2012). The discrepancies between phenotype and genotype underline the necessity to
further experimentally evaluate the potential risk factors found in the genome of Bif.
longum subsp. longum JDM301 (e.g. through in vivo assessment using animal models
and/or clinical trials).

Chenoll et al. (2013) have demonstrated in silico, in vitro and in vivo the safety of Bif.
longum subsp. longum CECT 7347, a probiotic strain reported to ameliorate gluten-
related damage in celiac disease. Robust arguments can be found in the genome analysis
that support the in vitro and in vivo results, confirming the safety status of Bif. longum
subsp. longum CECT 7347. Indeed, its genome contains neither relevant VFs nor poten-
tial AR genes.

In silico safety assessment of the Str. salivarius strains NU10 and YU10 was
performed by Barbour and Philip (2014). The two bacteriocin-producer strains were
isolated from healthy Malaysian subjects and have a potential application as probiotics
in the oral cavity. The in vitro tests and genome sequencing established the absence of
virulence determinants known to be present in streptococcal pathogens. This finding
indicates these strains to be potential candidates for probiotic development, as they
pass the initial safety assessment described previously for Str. salivarius K12 (Burton
et al., 2006).

The safety of strain Enterococcus faecium NRRL B-2354 (ATCC 8459) based on its
genomic and functional characteristics has been recently investigated (Kopit et al.,
2014). This strain has a long history of use as a surrogate of pathogens in food products
and thermal process validation, and the findings of this study support its continued use.
Indeed, the inspection of the genome sequences revealed that Ent. faecium NRRL
B-2354 lacks AR genes, as well as enterococcal VFs, including acm, cyl, the ebp operon,
esp, gelE, hyl and IS16. Accordingly, the strain is sensitive to clinically relevant antibi-
otics and does not present phenotypes associated with expression of VFs. It contains
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complete copies of scm, sagA, efaA and the pilA operon, but the roles of these genes in
enterococcal virulence are not yet well understood. The technical guidance of the EFSA
for establishing the safety of Ent. faecium strains intended as additives in animal nutri-
tion recommends the investigation of the presence of esp, hyl and IS16 as well as sensi-
tivity to ampicillin as exclusion criteria (EFSA, 2012). Enterococcus faecium NRRL
B-2354 does not contain these marker genes typical of hospital-associated isolates
responsible for clinical infections, and it is susceptible to clinically relevant antibiotics,
including ampicillin; therefore, this strain meets the requirements for safety by the
EFSA guidelines.

Data mining of the whole genome sequences of the established probiotic Lb. helveti-
cus MTCC 5463, a strain of Indian origin, was carried out by Senan et al. (2015b) in
order to obtain assurance of its safety. Genome sequences were screened for genetic
determinants associated with AR, production of harmful metabolites and VFs.
Lactobacillus helveticus MTCC 5463 carried AR genes associated with pB-lactam and
fluoroquinolone resistance. However, there is no threat of transferability of such resist-
ance as the genome lacks the presence of transmissible elements, such as plasmids,
transposons and complete prophages. A haemolysin gene was discovered in the genome,
revealing a theoretical risk of virulence. Overall, the results of in silico analyses have
complemented the in vitro studies and human clinical trials and have provided support-
ing evidence for the safety of Lb. helveticus MTCC 5463 in the qualified presumption
of safety (QPS) list of micro-organisms (EFSA, 2013), which strengthens the potential
use of this strain as a probiotic.

In the frame of a survey on the genus Weissella, Abriouel et al. (2015) examined the
safety aspects of Weissella cibaria KACC 11862 and Weissella confusa LBAE C39-2 based
on in silico analyses of their whole genome sequences. Strains belonging to these species
are widespread in fermented foods and have been proposed as a starter culture, and also
as probiotics (Fusco et al., 2015). In this survey, W. cibaria KACC11862 was found to
harbour some VFs (hemolysins) and AR genes (coding for a multidrug transporter
involved in fosfomycin resistance, MDT-FosB; three methicillin resistance proteins; and
vanZ, encoding a glycopeptide resistance protein). Weissella confusa LBAEC39-2 showed
the presence of VF genes (encoding collagen adhesion, hemolysin and mucus-binding
proteins) and AR genes (MDT-FosB, MRP and vanZ). Further studies should elucidate
the functionality of the AR genes of weissellaes, and the transferability of these genes to
other bacteria. Therefore, the safety of Weissella strains intended for industrial use should
be investigated in detail on a strain by strain basis, carefully selecting strains lacking
pathogenic potential and which do not possess transferable AR genes.

Recently, genome analysis of three Leuconostoc mesenteroides strains isolated from
Italian soft cheese samples provided a better understanding of the genetic bases of AR
in such species and its transference capability among foodborne bacteria (Florez et al.,
2016). Indeed, in the genome of the multi-resistant strain Leu. mesenteroides subsp.
mesenteroides LbE16, genes that might be involved in tetracycline [ze#(S)], aminoglyco-
side (aadE, aphA-3 and sat4) and virginiamycin [vat(E)] resistance were found.
Leuconostoc mesenteroides subsp. dextranicum LbE15, an erythromycin and clindamy-
cin-resistant strain, harbours an erm(B) gene associated to a plasmid of=35 kbp.
However, no known tetracycline resistance genes were detected in Leu. mesenteroides
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subsp. cremoris LbT16, displaying atypical resistance to this antibiotic [minimum
inhibitory concentration (MIC) of 32ugmL™"] (EFSA, 2012), thus suggesting a new
mechanism of resistance that can be due either to acquired genes or to a mutation of
indigenous genes. Interestingly, analysis of the AR genes and their flanking regions
revealed the potential that some determinants were horizontally transferred. Indeed, the
erythromycin resistance was transferred by conjugation between Leu. mesenteroides
subsp. dextranicum and Enterococcus faecalis both in vitro and in cheese (Flérez et al.,
2016), supplying novel proof that LAB can act as a reservoir of acquired AR genes, for
which reason their safety should be carefully monitored.

Globally, these publications document that whole genome sequences of LAB and
bifidobacteria provide a wealth of in silico information related to strain safety, which
cannot be obtained by any other approach. Genome-wide screening could be an effec-
tive and time-saving tool for identifying prognostic biomarkers of biosafety, as this
would provide relevant information to answer key safety questions required for market-
ing authorisation and approval of health claims (Miquel et al., 2015; Salvetti et al.,
2016). Although many phenotypic tests can be replaced by whole genome analyses, the
overall physiology of a strain should also be taken in consideration. Since there is still a
lack of homogeneity regarding the genetic and phenotypic traits to be assayed and the
proper use of the available bioinformatics tools, harmonisation of scientific procedures
is needed to obtain an accurate characterisation of each strain and solid demonstration
of its safety. This obvious need is underlined by recent publications, in which frameworks
for appropriate evaluation schemes to determine the safety and efficacy of micro-organ-
isms intentionally added to foods are being proposed (Miquel et al., 2015; Pariza et al.,
2015; Salvetti et al., 2016). The application of a comprehensive workflow, starting from
the genome sequence of a probiotic or starter strain, is expected to increase the consist-
ency of future safety assessment, ensuring stakeholders involved in this area (scientists,
manufacturers, legislative bodies and consumers) have the ability to obtain complete
and easily comparable information to meet regulatory requirements.

3.3.2 Unravelling LAB and bifidobacteria properties

Only a few genetic traits appear to be universally conserved among the different LAB
genomes, including enzymes involved in glycolysis in ‘true’ LAB or those of the fruc-
tose 6-phosphate or bifidus shunt in bifidobacteria (Klijn et al., 2005; Makarova et al.,
2006). Different genetic events (i.e. mutation, gene duplication, HGT, gene decay, gene
loss, genome rearrangements etc.) are considered to contribute to the present genome
shape and structure of LAB and bifidobacteria species. As already mentioned, adapta-
tion to nutritionally rich environments (e.g. milk, plant material, and human and animal
gastrointestinal tracts) has promoted progressive gene decay (van de Guchte et al., 2006;
Callanan et al., 2008), but also acquisition through HGT events of genes involved in key
properties for niche colonisation or rapid growth in different environments (Schell et al.,
2002; O’Sullivan et al., 2009). In addition to the genetic characterisation of typical LAB
and bifidobacteria features, sequencing and analysis of genomes have uncovered the
genetic make-up of previously unnoticed technological- and probiotic-relevant
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phenotypic properties. As explained in this chapter, characterisation of these ‘new’ traits
has occasionally driven the development of novel industrial processes, enhancing appli-
cability and/or benefits of the use of LAB and bifidobacteria in food systems (see
Figure 3.1).

Colonisation and niche-competition strategies

In addition to its contribution to metabolic and bioprocessing potential, the availability
of LAB and bifidobacteria genome sequences has also expanded our knowledge of the
molecular basis of the mechanisms by which species colonise and persist in the ecologi-
cal niches they occupy. As such, genome analyses of well-known probiotic strains have
given some clues as to the mechanism by which probiotic organisms colonise the gut
and how they positively affect host health (Klaenhammer et al., 2005). The properties
must then be experimentally tested under laboratory conditions and in clinical trials. In
this way, transcriptome analysis of the Bif. breve UCC2003 genome in a murine coloni-
sation model has revealed differential expression of a type IVb tight adherence (fad)
pilus-encoding gene cluster, which proved to be essential for efficient in vivo murine
(and probably human) gut colonisation (O’Connell Motherway et al., 2011). The tad
pilus-encoding locus was shown to be conserved in different Bifidobacterium species,
supporting the evidence of the general involvement of pili in gut colonisation and per-
sistence (Turroni et al., 2011).

In a similar approach, pili-like structures were reported for the first time in lactoba-
cilli (Kankainen et al., 2009). Pili are proteinaceous appendages (1-10nm in diameter
protruding 2-3 um) localised at the cell surface that have been well characterised in
Gram-positive and Gram-negative pathogens (Proft & Baker, 2009). Unlike Gram-nega-
tive pili, each Gram-positive pilus is an assembly of multiple pilin subunits (proteins
having LPXTG motives) coupled to each other by covalent bonds by the transpeptidase
activity of a pilin-specific sortase. Typically, one of the proteins is called the pilin back-
bone, as 100-200 of these subunits are assembled head to tail to form the pilus shaft,
while one or two other pilins, called ancillary pilins, may exist decorating the base, the
cap or all along the pilus shaft. Analysis of the genome of the human-derived Lb. rham-
nosus GG strain identified two separate pilus clusters in its genome (spaCBA-srtC1 and
spaFED). The former operon is encoded in the Lb. rhamnosus GG-specific genomic
island, while the latter operon was also shown to be present in the genome of Lb. rham-
nosus Lc705, a dairy strain that does not produce pili. The purified spaC and spaB
components of the first cluster and spaF of the second have been shown to bind mucus
(Kankainen e al., 2009; von Ossowski et al., 2010). Functional analysis using knockout
mutants further proved that the SpaCBA pili, the only pili produced under in vivo condi-
tions (Reunanen et al., 2012), were involved in biofilm formation and efficient adher-
ence of Lb. rhamnosus GG to Caco-2 cells (Lebeer et al., 2012; Rasinkangas et al.,
2014). The SrtC1 is the pilin-dedicated sortase enzyme recognising and polymerising
the SpaA and SpaC pilin subunits. The sortase has also been found to be essential for
pili formation (Rasinkangas et al., 2014). In addition, reduced expression of the pro-
inflammatory interleukin-8 (IL8) mRNA was induced when Caco-2 cells were incu-
bated with the wild-type strain as compared with the mutant. This suggests that, while
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providing mucus-binding ability that may explain the colonisation and persistence of
Lb. rhamnosus GG in the intestine, pili might also modulate IL8 expression through
their interaction with surface molecules of the host cells (Lebeer et al., 2012). Therefore,
in addition to a role in colonisation, this system represents a previously undescribed
mechanism for the interaction of probiotics with host immune tissue.

Genetic evidence for a putative pilus locus consisting in a sortase C gene flanked by
three LPXTG protein-encoding genes (yhgD, yhgE and yhhB) organised in an operon-
like structure has been recently reported in the laboratory, plasmid-free derivative Lac.
lactis subsp. lactis IL 1403 strain (Dieye et al., 2010). Although Lac. lactis subsp. lactis
IL 1403 does not produce pili under standard growth conditions, overexpression of the
pilus operon has been shown to result in the display of pili on the surface of the cells
(Oxaran et al., 2012). It is worth mentioning that the piliated strain of Lac. lactis subsp.
lactis IL 1403 exhibited an auto-aggregating phenotype in liquid cultures and formed a
thicker biofilm compared to the wild-type, non-piliated strain. Functional analysis of the
biogenesis machinery indicated that the pilus shaft was formed by oligomers of the
YhgE pilin, the pilus cap was formed by YhgD, and YhhB was the basal pilin that ena-
bled the tethering of the pilus fibres to the cell wall (Oxaran et al., 2012). Analysis of
wild Lac. lactis strains isolated from plant and clinical environments showed that the
majority of isolates could produce pili under normal culturing conditions, which sug-
gests that these structures are spread among lactococci and might be pivotal for enabling
Lac. lactis spp. to thrive in natural ecosystems.

The genus Lactobacillus is usually defined as not motile, although more than half of the
species belonging to the Lb. salivarius clade (based on 16 rRNA gene phylogeny) have
officially been recognised as motile by virtue of a sophisticated molecular structure, the
flagellum (Cousin et al., 2015). The motility of Lactobacillus ruminis ATTC 27782 has been
particularly well studied at both the genomic and phenotypic levels (Forde ef al., 2011;
Neville et al., 2012). In this strain, all 45 genes required to produce a functional flagellum
have been shown to be organised in a single operon (Forde et al., 2011). The same structure
has recently been identified in a single strain of Lactobacillus curvatus, a species of the
‘Lactobacillus sakei’ (presumed to be Lactobacillus sakei subsp. sakei) clade (Cousin et al.,
2015). Motility might confer competitive advantages for niche colonisation, such as a supe-
rior acquisition of nutrients or superior biofilm formation capability, but it could also have an
impact on the ecology in terms of host signalling and colonisation (Neville et al., 2012).

Respiration in Lac. lactis strains and other LAB species

Sugar fermentation was long considered to be the sole means of energy metabolism
available to LAB, with the production of organic acids (mainly lactic acid) as final end
products. While this is generally still true, some LAB species exhibit a respiratory capa-
bility in the presence of oxygen and an exogenous haem supply (Pedersen et al., 2012).
LAB respiration results in the production of greatly reduced amounts of lactic acid,
higher biomass yield and improved fitness of starters.

Strictly speaking, respiration is the coupling of a membrane potential to the reduction
of oxygen. Early evidence for the respiratory capability of LAB was largely overlooked
(Sijpesteijn, 1970), and initial reports on the respiration in Lac. lactis strains (Duwat et al.,
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2001) were essentially based on the analysis of the complete genome sequence of Lac.
lactis subsp. lactis IL 1403, which revealed the presence of genes encoding enzymes
related to the aerobic (pyruvate oxidase, NADH-dependent oxidase and NADH-depend-
ent peroxydase) and respiratory (cytochrome oxidase and ubiquinone/menaquinone bio-
synthesis C-methylase) metabolism (Bolotin et al., 2001). Subsequent research
confirmed that this species did indeed have the ability to respire in the presence of
oxygen (Duwat et al., 2001; Gaudu et al., 2002), provided the growth medium contained
haem because this bacterium lacks a functional biosynthetic pathway for this compound.
Transcriptomic analysis of Lac. lactis subsp. cremoris MG 1363 showed that the pyru-
vate dehydrogenase complex (encoded by the pdhABCD operon) was upregulated four-
fold under respiratory conditions (Vido et al., 2004). Acetolactate syntase (als) and
a-acetolactate decarboxylase (aldC) genes were also upregulated, facilitating the syn-
thesis of both diacetyl and acetoin. The most highly upregulated gene under respiratory
conditions was ygfC, which encodes a putative regulatory protein that increased almost
100-fold. In contrast, the expression of the pyruvate formate lyase (pf7) and the alcohol
dehydrogenase (adhE) genes was reduced 2.5- and 50-fold, respectively (Vido et al.,
2004). Altogether, these gene expression changes under respiratory conditions cause a
profound rerouting of the Lac. lactis spp. metabolism, producing acetate, acetoin and
diacetyl from pyruvate at the expense of lactic acid (Duwat et al., 2001).

These results are of industrial significance and have allowed the development of a
patented process for the production of LAB starters (Duwat et al., 1998). The patent was
licensed to Chr. Hansen in 1999, and the initial results obtained with the well-character-
ised laboratory strain Lac. lactis subsp. lactis IL 1403 were optimised for different
industrial Lac. lactis strains and also for some Leuconostoc species (Pedersen et al.,
2005). Industrial Lac. lactis strains were also assayed in aeration in the absence of added
haem to distinguish simple aeration from true respiration. Numerous genes were dif-
ferentially expressed under these two different conditions. Approximately half of these
genes have an unknown function, indicating that more research is needed to fully under-
stand the physiology of respiration. Starter cultures obtained by the respiration technol-
ogy have been assayed in pilot-scale tests for Cheddar cheese production. Manufacture
parameters were all within the normal range, and statistically significant differences
between analytical parameters of the cheeses (moisture content, total soluble nitrogen
and pH) made from respiration-grown cells or fermentation-grown cells were not
observed. Indeed, sensory differences of ripened cheeses were not perceived by two
trained sensory panels. Industrial-scale trials of Cheddar, Feta and Cottage cheeses have
already been performed and, as before, no significant differences were revealed with
regard to manufacturing parameters, cheese microbiology, chemistry, texture or flavour
development (Pedersen e al., 2005). More recently, other phenotypic properties of tech-
nological relevance, such as the production of the antimicrobial bacteriocin nisin, have
been reported to be enhanced under respiratory conditions (Kordikanlioglu et al., 2015).
This might also have industrial significance for the development of nisin-based protec-
tive cultures.

Respiration in Lb. plantarum needs the exogenous addition of both haem and vitamin
K, which act as a source of menaquinone (Brooijmans et al., 2009). As this bacterium
lacks superoxide dismutase, high levels of manganese are also needed for its aerobic
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growth. Under respiratory conditions, growth of Lb. plantarum results in higher bio-
mass yields. It also affects the robustness of the cells, as strains from aerobic cultures
have been shown to be more resistant to industrially relevant stress conditions (Watanabe
et al., 2012). A similar respiration process has been reported for some Lb. casei strains,
also requiring both hemin and menaquinone (Zotta et al., 2014). Respiration in this lat-
ter species resulted in the expression of phenotypes with enhanced technological prop-
erties, such as increased survival to stress and higher antioxidant capability (Ianniello
et al., 2015), which can have application in the use of these bacteria as starter or probi-
otic cultures. Remarkably, the genome of Oenococcus oeni also contains all the genes
for aerobic respiration (Borneman et al., 2012), but its functionality has yet to be tested.

Increased biomass after aerated incubation in the presence of haem has never been
attained for Str. thermophilus, Lb. delbrueckii subsp. bulgaricus and Lb. helveticus.
In agreement, analysis of the complete genome sequences of strains of these species
(Bolotin et al., 2004; van de Guchte et al., 2006; Callanan et al., 2008, respectively)
revealed the presence of genes neither for cytochrome oxidase nor for the biosynthesis
of quinones (Pedersen et al., 2012), essential features for respiration.

Natural transformation of Str. thermophilus

Streptococcus thermophilus is considered the second most important industrial dairy
starter species after Lac. lactis spp. due to its extensive use in the manufacture of dairy
products such as yoghurt, hard-cooked cheeses of the Italian and Swiss types, soft
cheeses and so on (Leroy & de Vuyst, 2004). As stated here, this bacterium is closely
related to Str. salivarius and pathogenic species, such as Streptococcus pyogenes and
Streptococcus pneumoniae (Bolotin et al., 2004). It is worth mentioning that the latter
species was the micro-organism in which natural competence was first discovered. Since
then, this process has been described in many Gram-positive and Gram-negative bacte-
ria, and — although most rarely — also in archaea (Johnston et al., 2014). Competence is
defined as a transient physiological state that enables cells to take up exogenous, naked
DNA and to stably integrate this into the genome by homologous recombination (Chen
& Dubnau, 2004). Currently, the process is considered as a stress response process that
may increase bacterial adaptability and fitness under adverse conditions (Charpentier et
al., 2012). In response to specific environmental stresses, streptococci species synthesise
and secrete peptide competence pheromones that, at a critical extracellular concentra-
tion, activate the master competence regulator (ComX). This protein is a sigma factor
that associates with the RNA polymerase to redirect transcription towards genes required
for DNA transport, processing and integration (Fontaine ef al., 2015).

Genome analysis of the first Str. thermophilus sequenced strains proved that strains
of this species still share a substantial part of their overall genetic make-up with other
streptococci, including all genes necessary for competence (Bolotin et al., 2004).
Streptococcus thermophilus contains a comX-like gene coding for a typical peptide
pheromone-dependent two-component system that is similar to the competence control
loci of Streptococcus mutans and Str. pyogenes. The regulatory pathway controlling
expression of key components of competence in Str. thermophilus has recently been
reported (Haustenne et al., 2015). The pheromone (called XIP peptide) is synthesised as
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a large peptide that is exported through an unknown transport system and matured by
specific proteases. The resulting extracellular XIP is reimported by the oligopeptide
transporter Opp/Ami, an essential component of the proteolytic system for growth in
milk that is also necessary for competence (Gardan et al., 2009). In the cytoplasm, the
intracellular mature XIP binds to the transcriptional regulator ComR, and the XIP-
ComR complex activates the transcription of most early competence genes (including
comS and comX). Thereafter, ComX induces transcription of all late competence genes
necessary for DNA transformation (Haustenne et al., 2015).

The mechanistic characterisation of natural competence in Str. thermophilus has
allowed the development of genetic tools for the introduction of heterologous genes in
this bacterium by natural transformation without the need of antibiotic resistance or
other controversial markers for the selection of transformants (Blomgqvist et al., 2010;
Fontaine et al., 2010). Subsequently, insertion of the DNA into the chromosome takes
place by double cross-over, homologous recombination. The ability of Str. thermophilus
to be naturally transformable has allowed recombinant strains to be easily obtained
(Lecomte et al., 2016). In a proof-of-concept study, the gene encoding the cell-enve-
lope-located proteinase PrtS, which is only present in certain fast milk-acidifying Str.
thermophilus strains (Delorme et al., 2010), has been experimentally transferred to a
series of slow-acidifying starter strains (Dandoy et al., 2011).

3.4 Concluding remarks

This review has described different aspects of genome-wide studies on strains relevant
for dairy and probiotic products. These have shown that an incredibly high number of
genome sequences have accumulated, which have been or are still to be analysed scien-
tifically. Such studies are extremely important in understanding the evolution and defin-
ing the diversity of strains at different taxonomic levels, but, most importantly, this
research could greatly enhance our knowledge on metabolic capabilities (e.g. lactose
and citrate metabolism, proteolysis, lipolysis and bacteriocin production) that can even-
tually be linked to their genetic basis. This is the starting point of possible combinations
with other ‘omics’ data (i.e. proteomics, transcriptomics, metabolomics etc.) that could
be employed to devise genome-scale metabolic models. This, coupled with traditional
culture-based characterisations and small-scale fermentations, could enable more pre-
cise strain selection for efficient fermentation and flavour development at an industrial-
scale and probiotic ability (Stefanovic et al., 2017).

Remarkably, the need for large sequence data manipulation has led to the develop-
ment of a novel area of competence for microbiology (i.e. bioinformatics), with many
microbiologists working in front of computers instead of at the laboratory bench. In line
with this observation, it can be noted that an EU project recently concluded in 2015,
funded in the FP7-SME framework (grant agreement no. 6054853 — FP7/2007-2013),
aimed to develop a genomics toolbox to enhance business for small and medium-sized
enterprises (SMEs) in the market of starter cultures and probiotics (http://www.genobox.
eu/ns/). Therefore, genome sequencing is a useful tool not just for scientific pur-
poses; it could also be pivotal for patent opportunities, reliable communication to
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authorities and approval of health claims (Danielsen & Johansen, 2009). Genome
sequencing continues to provide an incredible amount of genetic information useful for
the characterisation of starter cultures and probiotic bacteria, which will need to be
deciphered in the coming decades.

References

Abriouel, H., Lavilla Lerma, L., Casado Muiioz, M.C., Pérez Montoro, B., Kabisch, J., Pichner,
R., Cho, G.-S., Neve, H., Fusco, V., Franz, CM.A.P., Gilvez, A. & Benomar, N. (2015) The
controversial nature of the Weissella genus: technological and functional aspects versus whole
genome analysis-based pathogenic potential for their application in food and health. Frontiers
in Microbiology, 6(1197), 1-14.

Ainsworth, S., Stockdale, S., Bottacini, F., Mahony, J. & Sinderen, D. (2014) The Lactococcus
lactis plasmidome: much learnt, yet still lots to discover. FEMS Microbiology Reviews, 38,
1066-1088.

Alkema, W., Boekhorst, J., Wels, M. & van Hijum, S.A.E.T. (2015) Microbial bioinformatics for
food safety and production. Briefings in Bioinformatics, 17, 283-292.

Barbour, A. & Philip, K. (2014) Variable characteristics of bacteriocin-producing Streptococcus
salivarius strains isolated from Malaysian subjects. PLoS One, 9 (e100541).

Barrangou, R. (2014) Cas9 targeting and the CRISPR revolution. Science, 344, 707-708.

Barrangou, R. & Horvath, P. (2012) CRISPR: new horizons in phage resistance and strain identi-
fication. Annual Review of Food Science and Technology, 3, 143-162.

Bennedsen, M., Stuer-Lauridsen, B., Danielsen, M. & Johansen, E. (2011) Screening for antimi-
crobial resistance genes and virulence factors via genome sequencing. Applied and
Environmental Microbiology, 77, 2785-27817.

Blomgpvist, T., Steinmoen, H. & Havarstein, L.S. (2010) A food-grade site-directed mutagenesis
system for Streptococcus thermophilus LMG 18311. Letters in Applied Microbiology, 50,
314-319.

Bolotin, A., Wincker, P., Mauger, S., Jaillon, O., Malarme, K., Weissenbach, J., Ehrlich, S.D. &
Sorokin, A. (2001) The complete genome sequence of the lactic acid bacterium Lactococcus
lactis ssp. lactis 1L.1403. Genome Research, 11, 731-753.

Bolotin, A., Quinquis, B., Renault, P., Sorokin, A., Ehrlich, S.D., Kulakauskas, S., Lapidus, A.,
Goltsman, E., Mazur, M., Pusch, G.D., Fonstein, M., Overbeek, R., Kyprides, N., Purnelle, B.,
Prozzi, D., Ngui, K., Masuy, D., Hancy, F., Burteau, S., Boutry, M., Delcour, J., Goffeau, A. &
Hols, P. (2004) Complete sequence and comparative genome analysis of the dairy bacterium
Streptococcus thermophilus. Nature Biotechnology, 22, 1554—1558.

Borneman, A.R., McCarthy, J.M., Chambers, P.J. & Bartowsky, E.J. (2012) Comparative analysis
of the Oenococcus oeni pan genome reveals genetic diversity in industrially-relevant pathways.
BMC Genomics, 13(373), 1-13.

Boutrou, R. & Guéguen, M. (2005) Interests in Geotrichum candidum for cheese technology.
International Journal of Food Microbiology, 102, 1-20.

Broadbent, J.R., Neeno-Eckwall, E.C., Stahl, B., Tandee, K., Cai, H., Morovic, W., Horvath, P.,
Heidenreich, J., Perna, N.T., Barrangou, R. & Steele, J.L.. (2012) Analysis of the Lactobacillus
casei supragenome and its influence in species evolution and lifestyle adaptation. BMC
Genomics, 13(533), 1-18.

Brooijmans, R.J., de Vos, WM. & Hugenholtz, J. (2009) Lactobacillus plantarum WCFS1 elec-
tron transport chains. Applied and Environmental Microbiology, 75, 3580-3585.

Burton, J.P., Wescombe, P.A., Moore, C.J., Chilcott, C.N. & Tagg, J.R. (2006) Safety assessment
of the oral cavity probiotic Streptococcus salivarius K12. Applied and Environmental
Microbiology, 72, 3050-3053.



58 Probiotic Dairy Products

Callanan, M., Kaleta, P., O’Callaghan, J., O’Sullivan, O., Jordan, K., McAuliffe, O., Sangrador-
Vegas, A., Slattery, L., Fitzgerald, G.F., Beresford, T. & Ross, R.P. (2008) Genome sequence of
Lactobacillus helveticus, an organism distinguished by selective gene loss and insertion
sequence element expansion. Journal of Bacteriology, 190, 727-735.

Cavanagh, D., Fitzgerald, G.E. & McAuliffe, O. (2015) From field to fermentation: the origins of
Lactococcus lactis and its domestication to the dairy environment. Food Microbiology, 47, 45-61.

Charpentier, X., Polard, P. & Claverys, J.P. (2012) Induction of competence for genetic
transformation by antibiotics: convergent evolution of stress responses in distant bacterial
species lacking SOS? Current Opinion in Microbiology, 15, 570-576.

Chen, I. & Dubnau, D. (2004) DNA uptake during bacterial transformation. Nature Reviews
Microbiology, 2, 241-249.

Chenoll, E., Codofier, EM., Silva, A., Ibdfiez, A., Martinez-Blanch, J.F., Bollati-Fogolin, M.,
Crispo, M., Ramirez, S., Sanz, Y., Ramén, D. & Genovés, S. (2013) Genomic sequence and
pre-clinical safety assessment of Bifidobacterium longum CECT 7347, a probiotic able to
reduce the toxicity and inflammatory potential of gliadin-derived peptides. Journal of
Probiotics & Health, 1, 1-6.

Cousin, FJ., Lynch, S.N., Harris, H.M.B., McCann, A., Lynch, D.B., Neville, B.A., Irisawa, T.,
Okada, S., Endo, A. & O’Toole, P.W. (2015) Detection and genomic characterization of motil-
ity in Lactobacillus curvatus: confirmation of motility in a species outside of the Lactobacillus
salivarius clade. Applied and Environmental Microbiology, 81, 1297-1308.

Dandoy, D., Fremaux, C., de Frahan, M.H., Horvath, P., Boyabal, P., Hols, P. & Fontaine, L.
(2011) The fast milk acidifying phenotype of Streptococcus thermophilus can be acquired by
natural transformation of the genomic island encoding the cell-envelope proteinase PrtS.
Microbial Cell Factories, 10(Suppl. 1, S21), 1-9.

Danielsen, M. & Johansen, E. (2009) Functional genomics of dairy micro-organisms and probiot-
ics in the era of low-cost DNA sequencing. Australian Journal of Dairy Technology, 64,
102-105.

Dellaglio, E,, Felis, G.E., Torriani, S., Sgrensen, K. & Johansen, E. (2005) Genomic characterisa-
tion of starter cultures. In Probiotic Dairy Products (ed. A. Tamime), 16-38. Blackwell
Publishing, Oxford.

Delorme, C., Abraham, A.L., Renault, P. & Guédon, E. (2015) Genomics of Streptococcus sali-
varius, a major human commensal. Infection, Genetics and Evolution, 33, 381-392.

Delorme, C., Bartholini, C., Bolotine, A., Ehrlich, S.D. & Renault, P. (2010) Emergence of a cell
wall protease in the Streptococcus thermophilus population. Applied and Environmental
Microbiology, 76, 451-460.

Dieye, Y., Oxaran, V., Ledue-Clier, F., Alkhalaf, W. Buist, G., Juillard, V., Lee, C.W. & Piard, J.C.
(2010) Functionality of sortase A in Lactococcus lactis. Applied and Environmental
Microbiology, 76, 7332-7337.

Domann, E., Hain, T., Ghai, R., Billion, A., Kuenne, C., Zimmermann, K. & Chakraborty, T.
(2007) Comparative genomic analysis for the presence of potential enterococcal virulence fac-
tors in the probiotic Enterococcus faecalis strain Symbioflor 1. International Journal of
Medical Microbiology, 297, 533-539.

Duwat, P., Sourice, S. & Gruss, A. (1998) Process for preparing starter cultures of lactic acid
bacteria. French Patent Application, FR9809463.

Duwat, P., Sourice, S., Cesselin, B., Lamberet, G., Vido, K., Gaudu, P., Le Loir, Y., Violet, F,,
Loubicere, P. & Gruss, A. (2001) Respiration capacity of the fermenting bacterium Lactococcus
lactis and its positive effects on growth and survival. Journal of Bacteriology, 183,
4509-4516.

EFSA (2007) Opinion of the Scientific Committee on a request from EFSA on the introduction of
a Qualified Presumption of Safety (QPS) approach for assessment of selected microorganisms
referred to EFSA. EFSA Journal, 587, 1-16.



Genomic Characterisation of Starter Cultures and Probiotic Bacteria 59

EFSA (2012) Guidance on the safety assessment of Enterococcus faecium in animal nutrition.
EFSA Journal, 10, 2682-2692.

EFSA (2013) Scientific opinion on the maintenance of the list of QPS biological agents intention-
ally added to food and feed (2013 update). EFSA Journal, 11, 34-49.

Falentin, H., Deutsch, S.M., Jan, G., Loux, V., Thierry, A., Parayre, S., Maillard, M.B.,
Dherbecourt, J., Cousin, F.J. & Jardin, J. (2010) The complete genome of Propionibacterium
freudenreichii CIRMBIAL1T, a hardy Actinobacterium with food and probiotic applications.
PLoS One, 5 (e11748).

FAO/WHO (2001) Health and nutritional properties of probiotics in food including powder milk
with live lactic acid bacteria. World Health Organization. http://www.who.int/foodsafety/
publications/fs_management/en/probiotics.pdf

Ferrario, C., Ricci, G., Milani, C., Lugli, G.A., Ventura, M., Eraclio, G., Borgo, F. & Fortina, M.G.
(2013) Lactococcus garvieae: where is it from? A first approach to explore the evolutionary
history of this emerging pathogen. PLoS One, 8 (¢84796).

Ferrario, C., Milani, C., Mancabelli, L., Lugli, G.A., Turroni, F., Duranti, S., Mangifesta, M.,
Viappiani, A., Sinderen, D. & Ventura, M. (2015) A genome-based identification approach for
members of the genus Bifidobacterium. FEMS Microbiology Ecology, 91 (fiv009).

Field, D., Amaral-Zettler, L., Cochrane, G., Cole, J.R., Dawyndt, P., Garrity, G.M., Gilbert, J.,
Glockner, F.O., Hirschman, L., Karsch-Mizrachi, I., Klenk, H.P.,, Knight, R., Kottmann, R.,
Kyrpides, N., Meyer, F., San Gil, 1., Sansone, S.A., Schriml, L.M., Sterk, P., Tatusova, T,
Ussery, D.W., White, O. & Wooley, J. (2011) The Genomic Standards Consortium. PLoS
Biology, 9 (e1001088).

Flérez, A.B., Campedelli, I, Delgado, S., Alegria, A., Salvetti, E., Felis, G.E., Mayo, B. &
Torriani, S. (2016) Antibiotic susceptibility profiles of dairy leuconostoc, analysis of the
genetic basis of atypical resistances and transfer of genes in vitro and in a food matrix. PLoS
One, 11 (e0145203).

Fontaine, L., Dandoy, D., Boutry, C., Delplace, B., de Frahan, M.H., Fremaux, C., Horvath, P,
Boyaval, P. & Hols, P. (2010) Development of a versatile procedure based on natural transfor-
mation for marker-free targeted genetic modification in Streptococcus thermophilus. Applied
and Environmental Microbiology, 76, 7870-7877.

Fontaine, L., Wahl, A., Fléchard, M., Mignolet, J. & Hols, P. (2015) Regulation of competence for
natural transformation in streptococci. Infection, Genetics and Evolution, 33, 343-360.

Forde, B.M., Neville, B.A., O’Donnell, M.M., Riboulet-Bisson, E., Claesson, M.J., Coghlan, A,
Ros, R.P. & O’Toole, PW. (2011) Genome sequences and comparative genomics of two
Lactobacillus ruminis strains from the bovine and human intestinal tract. Microbial Cell
Factories, 10(Suppl. 1, S13), 1-15.

Franz, C.M., Huch, M., Abriouel, H., Holzapfel, W. & Gélvez, A. (2011) Enterococci as probiotics
and their implications in food safety. International Journal of Food Microbiology, 151, 125-140.

Fusco, V., Quero, G.M., Cho, G., Kabisch, J., Meske, D., Neve, H., Bockelmann, W. & Franz,
C.M.A.P. (2015) The genus Weissella: taxonomy, ecology and biotechnological potential.
Frontiers in Microbiology, 6 (155), 1-22.

Gardan, R., Besset, C., Guillot, A., Gitton, C. & Monnet, V. (2009) The oligopeptide transport
system is essential for the development of natural competence in Streptococcus thermophilus.
Journal of Bacteriology, 191, 4647-4655.

Garrigues, C., Johansen, E. & Crittenden, R. (2013) Pangenomics — an avenue to improved indus-
trial starter cultures and probiotics. Current Opinion in Biotechnology, 24, 187-191.

Gasson, M.J. & de Vos, W.M. (eds.) (2004) Genetics and Biotechnology of Lactic Acid Bacteria.
Springer, Berlin.

Gaudu, P., Vido, K., Cesselin, B., Kulakauskas, S., Tremblay, J., Rezaiki, L., Lamberret, G.,
Sourice, S., Duwat, P. & Gruss, A. (2002) Respiration capacity and consequences in Lactococcus
lactis. Antonie van Leeuwenhoek, 82, 263-269.



60 Probiotic Dairy Products

Giraffa, G. (2003) Functionality of enterococci in dairy products. International Journal of Food
Microbiology, 88, 215-222.

Gueimonde, M., Florez, A.B., van Hoek, A.H., Stuer-Lauridsen, B., Stroman, P., de los Reyes-
Gavilan, C.G. & Margolles, A. (2010) Genetic basis of tetracycline resistance in Bifidobacterium
animalis subsp. lactis. Applied and Environmental Microbiology, 76, 3364-3369.

Hanniffy, S., Wiedermann, U., Repa, A., Mercenier, A., Daniel, C., Fioramonti, J., Tlaskolova, H.,
Kozakova, H., Israelsen, H., Madsen, S., Vrang, A., Hols, P., Delcour, J., Bron, P., Kleerebezem,
M. & Wells, J. (2004) Potential and opportunities for use of recombinant lactic acid bacteria in
human health. Advances in Applied Microbiology, 56, 1-64.

Hao, P, Zheng, H., Yu, Y., Ding, G., Gu, W., Chen, S., Yu, Z., Ren, S., Oda, M., Konno, T., Wang,
S., Li, X., Ji, Z.S. & Zhao, G. (2011) Complete sequencing and pan-genomic analysis of
Lactobacillus delbrueckii subsp. bulgaricus reveal its genetic basis for industrial yogurt pro-
duction. PLoS One, 6 (€15964).

Hatoum, R., Labrie, S. & Fliss, 1. (2012) Antimicrobial and probiotic properties of yeasts: from
fundamental to novel applications. Frontiers in Microbiology, 3(421), 1-12.

Haustenne, L., Bastin, G., Hols, P. & Fontaine, L. (2015) Modeling of the ComRS signaling path-
way reveals the limiting factors controlling competence in Streptococcus thermophilus.
Frontiers in Microbiology, 6(1413), 1-20.

Hill, C., Guarner, F., Reid, G., Gibson, G.R., Merenstein, D.J., Pot, B., Morelli, L., Canani, R.B.,
Flint, H.J., Salminen, S., Calder, P.C. & Sanders, M.E. (2014) Expert consensus document. The
International Scientific Association for Probiotics and Prebiotics consensus statement on
the scope and appropriate use of the term probiotic. Nature Reviews Gastroenterology &
Hepatology, 11, 506-514.

Hols, P., Hancy, F., Fontaine, L., Grossiord, B., Prozzi, D., Leblond-Bourget, N., Decaris, B.,
Bolotin, A., Delorme, C. & Dusko, E.S. (2005) New insights in the molecular biology and
physiology of Streptococcus thermophilus revealed by comparative genomics FEMS
Microbiology Reviews, 29, 435-463.

Horvath, P., Couté-Monvoisin, A.C., Romero, D.A., Boyaval, P., Fremaux, C. & Barrangou, R.
(2009) Comparative analysis of CRISPR loci in lactic acid bacteria genomes. International
Journal of Food Microbiology, 131, 62-70.

Hugenholtz, J., Sybesma, W., Groot, M.N., Wisselink, W., Ladero, V., Burgess, K., van Sinderen,
D., Piard, J.C., Eggink, G., Smid, E.J., Savoy, G., Sesma, F., Jansen, T., Hols, P. & Kleerebezem,
M. (2002) Metabolic engineering of lactic acid bacteria for the production of nutraceuticals.
Antonie van Leeuwenhoek, 82, 217-235.

Ianniello, R.G., Ricciardi, A., Parente, E., Tramutola, A., Reale, A. & Zotta, T. (2015) Aeration
and supplementation with heme and menaquinone affect survival to stresses and antioxidant
capability of Lactobacillus casei strains. LWT — Food Science and Technology, 60, 817-824.

Jans, C., Follador, R., Hochstrasser, M., Lacroix, C., Meile, L. & Stevens, M.J.A. (2013)
Comparative genome analysis of Streptococcus infantarius subsp. infantarius CJ18, an African
fermented camel milk isolate with adaptations to dairy environment. BMC Genomics, 14(200),
1-16.

Jansen, R., Embden, J.D., Gaastra, W. & Schouls, L.M. (2002) Identification of genes that are
associated with DNA repeats in prokaryotes. Molecular Microbiology, 43, 1565-1575.

Johnston, C., Martin, B., Fichant, G., Polard, P. & Claverys, J.P. (2014) Bacterial transformation:
distribution, shared mechanisms and divergent control. Nature Reviews Microbiology, 12,
181-196.

Kankainen, M., Paulin, L., Tynkkynen, S., von Ossowski, 1., Reunanen, J., Partanen, P., Satokari,
R., Vesterlund, S., Hendrickx, A.P., Lebeer, S., De Keersmaecker, S.C., Vanderleyden, J.,
Himdldinen, T., Laukkanen, S., Salovuori, N., Ritari, J., Alatalo, E., Korpela, R., Mattila-
Sandholm, T., Lassig, A., Hatakka, K., Kinnunen, K.T., Karjalainen, H., Saxelin, M., Laakso,
K., Surakka, A., Palva, A., Salusjdrvi, T., Auvinen, P. & de Vos, W.M. (2009) Comparative



Genomic Characterisation of Starter Cultures and Probiotic Bacteria 61

genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus
binding protein. Proceedings of the National Academy of Sciences of the United States of
America, 106, 17193-17198.

Kant, R., Blom, J., Palva, A., Siezen, R.J. & de Vos, WM. (2010) Comparative genomics of
Lactobacillus. Proceedings of the National Academy of Sciences of the United States of
America, 4, 323-332.

Kelleher, P., Murphy, J., Mahony, J. & van Sinderen, D. (2015) Next-generation sequencing as an
approach to dairy starter selection. Dairy Science & Technology, 95, 545-568.

Kelly, W.J., Ward, L.J.H. & Leahy, S.C. (2010) Chromosomal diversity in Lactococcus lactis and
the origin of dairy starter cultures. Genome Biology and Evolution, 2, 729-744.

Klaenhammer, T.R., Barrangou, R., Buck, B.L., Azcaréte-Peril, M.A. & Altermann, E. (2005)
Genomic features of lactic acid bacteria effecting bioprocessing and health. FEMS Microbiology
Reviews, 29, 393-409.

Klijn, A., Mercenier, A. & Arigoni, F. (2005) Lessons from the genomes of bifidobacteria. FEMS
Microbiology Reviews, 29, 491-509.

Kopit, L.M., Kim, E.B., Siezen, R.J., Harris, L.J. & Marco, M.L. (2014) Safety of the surrogate
microorganism Enterococcus faecium NRRL B-2354 for use in thermal process validation.
Applied and Environmental Microbiology, 80, 1899-1909.

Kordikanlhoglu, B., Simsek, O. & Saris, P.E. (2015) Nisin production of Lactococcus lactis N8
with hemin-stimulated cell respiration in fed-batch fermentation system. Biotechnology
Progress, 31, 678-685.

Lebeer, S., Claes, 1., Tytgat, H.L., Verhoeven, T.L., Marien, E., von Ossowski, 1., Reunanen, J.,
Palva, A., de Vos, W.M., Keersmaecker, S.C. & Vanderleyden, J. (2012) Functional analysis of
Lactobacillus rhamnosus GG pili in relation to adhesion and immunomodulatory interactions
with intestinal epithelial cells. Applied and Environmental Microbiology, 78, 185-193.

Lecomte, X., Gagnaire, V., Lortal, S., Dary, A. & Genay, M. (2016) Streptococcus thermophilus,
an emerging and promising tool for heterologous expression: advantages and future trends.
Food Microbiology, 53, 2-9.

Leroy, F. & de Vuyst, L. (2004) Lactic acid bacteria as functional starter cultures for the food
fermentation industry. Trends in Food Science & Technology, 15, 67-78.

Lukjancenko, O., Ussery, D.W. & Wassenaar, T.M. (2012) Comparative genomics of
Bifidobacterium, Lactobacillus and related probiotic genera. Microbial Ecology, 63,
651-673.

Makarova, K., Slesarev, A., Wolf, Y., Sorokin, A., Mirkin, B., Koonin, E., Pavlov, A., Pavlova, N.,
Karamychev, V., Polouchine, N., Shakhova, V., Grigoriev, L., Lou, Y., Rohksar, D., Lucas, S.,
Huang, K., Goodstein, D.M., Hawkins, T., Plengvidhya, V., Welker, D., Hughes, J., Goh, Y.,
Benson, A., Baldwin, K., Lee, J.H., Diaz-Muiiz, 1., Dosti, B., Smeianov, V., Wechter, W.,
Barabote, R., Lorca, G., Altermann, E., Barrangou, R., Ganesan, B., Xie, Y., Rawsthorne, H.,
Tamir, D., Parker, C., Breidt, F., Broadbent, J., Hutkins, R., O’Sullivan, D., Steele, J., Unlu, G.,
Saier, M., Klaenhammer, T., Richardson, P., Kozyavkin, S., Weimer, B. & Mills, D. (2006)
Comparative genomics of the lactic acid bacteria. Proceedings of the National Academy of
Sciences of the United States of America, 103, 15611-15616.

Marshall, V.M. (1991) Inoculated ecosystem in a milk environment. Journal of Applied
Bacteriology, 73, 127S-135S.

Mattarelli, P., Bonaparte, C., Pot, B. & Biavati, B. (2008) Proposal to reclassify the three biotypes
of Bifidobacterium longum as three subspecies: Bifidobacterium longum subsp. longum subsp.
nov., Bifidobacterium longum subsp. infantis comb. nov. and Bifidobacterium longum subsp.
suis comb. nov. International Journal of Systematic and Evolutionary Microbiology, 58,
767-772.

Medini, D., Donati, C., Tettelin, H., Masignani, V. & Rappuoli, R. (2005) The microbial
pan-genome. Current Opinion in Genetics & Development, 15, 589-594.



62 Probiotic Dairy Products

Milani, C., Lugli, G.A., Duranti, S., Turroni, F., Bottacini, F., Mangifesta, M., Sanchez, B.,
Viappiani, A., Mancabelli, L., Taminiau, B., Delcenserie, V., Barrangou, R., Margolles, A., van
Sinderen, D. & Ventura, M. (2014) Genomic encyclopedia of type strains of the genus
Bifidobacterium. Applied and Environmental Microbiology, 80, 6290-6302.

Miquel, S., Beaumont, M., Martin, R., Langella, P., Braesco, V. & Thomas, M. (2015) A proposed
framework for an appropriate evaluation scheme for microorganisms as novel foods with a
health claim in Europe. Microbial Cell Factories, 14(48), 2—-11.

Neville, B.A., Forde, B.M., Claesson, M.J., Darby, T., Coghlan, A., Nally, K., Ros, R.P. &
O’Toole, P.W. (2012) Characterization of pro-inflammatory flagellin proteins produced by
Lactobacillus ruminis and related motile strains. PLoS One, 7(¢40592).

O’Connell Motherway, M., Zomer, A., Leahy, S.C., Reunanen, J., Bottacini, F., Claesson, M.J.,
O’Brien, F., Flynn, K., Casey, P.G., Munoz, J.A., Kearney, B., Houston, A.M., O’Mahony, C.,
Higgins, D.G., Shanahan, F., Palva, A., de Vos, W.M., Fitzgerald, G.F., Ventura, M., O’Toole,
PW. & van Sinderen, D. (2011) Functional genome analysis of Bifidobacterium breve
UCC2003 reveals type IVb tight adherence (Tad) pili as an essential and conserved host-colo-
nization factor. Proceedings of the National Academy of Sciences of the United States of
America, 108, 11217-11222.

Oh, J.H. & van Pijkeren, J.P. (2014) CRISPR-Cas9-assisted recombineering in Lactobacillus reu-
teri. Nucleic Acids Research, 42(e131), 1-11.

O’Sullivan, O., O’Callaghan, J., Sangrador-Vegas, A., McAuliffe, O., Slattery, L., Kaleta, P,
Callanan, M., Fitzgerald, G.F,, Ross, R.P. & Beresford, T. (2009) Comparative genomics of
lactic acid bacteria reveals a niche-specific gene set. BMC Microbiology, 9(50), 1-9.

Oxaran, V., Ledue-Clier, F., Dieye, Y., Herry, J.M., Péchoux, C., Meylheuc, T., Briandet, R.,
Juillard, V. & Piard, J.C. (2012) Pilus biogenesis in Lactococcus lactis: molecular characteriza-
tion and role in aggregation and biofilm formation. PLoS One, 7(e50989).

Papadimitriou, K., Anastasiou, R., Mavrogonatou, E., Blom, J., Papandreou, N.C., Hamodrakas,
S.J., Ferreira, S., Renault, P., Supply, P., Pot, B. & Tsakalidou, E. (2014) Comparative genom-
ics of the dairy isolate Streptococcus macedonicus ACA-DC 198 against related members of
the Streptococcus bovis/Streptococcus equinus complex. BMC Genomics, 15(272), 1-21.

Pariza, M.W., Gillies, K.O., Kraak-Ripple, S.F., Leyer, G. & Smith, A.B. (2015) Determining the
safety of microbial cultures for consumption by humans and animals. Regulatory Toxicology
and Pharmacology, 73, 164—171.

Passerini, D., Beltramo, C., Coddeville, M., Quentin, Y., Ritzenthaler, P., Daveran-Mingot, M.L.
& Le Bourgeois, P. (2010) Genes but not genomes reveal bacterial domestication of Lactococcus
lactis. PLoS One, 5(e15300).

Passerini, D., Coddeville, M., Le Bourgeois, P., Loubiere, P., Ritzenthaler, P., Fontagné-Faucher,
C., Daveran-Mingot, M.L. & Cocaign-Bousquet, M. (2013) The carbohydrate metabolism sig-
nature of Lactococcus lactis strain A12 reveals its sourdough ecosystem origin. Applied and
Environmental Microbiology, 79, 5844-5852.

Pedersen, M.B., Gaudu, P., Lechardeur, D., Petit, M.A. & Gruss, A. (2012) Aerobic respiration
metabolism in lactic acid bacteria and uses in biotechnology. Annual Review of Food Science
and Technology, 3, 37-58.

Pedersen, M.B., Iversen, S.L., Sorensen, K.I. & Johansen, E. (2005) The long and winding road
from the research laboratory to industrial applications of lactic acid bacteria. FEMS
Microbiology Reviews, 29, 611-624.

Pérez, T., Balcazar, J.L., Peix, A., Valverde, A., Velazquez, E., De Bleas, I. & Ruiz-Zarzuela, 1.
(2011) Lactococcus lactis subsp. tructae subsp. nov. isolated from the intestinal mucus of
brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss). International Journal of
Systematic and Evolutionary Microbiology, 61, 1894—1898.

Poonam Pophaly, S.D., Tomar, S.K., De, S. & Singh, R. (2012) Multifaceted attributes of dairy
propionibacteria: a review. World Journal of Microbial Biotechnology, 28, 3081-3095.



Genomic Characterisation of Starter Cultures and Probiotic Bacteria 63

Proft, T. & Baker, E.N. (2009) Pili in Gram-negative and Gram-positive bacteria: structure,
assembly and their role in disease. Trends in Microbiology, 16, 33—40.

Rasinkangas, P., Reunanen, J., Douillard, F.P, Ritari, J., Uotinen, V., Palva, A. & de Vos, W.M.
(2014) Genomic characterization of non-mucus-adherent derivatives of Lactobacillus rhamno-
sus GG reveals genes affecting pilus biogenesis. Applied and Environmental Microbiology, 80,
7001-70009.

Reddy, T.B.K., Thomas, A., Stamatis, D., Bertsch, J., Isbandi, M., Jansson, J., Mallajosyula, J.,
Pagani, 1., Lobos, E. & Kyrpides, N. (2015) The Genomes OnLine Database (GOLD) v.5: a
metadata management system based on a four level (meta) genome project classification.
Nucleic Acids Research, 43, D1099-D1106.

Reunanen, J., von Ossowski, I., Hendrickx, A.P., Palva, A. & de Vos, W.M. (2012) Characterization
of the SpaCBA pilus fibers in the probiotic Lactobacillus rhamnosus GG. Applied and
Environmental Microbiology, 78, 2337-2344.

Salvetti, E., Orru, L., Capozzi, V., Martina, A., Lamontanara, A., Keller, D., Cash, H., Felis, G.E.,
Cattivelli, L., Torriani, S. & Spano, G. (2016) Integrate genome-based assessment of safety for
probiotic strains: Bacillus coagulans GBI-30, 6086 as a case study. Applied Microbiology and
Biotechnology, 100, 4595-4605.

Schell, M.A., Karmirantzou, M., Snel, B., Vilanova, D., Berger, B., Pessi, G., Zwahlen, M.C.,
Desiere, F., Bork, P., Delley, M., Pridmore, R.D. & Arigoni, F. (2002) The genome sequence of
Bifidobacterium longum reflects its adaptation to the human gastrointestinal tract. Proceedings
of the National Academy of Sciences of the United States of America, 99, 14422—-14427.

Schlegel, L., Grimont, F., Ageron, E., Grimont, P.A. & Bouvet, A. (2003) Reappraisal of the
taxonomy of the Streptococcus bovis/Streptococcus equinus complex and related species:
description of Streptococcus gallolyticus subsp. gallolyticus subsp. nov., S. gallolyticus subsp.
macedonicus subsp. nov. and S. gallolyticus subsp. pasteurianus subsp. nov. International
Journal of Systematic and Evolutionary Microbiology, 53, 631-645.

Schleifer, K.H., Ehrmann, M., Krusch, U. & Neve, H. (1991) Revival of the species Streptococcus
thermophilus (ex Orla-Jensen, 1919) nom. rev. Systematic and Applied Microbiology, 14, 386-388.

Senan, S., Prajapati, J.B. & Joshi, C.G. (2015a) Whole-genome based validation of the adaptive
properties of Indian origin probiotic Lactobacillus helveticus MTCC 5463. Journal of the
Science of Food and Agriculture, 95, 321-328.

Senan, S., Prajapati, J.B. & Joshi, C.G. (2015b) Feasibility of genome-wide screening for
biosafety assessment of probiotics: a case study of Lactobacillus helveticus MTCC 5463.
Probiotics and Antimicrobial Proteins, 7, 249-258.

Siezen, R.J. & Wilson, G. (2010) Probiotics genomics. Microbial Biotechnology, 3, 1-9.

Siezen, R.J., Renckens, B., Van Swam, L., Peters, S., van Kranenburg, R., Kleerebezem, M. & de
Vos, W.M. (2005) Complete sequences of four plasmids of Lactococcus lactis subsp. cremoris
SK11 reveal extensive adaptation to the dairy environment. Applied and Environmental
Microbiology, 71, 8371-8382.

Sijpesteijn, A.K. (1970) Induction of cytochrome formation and stimulation of oxidative dissimi-
lation by hemin in Streptococcus lactis and Leuconostoc mesenteroides. Antonie van
Leeuwenhoek, 36, 335-348.

Smokvina, T., Wels, M., Polka, J., Chervaux, C., Brisse, S., Boekhorst, J., van Hylckama Vlieg,
J.E. & Siezen, R.J. (2013) Lactobacillus paracasei comparative genomics: towards species
pan-genome definition and exploitation of diversity. PLoS One, 8(e68731).

Stanton, C., Ross, R.P, Fitzgerald, G.F. & van Sinderen, D. (2005) Fermented functional foods.
Current Opinion in Biotechnology, 16, 198-203.

Stefanovic, E., Fitzgerald, G. & McAuliffe, O. (2017) Advances in the genomics and metabo-
lomics of dairy lactobacilli: a review. Food Microbiology, 61, 33—49.

Sun, Z., Harris, HM., McCann, A., Guo, C., Argimén, S., Zhang, W., Yang, X., Jeffery, I.B.,
Cooney, J.C., Kagawa, T.F,, Liu, W., Song, Y., Salvetti, E., Wrobel, A., Rasinkangas, P.,



64 Probiotic Dairy Products

Parkhill, J., Rea, M.C., O’Sullivan, O., Ritari, J., Douillard, F.P., Ross, R.P., Yang, R., Briner,
A.E., Felis, G.E., de Vos, W.M., Barrangou, R., Klaenhammer, T.R., Caufield, P.W., Cui, Y.,
Zhang, H. & O’Toole, P.W. (2015) Expanding the biotechnology potential of lactobacilli
through comparative genomics of 213 strains and associated genera. Nature Communications,
6(8322), 1-13.

Turroni, F., Milani, C., van Sinderen, D. & Ventura, M. (2011) Genetic strategies for mucin
metabolism in Bifidobacterium bifidum PRL2010: an example of possible human-microbe co-
evolution. Gut Microbes, 2, 183—189.

van de Guchte, M., Penaud, S., Grimaldi, C., Barbe, V., Bryson, K., Nicolas, P., Robert, C., Oztas,
S., Mangenot, S., Couloux, A., Loux, V., Dervyn, R., Bossy, R., Bolotin, A., Batto, J.M.,
Walunas, T., Gibrat, J.F., Bessiéres, P., Weissenbach, J., Ehrlich, S.D. & Maguin, E. (2006) The
complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reduc-
tive evolution. Proceedings of the National Academy of Sciences of the United States of
America, 103, 9274-9279.

van Hylckama Vlieg, J.E., Rademaker, J.L., Bachmann, H., Molenaar, D., Kelly, W.J. & Siezen,
R.J. (2006) Natural diversity and adaptive responses of Lactococcus lactis. Current Opinion in
Biotechnology, 17, 183-190.

van Pijkeren, J.P. & Britton, R.A. (2014) Precision genome engineering in lactic acid bacteria.
Microbial Cell Factories, 13(Suppl. 1, S10), 1-11.

Ventura, M., O’Flaherty, S., Claesson, M.J., Turroni, F., Klaenhammer, T.R., van Sinderen, D. &
O’Toole, P.W. (2009) Genome-scale analyses of health-promoting bacteria: probiogenomics.
Nature Reviews Microbiology, 7, 61-71.

Vido, K., Le Bars, D., Mistou, M.Y., Anglade, P., Gruss, A. & Gaudu, P. (2004) Proteome analyses
of heme-dependent respiration in Lactococcus lactis: involvement of the proteolytic system.
Journal of Bacteriology, 186, 1648—1657.

von Ossowski, I., Reunanen, J., Satokari, R., Vesterlund, S., Kankainen, M., Huhtinen, H.,
Tynkkynen, S., Salminen, S., de Vos, W.M. & Palva, A. (2010) Mucosal adhesion properties of
the probiotic Lactobacillus rhamnosus GG SpaCBA and SpaFED pilin subunits. Applied and
Environmental Microbiology, 76, 2049-2057.

Watanabe, M., van der Veen, S., Nakajima, H. & Abee, T. (2012) Effect of respiration and manga-
nese on oxidative stress resistance of Lactobacillus plantarum WCFS1. Microbiology, 158,
293-300.

Wei, Y-X., Zhang, Z-Y., Liu, C., Malakar, PK. & Guo, X-K. (2012) Safety assessment of
Bifidobacterium longum JDM301 based on complete genome sequences. World Journal of
Gastroenterology, 18, 479-488.

Wells, .M. & Mercenier, A. (2003) Lactic acid bacteria as mucosal delivery system. In Genetics
of Lactic Acid Bacteria. (ed. B.J.B. Wood & P.J. Warner), 261-290. Kluwer Academic/Plenum
Publishers, New York.

Whiley, R.A. & Kilian, M. (2003) International committee on systematics of prokaryotes sub-
committee on the taxonomy of staphylococci and streptococci: minutes of the closed meeting,
31 July 2002, Paris France. International Journal of Systematic and Evolutionary Microbiology,
53, 915-917.

Yilmaz, P., Kottmann, R., Field, D., Knight, R., Cole, J.R., Amaral-Zettler, L., Gilbert, J.A.,
Karsch-Mizrachi, I., Johnston, A., Cochrane, G., Vaughan, R., Hunter, C., Park, J., Morrison,
N., Rocca-Serra, P., Sterk, P., Arumugam, M., Bailey, M., Baumgartner, L., Birren, B.W.,
Blaser, M.J., Bonazzi, V., Booth, T., Bork, P, Bushman, FE.D., Buttigieg, P.L., Chain, P.S.,
Charlson, E., Costello, E.K., Huot-Creasy, H., Dawyndt, P., DeSantis, T., Fierer, N., Fuhrman,
J.A., Gallery, R.E., Gevers, D., Gibbs, R.A., San Gil, 1., Gonzalez, A., Gordon, J.I., Guralnick,
R., Hankeln, W., Highlander, S., Hugenholtz, P., Jansson, J., Kau, A.L., Kelley, S.T., Kennedy,
J., Knights, D., Koren, O., Kuczynski, J., Kyrpides, N., Larsen, R., Lauber, C.L., Legg, T., Ley,
R.E., Lozupone, C.A., Ludwig, W., Lyons, D., Maguire, E., Methé, B.A., Meyer, F., Muegge,



Genomic Characterisation of Starter Cultures and Probiotic Bacteria 65

B., Nakielny, S., Nelson, K.E., Nemergut, D., Neufeld, J.D., Newbold, L.K., Oliver, A.E., Pace,
N.R., Palanisamy, G., Peplies, J., Petrosino, J., Proctor, L., Pruesse, E., Quast, C., Raes, J.,
Ratnasingham, S., Ravel, J., Relman, D.A., Assunta-Sansone, S., Schloss, P.D., Schriml, L.,
Sinha, R., Smith, M.L., Sodergren, E., Spo, A., Stombaugh, J., Tiedje, J.M., Ward, D.V.,
Weinstock, G.M., Wendel, D., White, O., Whiteley, A., Wilke, A., Wortman, J.R., Yatsunenko,
T. & Glockner, F.O. (2011) Minimum information about a marker gene sequence (MIMARKS)
and minimum information about any (x) sequence (MIxS) specifications. Nature Biotechnology,
29, 415-420.

Zhang, Z-Y., Liu, C., Zhu, Y-Z., Wei, Y-X., Tian, E, Zhao, G-P. & Guo, X-K. (2012) Safety
assessment of Lactobacillus plantarum JDM1 based on the complete genome. International
Journal of Food Microbiology, 153, 166—-170.

Zhang, G., Gao, B., Adeolu, M., Khadka, B. & Gupta, R.S. (2016) Phylogenomic analyses and
comparative studies on genomes of the Bifidobacteriales: identification of molecular signa-
tures specific for the order Bifidobacteriales and its different subclades. Frontiers in
Microbiology, 7(978), 1-17.

Zotta, T., Ricciardi, A., Ianniello, R.G., Parente, E., Reale, A., Rossi, F., Lucilla, I., Comi, G. &

Coppola, R. (2014) Assessment of aerobic and respiratory growth in the Lactobacillus casei
group. PLoS One, 9(€99189).



4 Production and Maintaining Viability
of Probiotic Micro-organisms in Dairy
Products

A.Y. Tamime, M. Saarela, M. Wszolek, H. Ghoddousi,
D.M. Linares and N.P. Shah

4.1 Introduction

Definitions of probiotic foods including dairy products have been reported by many
researchers (FAO/WHO, 2001, 2002; Gardiner et al., 2002b; Moeller & de Vrese, 2004;
Malcata et al., 2005; Sharma & Ghosh, 2006; Shah, 2007; Vasiljevic & Shah, 2008;
Baker et al., 2009; Ershidat & Mazahreh, 2009; Soccol et al., 2010; Hati et al., 2013;
Shiby & Mishra, 2013; Hill et al., 2014; Sharma & Devi, 2014; Santiago-Lopez et al.,
2015; Tunick & van Hekken, 2015), such as ‘foods containing live micro-organisms
believed to actively enhance health by improving the balance of microflora in the gut’,
and/or ‘microbial cells preparations or components of microbial cells that have a benefi-
cial effect on health and well-being of the host’. Several preparations, most containing
strains of Lactobacillus spp. and/or Bifidobacterium spp., are well established in the
market, and foods containing probiotic bacteria have been marketed in Japan since the
1930s. Since the publication of the first edition of this book in 2005, there has been a
tremendous increase in the number of microbial species and strains included in probi-
otic dairy products (e.g. pasteurised milk, ice cream, cheeses and infant formula); fer-
mented dairy products, however, remain the most common vehicle for probiotic
organisms (Tamime et al., 1995; Belem, 1999; Lourens-Hattingh & Viljoen, 2001a;
Hawrelak, 2002; Salama, 2002; Stanton et al., 2002; Shah, 2004; Roy, 2005; Sanchez
et al., 2009; Granato et al., 2010; Homayouni et al., 2012b; Khan, 2014; Kumar et al.,
2015; Reid, 2015; Kandylis et al., 2016). Of these, yoghurt is by far the most common
vehicle for probiotic organisms. A number of health benefits have been linked to the
consumption of foods containing probiotic bacteria (for further details, see Chapter 8).
More than 100 probiotic fermented milk products are available in markets worldwide.
To confer health benefits, it is advisable that products sold with any health claims con-
tain a minimum concentration of probiotic bacteria of 10° colony forming units (cfu)
mL~" or g™! at the expiry date. The minimum therapeutic dose per day is suggested to be
103-10°cfumL™ or g7'; or, alternatively, the health effects relate to dosage where the
concentration is not important, but how many cells are delivered per portion (e.g. total
cfu per container consumed) (Lee & Salminen, 1996; Shah, 2000). However, studies
have demonstrated variations in the viable counts of probiotic organisms in fermented
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milks (e.g. yoghurt and other dairy products), where the probiotic effects are considered
strain specific; thus, probiotic products should state the strain, not just species or genera.
Other important points, which have to be considered, are not just variations in counts, but
whether the counts are below 10°cfumL™" or g~', whether the counts match those stated
on the label and/or whether the organisms in the product are those stated on the label.
Furthermore, it is important that the label shows the full strain names of the probiotic(s)
and their minimum live count, guaranteed at end of shelf-life (Anonymous, 1992; Iwana
et al., 1993; Shah et al., 1995; Collins et al., 1998; El-Rahman, 2000; Shah & Ravula,
2000a; Viderola et al., 2000a; Collins, 2001; Lourens-Hattingh & Viljoen, 2002; La
Torre et al., 2003; Varga et al., 2003; Masco et al., 2005; Champagne et al., 2011;
Karimi et al., 2011, 2012; Plessas et al., 2012; Mani-Lopez et al., 2014; Unno et al.,
2015). Several factors may affect the viability of probiotic cultures in fermented milks,
including the final acidity of the product, availability of nutrients, dissolved oxygen and
oxygen permeation through the package. The stability of probiotic cultures has been
seen as an issue for dairy manufacturers and consumers and, in this chapter, the techni-
cal and scientific aspects of probiotic dairy products will be reviewed.

4.2 Probiotic micro-organisms

‘Traditional’ lactic acid bacteria (LAB) that are normally used during the manufacture
of fermented milks and cheeses belong to the genera Lactococcus, Leuconostoc,
Pediococcus, Streptococcus, Lactobacillus and Propionibacterium; the former two gen-
era are mesophilic, whilst the latter types are thermophilic. In some applications, blue
and white moulds are used in cheesemaking, and Geotrichum candidum is used in Viili
production to produce a velvety surface on top of the product. In addition, a wide range
of yeasts have been identified in the kefir grains, but the properties of these products will
not be covered in this publication, as they were detailed by Tamime (2006a). However,
Saccharomyces cerevisiae var. boulardii is the only yeast that has been identified as
being probiotic, and limited data are available on the use of this species in dairy prod-
ucts (Lourens-Hattingh & Viljoen, 2001b; Surawicz, 2003; Stroehlein, 2004; Olivares &
Xaus, 2007; Meile et al., 2008; Rajkowska & Kunicka-Styczynska, 2009; Urkek et al.,
2014; Gil-Rodriguez et al., 2015). The genus Bifidobacterium is widely used in mixed
‘traditional’ LAB starter cultures during the manufacture of probiotic dairy products.

4.2.1 General characteristics

Probiotic micro-organisms, which have been used in fermented and unfermented milk
products including cheese, are shown in Table 4.1, together with their main metabolic
products. This provides some information on their possible role in flavour production,
but it should be noted that the traditional LAB (i.e. starter cultures) are mainly respon-
sible for much of the flavour and aroma (Tamime et al., 2006a).

The strains of pediococci, lactobacilli, enterococci and bifidobacteria that are used
as probiotic micro-organisms in dairy products do not use the tricarboxylic acid cycle
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Table 4.1 Some selected characteristics of probiotic micro-organisms used in dairy foods and their
principle metabolic products.

Starter organism Metabolic product Lactose fermentation

1. Lactic acid bacteria

Pediococcus acidilactici DL lactate Homofermentative
Lactobacillus acidophilus, gasseri, helveticus DL lactate Homofermentative
and johnsonii

Lactobacillus casei, reuteri, plantarum, DL lactate Heterofermentative

rhamnosus and fermentum

Bifidobacterium adolescentis, animalis subsp. L(+) lactate, acetate Heterofermentative
animalis, bifidum, breve, infantis', animalis
subsp. lactis, and longum?

Enterococcus faecium and faecalis L(+) lactate Homofermentative
II. Yeasts
Saccharomyces cerevisiae var. boulardii ? Ethanol, CO2

"Presumed to be Bifidobacterium longum subsp. infantis.
2Presumed to be Bifidobacterium longum subsp. longum.
Data adapted from Masco et al. (2004) and Tamime et al. (2006).

when fermenting the milk, although some of its enzymes may be present. These strains
also do not possess any cytochrome system for harnessing energy from electrons of the
reduced form of nicotinamide adenine dinucleotide (NADH). Energy is largely
obtained via substrate-level phosphorylation and the enzyme adenylpyrophosphatase
(ATPase) of the cytoplasmic membrane. Carbohydrate is metabolised through either
homofermentative or heterofermentative metabolic pathways; bifidobacteria metabo-
lise the lactose in milk via the heterolactic fermentation (Marshall & Tamime, 1997).
Details of all these metabolic pathways have been reviewed by Tamime et al. (2006a)
and Lahtinen ez al. (2012).

4.2.2 FExamples of commercial starter culture blends

Yoghurt is normally manufactured using Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus as starter cultures. Probiotic micro-organisms grow slowly
in milk; hence, the yoghurt starter culture (either the cocci or lactobacilli) is added to
enhance the fermentation process, and probiotics, such as Lactobacillus acidophilus,
Bifidobacterium spp. and Lactobacillus casei, are incorporated as dietary adjuncts
(Leroy & de Vuyst, 2004; Minelli et al., 2004; Saito, 2004). Products made with only
Lb. acidophilus are known as ‘Acidophilus milk’ (e.g. sweet or fermented), or alterna-
tively products with Lb. acidophilus LA-5 and Bifidobacterium animalis subsp. lactis
BB-12 (known as AB cultures); Lb. acidophilus LA-5, Bif. animalis subsp. lactis BB-12
and Lb. casei 431 (known as ABC cultures) (Maiocchi, 2001; Anonymous, 2008, 2013);
or Lb. acidophilus LA-5, Bif. animalis subsp. lactis BB-12. and Str. thermophilus
(known as ABT cultures) (Martin-Diana et al., 2003) could be manufactured. However,
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if milk is fermented with only AB, ABS or some blends of ABT cultures (e.g. ABT-1 to
7,10 and 12), this increases the incubation period and affects product quality (i.e. milder
flavour) (Anonymous, 2008). Other blends of probiotic starter cultures consisting of Str.
thermophilus, Lb. delbrueckii subsp. bulgaricus, Bif. animalis subsp. lactis BB-12 and
Lactococcus lactis subsp. lactis are known as BMY-1 and 2, but blend BY-700 does not
contain any lactococci (Anonymous, 2008). Thus, the normal practice is to make yoghurt
with Str. thermophilus, Lb. delbrueckii subsp. bulgaricus (‘Y culture) and probiotic
micro-organisms, such as AB, ABT, ABC, BMY or BY cultures.

Although normally the choice of any probiotic strain to be used as a starter culture or
together with a starter culture is based on the health benefits of the strain (Gardiner
et al., 2002b), the following technological aspects have to be considered from a starter
culture manufacturer’s point of view: (a) the ability of the probiotic micro-organisms to
grow in a medium in which its cell counts increase, (b) the robustness of the organism
to freezing and drying stages of preservation, and (c) the tolerance of the probiotic to
gastric acidity and bile salts found in the gastrointestinal (GI) tract. Nevertheless, the
blending of strains to make starter cultures for the manufacture of fermented milk prod-
ucts, including those that are probiotic, is a critical procedure. The measures needed to
ensure the desired attributes of the final product have been detailed by Tamime et al.
(2006a). The choice and the ratio of the strains in the starter culture are key factors in
this respect, which may include considerations of the fermentation time, texture, mild-
ness, sugar tolerance and post-acidification profiles (see Figure 4.1). However, an
important feature for live cells of the probiotic products is the number and stability of
the probiotic strains, bearing in mind the current trend towards products with longer
shelf-life, which may be up to 52 d. The blends of probiotic bacteria and LAB starter
cultures are typically tested by manufacturers in quality control laboratories to evaluate
the stability of probiotic micro-organisms during 28 d of shelf-life at 8 °C. Usually, the
primary aim is to have a high count of 1x 10°cfug™" of probiotic strains at the end of the
product’s storage period.

In addition, interactions between the probiotic strains and the traditional starter cul-
tures must be considered in order to guarantee the required probiotic count at the end of
the product’s shelf-life. For example, some strains of the Y culture may inhibit some
strains of probiotic bacteria during the fermentation and storage of the product. Probiotic
micro-organisms may be particularly influenced by other bacteria during long fermenta-
tions. In contrast, however, the growth of most probiotic bacteria hardly gets started
during a short fermentation time, and the strain variability does not seem to be affected
under these conditions. A positive interaction between some probiotic strains is also
known, for example between Bifidobacterium spp. and Lb. acidophilus (Vinderola
et al.,2002).

Some probiotic micro-organisms may influence the flavour of the fermented product.
For example, Bifidobacterium spp. will, when present in high numbers, produce a
noticeable amount of acetic acid during a long fermentation time (Mahdi et al., 1990; La
Torre et al., 2003); whilst Lb. acidophilus will produce acetaldehyde and lactic acid,
which contributes to the characteristic of ‘bio’ yoghurt flavour. Highly proteolytic
probiotic strains may produce peptides, which confer a cheesy flavour/taste to the
fermented milk product (Rasic & Kurmann, 1983).
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BY-Mild BY-Balance
Mouth thickness Mouth thickness
8

Yoghurt flavour

ABY-10 ABY-3
Mouth thickness Mouth thickness
8

Smooth Creamy

Yoghurt flavour Mild Yoghurt flavour

Figure 4.1 Sensory profiling of four different blends of nu-trish® probiotic starter cultures for drink-
ing yoghurt.

Note: It is evident that starter cultures BY-Mild and BY-Balance have the highest mouth thickness attrib-
ute, whilst ABY-10 and ABY-3 had the highest yoghurt flavour attribute.

BY-Mild and BY-Balance: B=Bifidobacterium animalis subsp. lactis BB-12; Y=yoghurt cultures or
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. ABY-10 and ABY-3:
A= Lactobacillus acidophilus LA-5; B=Bif. animalis subsp. lactis BB-12; Y =yoghurt cultures or Str. ther-
mophilus and Lb. delbrueckii subsp. bulgaricus.Data by permission of Chr. Hansen, Hgrsholm, Denmark.

Probiotic bacteria currently used in commercial products mainly belong to the genera
Lactobacillus and Bifidobacterium. Other species that have been identified as probiotic
include Pediococcus acidilatici, Enterococcus spp. and the yeast Sac. cerevisiae var.
boulardii, and the use of some of these species in dairy products has been reported by
many researchers (Tamime et al., 1995; Schillinger, 1999; Krishnakumar & Gordon,
2001; Lourens-Hattingh & Viljoen, 2001b; Tamime, 2002; Holm, 2003; Playne et al.,
2003; Masco et al., 2004; FAO/WHO, 2006; Georgieva et al., 2009; Franz et al., 2011;
Kongo & Malcata, 2016). However, Sac. cerevisiae var. boulardii is not used in foods;
instead, it is sold as supplements. Lactobacillus casei Shirota is used as a single strain
for the manufacture of Yakult® (a Japanese fermented milk beverage) (Tamime &
Marshall, 1997). In addition, the properties of Enterococcus faecium as a probiotic
micro-organism in a fermented milk product have been reviewed by Bertolami &
Farnworth (2008).

The overall pattern of consumption of all types of fermented milks is steadily increas-
ing in the majority of countries in the world, and this may be attributed to the nutritional
and health aspects associated with these products (IDF, 2015). A detailed review of
probiotic dairy products follows, and updates of newer probiotic strains are given in
subsequent sections.
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4.3 Economic value

For probiotic products, micro-organisms are selected for their various health benefits.
Several preparations containing probiotic strains of Lb. acidophilus and bifidobacteria
have become well established in the market. In France, products containing probiotic
Lb. acidophilus and Bifidobacterium spp. have increased by approximately 300% to
capture 4% of total fresh milk sales (Hughes & Hoover, 1991). In the mid-2000s, 11%
of all the yoghurt sold in France contained Bifidobacterium spp. In Europe, probiotic
applications are mainly restricted to fermented milk products and juices, and the eco-
nomic values ($million) of such products in 1998 in some selected countries were 60 in
Germany, 30 in The Netherlands, 28 in France, 24 in Spain and 18 in the United
Kingdom (UK) (Shortt, 1999). However, the economic values of probiotic yoghurt and
probiotic drinking yoghurt sold in the UK in 2002 were £320.2 million and £68 million,
respectively (Anonymous, 2003). Currently, Kongo & Malcata (2016) reported that the
fermented milk market in Europe, Canada, the United States of America (USA) and
Asian countries was €billion 63.2, which accounted for 77% of the global market. The
emergence of probiotic fermented milk products, however, has contributed to the growth
of the dairy sector (i.e. consumption and economic value). In addition, probiotic micro-
organisms are used as co-cultures with ‘traditional’ starter cultures for the manufacture
of other dairy products, such as sweet milk, whey drinks, cheeses and infant formula; no
worldwide data are available regarding the economic value of these probiotic products,
but reports have been published (http://www.marketresearch.com/browse.asp?categoryid=
510&SID=1498-1449-302165162-317076963 and http://www.ipaeurope.org/images/
image/pdf/Euromonitor-Market-Data.pdf). It is safe to assume that the market value of
these products has increased dramatically over the last decade, and Table 4.2 illustrates
some examples of commercially available probiotic dairy products in some selected
countries.

4.4 Unfermented probiotic milk

Limited data are available for probiotic liquid milk products (i.e. unfermented), and one
such product is known as ‘sweet Acidophilus milk’ (Tamime & Marshall, 1997; Shortt,
1999). The manufacture of this product does not entail fermentation of the milk, because
a concentrated Lb. acidophilus preparation is added to cold pasteurised milk before
packaging; the anticipated viable count is ~5x10°cfumL" (Salji, 1992). Young &
Nelson (1978) reported that the level of Lb. acidophilus declined by a factor of 10 dur-
ing a two-week storage period, which was attributed to the level of inoculum and the
strain used.

Unfermented milk containing ‘Bifidobacterium longum ATCC 15708’ (presumed to
be Bifidobacterium longum subsp. longum) (Mattarelli et al., 2008; Underwood et al.,
2015) at a dose of 5x 108 cfumL~" improved lactose digestion in vivo, and the milk was
better tolerated by lactose maldigesters (Jiang ef al., 1996). Another product similar to
Acidophilus milk was known as BRA sweet milk, because it contained ‘Bifidobacterium
infantis’ (presumed to be Bifidobacterium longum subsp. infantis) (Mattarelli et al.,
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Table 4.2 Examples of probiotic dairy products in some selected markets'.

Trade name

Producer — country of origin

Probiotic micro-organisms present in the
products as stated by the manufacturer?

Non-fermented milk

Gefilus

Valio — Finland (FI)

Yoghurt/viscous products

AB-Jogurtti
Activia
Benecol

Biola

Ekologisk

Fjillyoghurt
Gefilus
Lcl

L. Casei Piimid

Juustoportti — FI
Danone — France (FR)
Benecol — FI

Tine — Norway (NO)

Anglamark — Sweden (SE)

Milko — SE
Valio — FI
Nestle — Switzerland (CH)

Satamaito — FI

Lactobacillus rhamnosus GG

Lactobacillus acidophilus, Bifidobacterium spp.
Lactobacillus casei Immunitas
Bifidobacterium spp.

Lactobacillus rhamnosus GG, Lb. acidophilus,
Bifidobacterium spp.

Lb. acidophilus, Bifidobacterium animalis
subsp. lactis

Lb. acidophilus, Bifidobacterium bifidum
Lb. rhamnosus GG
Lactobacillus johnsonii

Lb. casei

Drinkable or beverage fermented milk/low-viscous products

Actimel

A-Fil

AB-Piima

Aktifit Plus
Benecol

Bifidus

Bifidus® or Activia

Biogarde

Cultura Balance

Gefilus
Oresundsfil
Verum
Vifit
Yakult

Yosa’

Gefilus
Kefir

Danone — FR

Arla - SE
Skanemejerier — SE
Norrmejerier — SE
Milko — SE

Arla—FI
Emmi - CH
Benecol — FI
Emmi - CH
Danone - FR

Strohmann — Germany (DE)
Almhof — The Netherlands (NL)
Albert Heijn — NL

Arla — Denmark (DK)

Valio - FI
Skénemejerier — SE
NorrMejerier — SE
Campina — NL
Yakult - NL

Bioferme — FI

Valio — FI
Bakoma — Poland (PL)

Lb. casei Immunitas

Lb. acidophilus

Lb. acidophilus

Lb. rhamnosus GG

Bifidobacterium spp.

Lb. acidophilus, Bifidobacterium spp.
Lb. acidophilus, Bifidus*

Lb. acidophilus, Bifidobacterium spp.

Lb. casei F19, Lb. acidophilus LA-5, Bif.
animalis subsp. lactis BB-12

Lb. rhamnosus GG

Lb. acidophilus, Bifidobacterium spp.
Lb. rhamnosus LB21

Lb. rhamnosus GG

Lb. casei Shirota

Bif. animalis subsp. lactis BB-12,
Lb. acidophilus LA-5

Lb. rhamnosus GG

Lb. acidophilus, Bifidobacterium lactis®

(Continued)
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Table 4.2 (Continued)

Trade name Producer — country of origin Probiotic micro-organisms present in the
products as stated by the manufacturer?

Kefir Bieluch — PL Lb. acidophilus LA-5, Bifidiobacterium BB-12¢
Concentrated fermented milk products
Total Fage — Greece (GR) Lb. acidophilus, Bifidus*, Lb. casei
Greek-style Morrison — United Kingdom Bif. lactis’, Lb. acidophillus
yoghurt (UK)
Authentic strained  Chobani — UK Lb. acidophilus, Bifidus®, Lb. casei
yoghurt
Greek-style Fontera — New Zealand (NZ) Lb. acidophilus, Bifidus*
yoghurt
Greek-style Roaming Cow — Australia (AU)  Lb. acidophilus, Bifidus*, Lb. casei
yoghurt
Greek yoghurt Jalna — AU Lb. acidophilus, Bifidobacterium spp., Lb. casei
Okios Stoneyfield — United States of Lb. acidophilus, Bifidus*, Lb. casei
America (USA)
Greek yoghurt Kroger — USA Lb. acidophilus, Bif. bifidum
Greek-style Greek Gods — Canada (CA) Lb. acidophilus, Bifidobacterium spp., Lb. casei
yoghurt
Greek yogourt Liberté — CA Lb. acidophilus, Bif. lactis’, Lb. casei
Skyr Siggis — Iceland (IS) Lb. acidophilus, Bif. lactis’
Ymer Arla— DK Lb. acidophilus
Cheese
Fitness Quark Onken — DE Lb. acidophilus, Bifidobacterium spp.

Data compiled from product labels and/or manufacturer websites.

"Data compiled from the websites of the commercial dairy companies.

2Strains and species of lactic acid starter cultures are not listed; in some cases, the strain identification of the
probiotic organism was not stated.

Data compiled from www.scienceforhealth.info.

“Presumed to be Bif. animalis subsp. lactis Bifidus ActiRegularis DN-173 010.

5This is an oat drink similar to a yoghurt-like product.

*Presumed to be Bif. animalis subsp. lactis BB-12.

"Presumed to be Bif. animalis subsp. lactis.

2008; Underwood et al., 2015), Lactobacillus reuteri and Lb. acidophilus (Rothschild,
1995). Recently, strains of Lactobacillus rhamnosus GR-1 and Lb. reuteri RC-14 were
shown to survive in milk containing inulin and yeast extract (Hekmat & Reid, 2007);
although the milk was fermented overnight at 37 °C, the counts decreased by only 1
log,, cycle after 28 d of cold storage. In probiotic milk, Awaisheh et al. (2012) isolated
strains (two of each) of Lb. acidophilus, Lactobacillus gasseri and Lb. reuteri from
newly born Jordanian infants (i.e. breastfed). The isolates were inoculated into cold
pasteurised milk (mono or mixed cultures) and, after 15 d storage at 4 °C, the viable
counts of all the isolates ranged between 8.6 and 9.0 log,, cfu mL™". In the presence of
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isoflavones and phytosterols in the milk, and after incubation anaerobically at 37 °C for
18 h, the viability of single strains in the milk was enhanced, but not when they were
mixed together (Awaisheh et al., 2012). Pasteurised lactose hydrolysed and microfil-
tered skimmed milk inoculated aseptically with Bif. animalis subsp. lactis BB-12 and
stored for 43 d at 5°C had a viable count of >8 log,, cfu mL™" after 28 d of cold storage
(Alves et al., 2016). In a carrot-flavoured pasteurised milk inoculated with different
probiotic bacterial strains (Lb. acidophilus LA-5, Lactobacillus plantarum, Lb. rhamno-
sus GG or Bif. animalis subsp. lactis BB-12), Lb. acidophilus LA-5 seemed to be more
stable than the other probiotic bacteria, with >98% viability during storage (20 d at 4 °C)
compared to 88-92% viability for the other strains. Slight changes in the acidity of the
product occurred, but this was strain related (Daneshi et al., 2012). In a study by Zafari
et al. (2013), chicory plant (Dorema aucheri — amount added ranged between 0.03
and 0.09 g 100mL™") enhanced the growth of Bif. bifidum and Lb. acidophilus in milk,
and the viable counts (cfug™) of the probiotic bacteria after 21 d were 73.3x10° and
77.7%x10°, respectively.

Other unfermented probiotic dairy products are available in different markets, such
as ice cream, butter and baby formula, and they will be reviewed separately in
subsequent sections.

4.5 Probiotic fermented milks and beverages

A wide range of fermented milk products is made in many different countries. The
classical example is yoghurt, which is manufactured as set, stirred and/or drinking
types, and these products can be flavoured by adding fruit preparations or fruit essences
plus colouring matter. Different mammalian milks have been used for the manufacture
of fermented milks, including beverages (Hussein et al., 2013). The fat content can be
standardised, and the solids-not-fat (SNF) level can be fortified (e.g. with skimmed
milk powder - SMP) to enhance rheological properties. In addition, yoghurt-related
products, such as concentration of the fermentate (Labneh, Greek yoghurt, Ymer and
Skyr), are made using a co-culture (‘traditional’ LAB as starter cultures, e.g. yoghurt
and cheese) with probiotic bacteria. The technical and scientific aspects regarding the
production of these products have been detailed by Kurmann et al. (1992), Tamime
et al. (1995), Tamime & Robinson (1999, 2007), Bottazzi (2002), Tamime (2006a),
Chandan et al. (2008), Yildiz (2010), Saad et al. (2013), Ozer & Tamime (2013) and
Yerlikaya (2014). The manufacturing stages of probiotic yoghurt are very similar to
those of ‘classical’ yoghurt, but natural/plain probiotic yoghurt is slightly sweeter in
taste and the fermentation time is usually slightly longer when compared with the
‘classical’ product (Van de Water, 2003). It is interesting to note that there have been
considerable development work and scientific publications in this field over the past
decade; thus, these probiotic dairy products will be reviewed based on the proposed
classification of fermented milks by Robinson ez al. (2002), such as lactic acid fermen-
tations, yeast—lactic acid fermentations and mould—lactic acid fermentations. Some
examples follow.
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4.5.1 Lactic acid fermentations

The group of products that fall within this category are mainly classified as:

e Mesophilic lactic acid fermentations (optimal growth at ~30°C) with starter cultures
belonging to the genera Lactococcus, Leuconostoc and Pediococcus. Some exam-
ples include ‘general’ types of fermented milks, Nordic sour milk products, fer-
mented buttermilk (natural or cultured — the former type is a by-product of cultured
buttermaking) and Dahi (an Indian fermented milk); the latter product is sometimes
made using yoghurt starter cultures.

e Thermophilic lactic acid fermentations (optimal growth at ~42-45°C) where the
starter cultures are mainly the yoghurt organisms and Lactobacillus helveticus.

o Probiotic lactic acid fermentations (optimal growth at ~37 °C) where the starter cul-
tures are mainly the yoghurt organisms and a wide range of probiotic bacteria.

Mesophilic probiotic fermented milks

Nordic cultured buttermilk (Piimé, Filmjolk, i.e. drinking type) is made by microbial
fermentation of pasteurised whole milk or skimmed milk. Typical starter cultures in
fermented buttermilk are mesophilic LAB, such as Lactococcus lactis subsp. cremoris,
Lac. lactis subsp. lactis, Lactococcus lactis subsp. lactis biovar. diacetylactis and
Leuconostoc mesenteroides subsp. cremoris. The processed milk base is fermented at
20°C for ~20h (final pH: 4.5-4.6), followed by stirring, cooling, flavouring (optional)
and packaging (Mantere-Alhonen & Forsen, 1990; Tamime & Marshall, 1997;
Leporanta, 2001; Mayo et al., 2010).

Originally, cultured buttermilk was consumed as a drink during meals and did not
contain any flavouring. This is still the case, but there are now fruit-flavoured varieties
also on the market, for example in Finland and Sweden. These flavoured products are
consumed during breakfast (often with cereals), or as a snack in a manner similar to
yoghurt, whereas unflavoured buttermilks (especially the Finnish products that are less
viscous) are typically consumed as drinks, together with foods.

In addition to lactic starter cultures, probiotic-cultured buttermilk may contain differ-
ent micro-organisms, such as Lb. rhamnosus GG [e.g. Gefilus-Piimé in Finland and
Gefilus Hapupiim in Estonia (http://www.valio.fi/tuotteet/haku/?haku=piim%C3%A4),
and Syrnet Melk in Norway (http://www.tine.no/merkevarer/biola/produkter/biola-syrnet-
melk-med-bl%C3%A5b%C3%A6r)], Lb. casei [Piimi in Finland (http://www.satamaito.
fi/tuotteet)] and Lb. acidophilus alone or together with Bifidobacterium spp. (Fil in
Sweden, Piimé in Finland and Syrnet Melk in Norway) (see Table 4.2).

Thermophilic probiotic fermented milks

Yoghurt and other fermented milks containing probiotic bacteria have become popular
worldwide. In order to find new probiotic strains, researchers have tried screening tradi-
tional fermented milk products made in different countries, such as Nigeria and other
African countries (Banwo et al., 2013; Franz et al., 2014), Portugal (Barbosa et al.,
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2014), Iran (Heidarpour et al., 2013; Emami et al., 2014; Iranmanesh et al., 2014;
Sharafi et al., 2015), Mongolia (Takeda et al., 2011, 2015; Kimoto-Nira et al., 2015;
Kuda ef al., 2016), Kazakhstan (Kushugulova et al., 2013), Italy (Pisano et al., 2011)
and Sardinia (Ortu et al., 2007). Other potential sources of probiotic strains have been
screened, such as dairy products, human faeces (Liu et al., 2013; Archer & Halami,
2015) and human breast milk (Zacarias et al., 2011). Other aspects of probiotic dairy
products that have been reported in the scientific literature include general reviews on
probiotic bacteria and the safety of lactobacilli (Chen et al., 2006; Bernardeau et al.,
2008; Prasanna et al., 2014; Chen et al., 2015; van den Nieuwboer, 2016), enterococci
(Ramakrishnan et al., 2014), phage infection of probiotic strains (Capra et al., 2009;
Mercanti et al., 2015), patents on probiotic dairy products (Nose et al., 2007; te
Biesebeke & de Vries, 2009; Peneva & Aleksandrov, 2013, 2015; Penhasi, 2013a,
2013b), the antibacterial effects of probiotics (Dabiza et al., 2006), the use of whey and
buttermilk to grow and freeze probiotic lactobacilli (Burns et al., 2008) and the antibi-
otic resistance of commercially available probiotic starter cultures (Sharma et al., 2014).

Nevertheless, ‘Bifidobacterium bifidum Bb-12’ (presumed to be Bif. animalis subsp.
lactis BB-12) (Anonymous, 2013, 2016) grew faster in goat’s milk compared to cow’s
milk fortified with whey protein concentrate (WPC) powder and inulin, and had viable
counts of 2.3 x 108cfumL" after 9 d at 5°C (Bozanic & Tratnic, 2001), whilst the same
milk did not enhance the growth of Lb. acidophilus LA-5 (Bozanic et al., 2004). The
growth rates of Lb. acidophilus JCM 11047 (human origin) co-cultured with Str. ther-
mophilus 510 in goat’s milk were higher than in cow’s milk, and the viable count was
107 cfumL™" after 7 d at 5 °C (Masuda et al., 2005). Similar counts were reported for Lb.
acidophilus LA-5 and Bif. animalis subsp. lactis BB-12 in goat’s milk fortified with
inulin and transglutaminase (Tg-ase) (Mituniewicz-Malek et al., 2014). The AB culture
(Lb. acidophilus and Bif. bifidum) and BC culture (Bif. bifidum and Lb. casei) were
grown separately as co-culture with a yoghurt starter (Y culture) (Str. thermophilus and
Lactobacillus bulgaricus — presumed to be Lb. delbrueckii subsp. bulgaricus) for the
production of a probiotic goat’s yoghurt. The AB product had viable counts of lactoba-
cilli and bifidobacteria of 3.5x 107 and 3.4x 10" cfumL-!, respectively; whilst the BC
product had viable counts of bifidobacteria and lactobacilli of 7.6x10” and
5.6 x 107 cfumL™!, respectively. The optimum proportion of both probiotic bacteria and
Y culture was 2:1:1 (Shu et al., 2015).

The cell counts of ‘Bif. longum BB-536" (presumed to be Bif. longum subsp. longum
BB-536) co-cultured with a Y culture was lower in goat’s milk yoghurt fortified with
inulin and SMP than in cow’s milk, and a slight increase in counts of 1.7 log,  cycle mL™
was observed in the latter product (Simunek & Evacic, 2009). Abe et al. (2009b) reported
counts of >1.0x 10"cfumL™" after storage for 35 d at 5°C by ‘Bif. longum BB-536
(presumed to be Bif. longum subsp. longum BB-536) (an isolate from an infant) co-cultured
with a'Y culture, but improved survival rate of bifidobacteria was obtained by reducing
the incubation temperature to 37 °C and co-culturing with a Lactococcus lactis spp. The
cell counts of Lb. rhamnosus GG in goat’s milk yoghurt made and co-cultured with
Y culture ranged between 10% and 10° cfumL'; the addition of sugar (7 g 100 g™") resulted
in reduced levels of short- and medium-chain fatty acids (FAs), and a less ‘goaty’ flavour,
but the firmness of the coagulum was weak (Jia et al., 2016).
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Potentially enhanced therapeutic values of fermented milks (cow, goat and camel)
with Pediococcus pentosaceus were achieved due to their increased antioxidant activity.
This was highest in goat’s milk (93%)>camel’s milk (86%)>cow’s milk (79 %); the FA
profiles were also higher (Balakrishnan & Agrawal, 2014). Probiotic Dahi and yoghurts
made from cow’s and buffalo’s milks with or without AB culture (Lb. acidophilus and
‘Bif. bifidum’ — presumed to be Bif. animalis subsp. lactis BB-12) had different viable
counts of probiotic bacteria, and lower count was observed in buffalo’s milk (P <0.05),
but not the yoghurt organisms (Vijayendra & Gupta, 2014). In addition, comparative
studies on the survival of probiotic bacteria in yoghurt made from camel’s, cow’s, goat’s
and sheep’s milk or goat’s and camel’s milk were reported by Varga et al. (2014b) and
Hussein et al. (2013), respectively,

Standardised buffalo’s milk (4 fat and 10g 100g~' SNF), fortified with Aloe vera (AV)
juice (16 g 100 g™") and fermented with Lac. lactis subsp. lactis biovar diacetylactis NCDO
60 and Lactobacillus paracasei subsp. paracasei NCDO 627, resulted in enhanced probi-
otic counts in Dahi (Hussain et al., 2016); whilst Farooq et al. (2013) isolated Lb. acido-
philus strains from Dahi, which were potential probiotic bacteria. In a study by Kristo et al.
(2003), Lb. paracasei subsp. paracasei B117 grew well in co-culture with a'Y culture, but
favoured a lower incubation temperature at 36-38 °C. A mixture of cow’s and buffalo’s
milks (1:1) was used for fermentation by isolates from infant faeces (Ent. faecium NM 113
and NM 213, and Lb. casei NM 512) in co-cultures (1:1) with a'Y culture; these isolates
affected the rheological properties of the fermentate, but the viable counts of the probiotic
bacteria were >10"cfug! at the end of the storage period (Abdou et al., 2015).

When Lb. acidophilus LA-5 and Lb. rhamnosus LR-35 were grown as single cultures or
as co-culture with Y culture in milk containing two milk protein concentrates and two
casein hydrolysates; Lb. acidophilus LA-5 grew well in the milk, but showed poor stability
during storage. In contrast, Lb. rhamnosus LR-35 grew weakly in the milk, but was remark-
ably stable during storage. However, the growth of the same probiotic bacteria in the milk
base containing casein hydrolysate required 11h of incubation period, and the counts
(cfumL') were >10° for Lb. acidophilus LLA-5 and 107 for Lb. rhamnosus LR-35 after 5
weeks’ storage at 5°C (Sodini et al., 2002). Similarly, Lb. acidophilus LAC-4 and Bif.
animalis subsp. lactis BL were blended with a'Y culture (either as single or mixed) to fer-
ment the milk at 42°C until pH values reached 4.5. The counts of bifidobacteria and Y
culture were high after 28 d storage, but Lb. acidophilus LAC-4 count decreased by 14 d
and the final count was <10°cfumL" after 28 d (Damin et al., 2006). Replacing SMP with
WPC and sodium caseinate (Na-Cn) affected the acidification rate of Bif. animalis subsp.
lactis LAFTI® B94 and Y culture, and the counts of bifidobacteria were ~6.88 log10 cfu
mL" after 28 d at 4 °C; the structure of the gel was more compact (Marafon et al., 2011a,
2011b; Akalin et al., 2012) probably due to the fusion of the casein micelles (Tamime et al.,
1984). Furthermore, supplementation of the milk base with whey protein isolate (WPI) and
resistant starch improved the firmness of the probiotic yoghurt, and enhanced the rate of
gelation, which was 98 min compared to 135min for the control product (Skrzypczak &
Gustaw, 2012). Supplementation of the milk base with w-3-FA, isoflavones and phytoster-
ols had no effects on monocultures of Lb. gasseri and ‘Bif. infantis’ (presumed to be Bif.
longum subsp. infantis) grown with a'Y culture, resulting in high counts of each of the
probiotic strains (i.e. 41.0x 103cfumL™") after 15 d of storage (Awaisheh et al., 2005).
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The viability of Lb. acidophilus LA-5, Lb. rhamnosus LB-A and Bif. animalis subsp.
lactis BL-04 (monocultures) in milk fermented with Y culture was found to be good,
and the counts for both strains were similar (6.8 log,, cfu mL™) after 21 d at 4°C
(Saccaro et al., 2009). The metabolic activity of Bif. animalis subsp. lactis HN 019 with
Y culture in organic cow’s milk yoghurt resulted in higher amounts of FAs, including
conjugated linoleic acid (CLA) (Florence et al., 2012, 2013). Similar work was reported
by Bisig et al. (2007), Oliveira et al. (2009, 2011a), Rodriguez-Alcala et al. (2011) and
do Espirito Santo et al. (2012a).

Using different strains of Lb. plantarum ACA-DC 146 and Lb. paracasei subsp. tol-
erans ACA-DC 4037 in probiotic yoghurt resulted in a low milk acidification activity.
Viable counts were >7.0 log, cfu g™' after 14 d of storage, but increasing the microbial
load further using concentrated and encapsulated inoculant (10-11 log,, cfu g™') resulted
in yoghurts with long fermentation times and poor sensory properties (Maragkoudakis
et al., 2006a, 2006b; see also Elshaghabee, 2016). Other potentially mono probiotic
strains (Lb. plantarum 14 or Lactobacillus fermentum 4a) acidified milk in 72h at 37 °C,
and maintained counts of each strain of 10%cfumL™ during 21 d of cold storage
(Modzelewska-Kapitula et al., 2008). Mirlohi et al. (2014) reported better survival of
Lb. plantarum in yoghurt with the use of a slow-acid-producing strain of Y culture.

The quality of probiotic Bulgarian yoghurt, which is mainly made with a monocul-
ture of Lb. delbrueckii subsp. bulgaricus, was influenced by the particular probiotic
strain used (Lb. plantarum, Lactobacillus salivarius or Lactobacillus brevis), and only
Lb. plantarum survived without affecting the sensory properties in the product
(Tropcheva et al., 2014). In a separate study, Makino et al. (2016) reported that exopoly-
saccharide (EPS) produced by a strain of Lb. delbrueckii subsp. bulgaricus OLL1073R-1
in Bulgarian yoghurt induced the production of interferon-y (IFNy) in vitro, which
could exert immunostimulatory effects.

The fermentation and sensory properties of a probiotic isolate (Lb. casei Zhang;
mono- or co-culture with Str. thermophilus) was reported by Wang et al. (2010, 2013).
The sensory properties were influenced by storage time (28 d at 4 °C), and the highest
scores were observed after 14 d of refrigerated storage. Wang et al. (2009) studied the
transit tolerance of the same strain in soymilk and cow’s milk during storage, whilst the
lipid-lowering capability of five strains of Lactobacillus spp. was reported by Wang
et al. (2015a). Co-culturing Lb. casei Zhang with a Y culture inhibited the growth of
yeast and moulds in the product, and the Lb. casei Zhang count was 3x 10¢cfug™ (Li
et al., 2013). A South African fermented milk product (Yoba Mutandabota) made with
Lb. rhamnosus Yoba was also shown to inhibit the growth of Listeria monocytogenes,
Campylobacter jejuni, Escherichia coli O157:H7 and Bacillus cereus; Salmonella was
the only pathogenic species to grow in the product (Mpofu et al., 2014, 2016). The anti-
microbial and antihypertensive activities of a probiotic Lb. plantarum Tensia DSM
21380 in fermented milk has been patented to be used in fermented milk; the patent also
claimed that this product could suppress the growth of pathogens and non-starter lacto-
bacilli, thus extending the shelf-life of food products at the end of the storage period
(Songisepp et al., 2009, 2014; Hutt et al., 2015). It is of interest to note that Lb. reuteri
RC-14 and Lb. rhamnosus GR-1 have also been used successfully in yoghurt making.
These strains have been shown to colonise the intestine and vagina, and there is evidence
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that this combination can reduce recurrences of bacterial vaginosis, yeast vaginitis and
urinary tract infections. Both probiotic strains have shown resistance to bile and have
survived passage through the human GI tract without inducing systemic immune or
inflammatory responses (Hekmat et al., 2009).

Strain selection is important in probiotic yoghurt. For example, there was good sta-
bility of Lb. acidophilus strains PIM703 and SBT2062 (~6x 107cfug™") when either
strain was co-cultured with a'Y culture. Conversely, a study by Ng et al. (2011) showed
that Lb. acidophilus ATCC 700396 and NCFM were slightly inhibited when co-cultured
with Lb. delbrueckii subsp. bulgaricus. Other lactobacilli strains [Lb. plantarum DK
211 and DK 303, Lb. paracasei subsp. paracasei DK207 and DK215 and ‘Lactobacillus
sakei’ (presumed Lactobacillus sakei subsp. sakei); Woo et al., 2010] have been isolated
from Kimchi (a Korean fermented product). The isolate (Lb. plantarum DK 211) was
used in yoghurt making, and the product was highly rated by the sensory panellists. The
rest of the isolates from Kimchi (including Lb. plantarum DK 211) were acid and bile
salt tolerant, inhibited the growth of certain pathogens except E. coli and could have
potential as probiotic bacteria to be used during the manufacture of yoghurt (Baick &
Kim, 2015). Further information on isolates from kimchi has been reported by Cho
et al. (2013), Choi et al. (2015) and Khan & Kang (2016); however, Lee et al. (2015)
have also characterised a probiotic lactococci isolated from kimchi.

In a different study, five commercial yoghurt-related fermented milk products con-
taining probiotic bacteria — Bifidobacterium spp., Lb. acidophilus, ‘Bif. lactis Bb-12’
(presumed to be Bif. animalis subsp. lactis BB-12) and Lb. casei, Lb. casei Shirota, Lb.
casei, and Lb. casei and Lb. rhamnosus HNOO1 — were spiked with two different strains
of Mycobacterium avium subsp. paratuberculosis (MAP). The MAP numbers decreased
(averaged 2.3 log ; mL™) in the products after 6 weeks’ storage (van Brandt et al.,
2011). Another probiotic isolate (Bacillus indicus HU 36, a carotenoid-producing organ-
ism) was used in yoghurt production; viable counts were ~5 and 3.5 log,  cfu mL™" after
14 and 21 d at 4 °C, respectively. Although this strain increased the yellow colour of the
product, it did not affect the sensory profiling and/or rheological properties of the
yoghurt (Ersan et al., 2016).

The use of different flavouring ingredients in probiotic yoghurts can affect the sur-
vival rate of these organisms. Examples include the following: (a) black locust honey
(Robinia pseudoacacia L.) (5g 100mL"") improved the viability of the bifidobacteria
during storage for 35 d at 4 °C in a product made with ABT starter culture (for details,
refer to Section 4.2.2) (Varga et al., 2014a), (b) chicory plant (D. aucheri — amount
added ranged between 0.03 and 0.09g 100mL™") enhanced the growth of Bif. bifidum
and Lb. acidophilus strains in yoghurt, and the viable counts (cfug™) of the probiotic
bacteria after 21 d were 88.3x 10° and 71 x 10°, respectively (Zafari et al., 2013), and (c)
strawberry juice, tomato paste or orange/carrot in probiotic yoghurt made with mono- or
co-culture of ‘Bif. bifidum Bb-12’ (presumed to be Bif. animalis subsp. lactis BB-12),
Lb. acidophilus LA-5 and Lb. casei 01 increased the survival of the latter two strains,
which had an average viable count of 107cfug™ by the end of the storage period
(Vinderola et al., 2002; Taha et al., 2007).

Other additives, which have been studied in relation to the survival rate and quality
of probiotic yoghurts and fermented milks, are shown in Table 4.3. Some processing



Table 4.3 The effect of some selected additives on the quality and viable counts of probiotic yoghurt and fermented milks (viscous-type).

and Lactobacillus paracasei subsp.
paracasei

Bif. longum BL 052, Lb. acidophilus LA 14
and co-culture with Lactobacillus
delbrueckii subsp. bulgaricus LB 3440 and
Streptococcus thermophilus TA 040
ABY-3 and ABT-5 (for details, refer to
Section 4.2.2)

Lactobacillus rhamnosus and Str.
thermophilus

Lb. acidophilus L 10 and NCFM,
Bifidobacterium animalis subsp. lactis B
104 and HN 019 and co-cultured with
yoghurt starter (CY 340)

Lb. acidophilus and Bif. animalis subsp.
lactis

Lb. acidophilus, Bifidobacterium bifidum
(grown as monocultures)

Glucose oxidase
(<500mgkg™)

Rosehip extract

Inulin

Passion fruit peel
powder

Red or green lentils

Oregano, garlic, tea
extract or coffee extract

bacteria (>107) after 14 d at 4 °C, especially when the
milk was fermented at 37°C.

No effect on quality of product; all the probiotic counts
were ~8 log,  after 30 d at 5 °C; however, Batista ef al.
(2015) achieved counts of >6 log, cfu g™ in glucose
oxidase probiotic yoghurt.

The viable counts of probiotic bacteria were 2.5 x 10 at
the end of the storage period.

The additive stimulated both biomass growth and levels of
all end of the product’s shelf life.

Fermentation time was reduced; rheological properties: all
the skimmed milk yoghurts except the batches fermented
with Lb. acidophilus L. 10 and NCFM were improved, and
the counts of bifidobacteria were about 1 log, higher in
full-fat yoghurt compared with the control after 28 d.

The lentils exhibited strong antioxidant potential, and
enhanced the viable counts during 28 d storage

period at 4°C.

The viable counts® averaged x 10'"° in the 4 flavoured
products for lactobacilli — 3.4, 7.3, 21.3 and 32.5,
respectively — and for bifidobacteria were 3.25, 3.7, 31.8
and 23.3, respectively, after 21 d at 2°C.

Probiotic bacteria Additives Comments/bacterial count colony forming References
units (cfu) mL~" or g™!

Lactobacillus acidophilus, Bifidobacterium Lao-chao! The properties of the fermentate were different from Su et al. (2005)
longum?® yoghurt, and the counts of both organisms were 10’-10%

after 14 d at 4°C.
Bifidobacterium lactis BB-12%, Lb. Raffinose The prebiotic helped to maintain viability of probiotic Martinez-Villaluenga et al.
acidophilus LA-5 bacteria after 21 d at 4°C. (2006)
Bif. lactis BB-12%, Lb. acidophilus LA-5 L-cysteine The additive enhanced the survival of all probiotic Guler-Akin & Akin (2007)

Cruz et al. (2010a, 2010b,
2010c, 2011, 2012)

Mocanu et al. (2011)

Oliveira et al. (2011b,
2011c, 2012)

do Espirito Santo (2012b)

Zare et al. (2012) and Agil
et al. (2013)

Marhamatizadeh et al.
(2012b, 2012¢, 2013,
2014)

(Continued)




Table 4.3 (Continued)

Bif. longum BB 536 and each was co-
cultured with a yoghurt starter

Many different strains of probiotic bacteria
were used

Lb. acidophilus LLA-5 and Bif. animalis
subsp. lactis BB-12

Lb. acidophilus CCDM 151 and
Enterococcus durans CCDM 922; each was
co-cultured with a yoghurt or mesophilic
starter culture

Lb. paracasei subsp. paracasei Lpc-37 and
yoghurt starter culture

Lactobacillus helveticus 05-29 and
Lactobacillus casei 05-211

Bif. animalis subsp. lactis BB-12 or Lb.
acidophilus LA-5

Lb. acidophilus LA-5

Bifidobacterium breve ATCC 15701 or
Lactobacillus reuteri ATCC DSM 20016
each was co-cultured with a yoghurt starter

fibrous polysaccharides
(0.75g 100¢g™), inulin

Algae*

Date syrup (up to 20 g
100g™")

Malt extract (5 g
100g™")

Inulin (2g 100mL")

Mungbean milk,
soymilk and sugar

Quinoa flour

Capuassu fruit and inulin

Shiitake (mushroom)
extract

(production of short-chain fatty acids and proteolysis) of
both strains of bifidobacteria.

This is a review article: slight increase in probiotic counts
was evident, and the added algae affected the sensory
attributes of the probiotic yoghurts.

Both organisms had viable counts of 10° in all date syrup
levels used in the milk base except for bifidobacteria in
fermented milk containing date syrup at 20g 100g™".

The additive did not affect the yoghurt or mesophilic
starter culture, but inhibited growth of probiotic
lactobacilli and not the enterococci; however, the
fermentate was highly acceptable.

The probiotic bacteria were mixed with banana purée (i.e.
added on top of the fermentate containing inulin), and the
viable count was 8.86 log,, cfu g™' after 21 d, but the
physical properties declined after 14 d.

The additives were mixed with milk and cultured with
probiotic bacteria isolated from dairy products, and the
viable counts of both probiotic bacteria were ~10°.

Had no effect on fermentation time or the viable counts of
the probiotic organisms after 28 d at 4 °C, but it did not
have a positive effect on the adhesion of probiotic bacteria
to Caco-2 cells in vitro.

The additive (i.e. acidic and fibre-rich) improved the texture
of the product, and the viable count was 7 after 28 d at <5°C.

The extract did not affect the growth of probiotic bacteria;
the viable counts were 8.0 and 7.9 log, , respectively, after
35 d at 4°C; and the shiitake enhanced the a- and

B- galactosidase activities during storage.

Probiotic bacteria Additives Comments/bacterial count colony forming References
units (cfu) mL~"' or g™!
Bifidob ium pseudc I G4, Mangifera pajang The additives stimulated growth and improved activities Al-Sheraji et al. (2012)

Beheshtipour et al. (2013)

Al-Otaibi et al. (2013)

Nemeckova et al. (2013)

Srisuvor et al. (2013); see
also Yuksel & Bakirci
(2014, 2015) and Kavaz &
Bakirci (2014)

Zhihua et al. (2013)

Casarotti et al. (2014a)

Costa et al. (2014, 2015)

Hassan et al. (2014)




Lb. acidophilus LA-5 or Bifidobacterium
animalis®; each was co-cultured with a
yoghurt starter

Lb. acidophilus NCDC-291 or Bif. bifidum
NCDC 232; each was co-cultured with a
yoghurt starter

Lb. acidophilus — ATCC 4356, Lb.

casei — ATCC 393, Lb. paracasei subsp.
paracasei — ATCC BAA52; each was co-
cultured with a yoghurt starter

Lb. acidophilus LA-5, Bif. lactis BB-12%
each was co-cultured with a yoghurt starter

Lb. casei ATCC 393

Lb. acidophilus NCFM

Lb. acidophilus, Bif. lactis®; each was co-
cultured with a yoghurt starter

Oleoresins

Fructooligosaccharides
(FOS) or inulin

Pineapple peel powder
(PPP) or inulin

Phytosterols (18 gL™")

Pistacia terebinthus
resin

Onion juice (260 gkg™)

Sea buckthorn (strong
antioxidant activity)

Eight different yoghurts were made containing cardamom,
cinnamon or nutmeg; the products had good sensory
properties and acceptability, and the probiotic counts
during refrigerated storage for 4 weeks were not affected.

The added supplements improved the growth and survival
of the lactobacilli and bifidobacteria which averaged 7
and 7.3 log, , respectively, after 14 d at 4°C.

The PPP additive improved the rheological properties and
nutritional quality of probiotic yoghurts; the viable counts
of probiotic bacteria ranged between 7.7 and 8.0 log |
after 28 d at 4°C (i.e. 1 log,, cycle higher than the
control).

The viable counts of probiotic lactobacilli and
bifidobacteria were >6.55 and <8.90 log, , respectively,
after 14 d at 5°C.

Cells were encapsulated in the resin, which sustained their
viability (7 log, ) in yoghurt stored for 60 days at 4 °C; the
resin also inhibited the growth of yeasts and moulds.

Stimulated growth of the lactobacilli, enhanced
antioxidant activity to <0.5pmol TE g™, and viable count
was ~9 log, cfu g™ after 14 d at <5°C.

The viable counts of probiotic lactobacilli and

bifidobacteria were 9.3 and 9.2 log, , respectively,
after 21 d at 4°C.

Tllupapalayam et al.
(2014)

Celestin er al. (2015)

Sah ez al. (2015, 2016)

Parsa et al. (2015)

Schoina et al. (2015)

Li et al. (2016)

Gunenc et al. (2016)

'A Chinese fermented rice product using Rhizopus javanicus and Saccharomyces cerevisiae; the filtrate has milk-clotting activity.
2Presumed to be Bifidobacterium longum subsp. longum.
*Presumed to be Bifidobacterium animalis subsp. lactis BB-12.
“Strains used were Spirulina platensis and Chlorella vulgaris.
5The high counts obtained were due to the fact that the freeze-dried culture was grown in milk, and subsequently used as an active bulk starter culture.
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factors, such as homogenisation pressures and/or type of milk, can have similar effects.
The structure of probiotic buffalo’s and cow’s probiotic yoghurt containing Lb. acido-
philus can have larger void spaces, which was shown to affect their physical properties,
and resulted in a lower viable count of Lb. acidophilus (5.17 log,, cfu g™') in buffalo’s
yoghurt at the end of the storage period (Nguyen et al., 2014). Similarly, the structures
of probiotic yoghurts made using different commercial probiotic starter cultures (YO
MIX 236 and DPL ABY - refer to Section 4.2.2 for details) were influenced by the milk
base processing conditions, such as the addition of SMP and high hydrostatic pressure
(HHP) at 676 MPa for Smin (Penna et al., 2007) — the normal processing pressure is
17.5MPa, as reported by Tamime & Robinson (1999). In comparison, autoclaved
skimmed milk was mixed with a'Y culture and Lb. acidophilus LA-K, homogenised for
five continuous passes at different pressures (0, 3.45, 6.90, 10.34 and 13.80 MPa) and
then fermented (Muramalla & Aryana, 2011). Homogenisation pressures of 13.80 and
6.90MPa improved acid and bile tolerances, respectively, of Lb. acidophilus LA-K.
Another homogenisation pressure (60 MPa) was studied by Patrignani et al. (2016) dur-
ing production of probiotic yoghurt (Y culture and Lb. rhamnosus BFE 5264). The
homogenised batches developed acid more quickly, and there was better production of
volatile compounds, as well as improved rheological properties and structure of the gel.
After 60 d at 4 °C, the viable counts of Lb. rhamnosus BFE 5264 were 7.55 and 6.9 log,
cfu mL™' in homogenised and non-homogenised yoghurts, respectively (Patrignani
et al., 2016; see also Massoud et al., 2015). The effect of ultrasound treatment of the
milk base on the survival rate of bifidobacteria in fermented milk has also been reported
by Ljubic et al. (2015). Oxidoreduction of the milk using N, and N H, has also been
shown to affect the survival rate of Bif. bifidum mixed with a’Y culture; the bifidobacte-
ria counts significantly increased during the storage period (Ebel et al., 2011).

Drinking probiotic fermented milks

This category of products is different from the drinking yoghurt or Nordic fermented
milks known in Europe and North America. In general, this type of drinking yoghurt is
categorised as stirred yoghurt of low viscosity, and they are widely consumed in the
Middle East as refreshing drinks. Some examples include Ayran in Turkey, Dough or
Doogh in Iran and Yakult in Japan, a closely related product. Basically, the fermentate
(i.e. the SNF level of the milk base is not fortified) is diluted with water, salted (optional),
homogenised and packaged. Other related products, which are sometimes known as
beverages (including those that are carbonated), are made from whey and/or a blend of
whey and milk. The functional properties of probiotic dairy beverages have been
reviewed by Ozer & Kirmaci (2010; see also Mercenier et al., 2012a, 2013, ch. 8).

Four probiotic low-fat samples of Ayran containing Dairy-Lo® (fat replacer), inulin
and SMP were fermented with a Y culture, Lb. acidophilus LA-5 and ‘Bif. bifidum
BB-12’ (presumed to be Bif. animalis subsp. lactis BB-12) (Kok-Tas & Guzel-Seydim,
2010; see also Uysal-Pala et al., 2006). The viable counts (log, cfu mL™) of Lb. acido-
philus LA-5 and Bif. animalis subsp. lactis BB-12 in ayran ranged between 6.5-7.0 and
5.5-6.0, respectively, after 1 d at 4 °C. Similar counts for Lb. acidophilus in ayran were
reported by Ayar & Burucu (2013), despite the fact that the milk base was fortified with
different whey products.
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Two different methods were evaluated during the production of probiotic Doogh
(Lb. acidophilus LA-5, Bif. animalis subsp. lactis BB-12 and a 'Y culture): either dilut-
ing the milk with water followed by fermentation, or production of yoghurt from milk
followed by dilution of the fermentate with water. In the latter production method, the
viability of the probiotic bacteria was higher, a faster rate of acidification of the milk
was observed and lower levels of acetic acid were produced, although the product was
slightly more acidic (Mortazavian et al., 2010). The use of microencapsulated probi-
otic bacteria (Lb. acidophilus LA-5 and Bif. animalis subsp. lactis BB-12) did not
affect the quality of Doogh (Mortazavian et al., 2008a, 2008b; Khosrokhavar &
Mortazavian, 2010). Salt (NaCl) may be used in Doogh production, and substitution of
part of the salt with a mixture of 0.5g 100 g™ NaCl/potassium chloride (KCI) before
fermentation with Lb. acidophilus LA-5 and Bif. animalis subsp. lactis BB-12 and
co-culturing with Y starter produced the best product (Arab et al., 2016). The effect of
KCl substitution on the viability of the selected probiotics, and the effect of variation
of inoculum on the quality of Doogh, have been reported by Gandhi et al. (2014) and
Ahmadi et al. (2012).

Fermented milk beverages using different combinations of probiotic bacteria (Bif.
bifidum, Str. thermophilus and Lb. casei) were shown to be acceptable: high counts of
Lb. casei and Bif. bifidum were maintained for 19 d at 4°C (Real et al., 2005), whilst
buffalo’s milk fermented with ‘Bif. lactis’ (presumed to be Bif. animalis subsp. lactis)
and flavoured with different ingredients had counts of ~107cfug™ after 10 d at 5°C
(Salem et al., 2006). Similar counts (~7 log,, cfu mL™") were found in fermented milk
drinks for both probiotic strains (Lb. acidophilus, Bif. animalis subsp. lactis or Lb.
casei) after 30 d (Yerlikaya et al., 2013). However, fermented milks (goat and cow)
made with ‘Bif. longum BB46’ (presumed to be Bif. longum subsp. longum BB46) and
spiked with Serratia marcescens or Cam. jejuni exhibited inhibitory effects on the
growth of these pathogenic micro-organisms in the product (Pavlovic et al., 2006).

Drinking yoghurts made with skimmed milk and different prebiotics ingredients
(polydextrose, soluble corn fibre and inulin) were fermented with Lb. acidophilus LA-5,
Bif. animalis subsp. lactis BB-12 and a'Y culture; the fermentates were used to identify
descriptive terms for sensory attributes. The viable counts of both probiotic bacteria
decreased by 2 to 3 log,  cycle cfu mL™', respectively, after 30 d (Allgeyer et al., 2010a,
2010b). The efficacy of using strains of Weissella confusa Ul 006 and UI 007 and Lb.
paracasei subsp. paracasei Ul 014 and UI 022 in fermented milk was reported by Ayeni
et al. (2011). All the strains increased their cell counts by 2 log, cycles after 24h of
incubation at 37 °C, and the viable counts were ~107 cfumL™! after 4 weeks at 4 °C. The
survival rate of these strains was good; thus, it was concluded they could be used as
starter culture (lactobacilli) or as an adjunct culture (Wei. confusa) (Ayeni et al., 2011).
An acceptable strawberry-flavoured fermented milk beverage was made using Lb. aci-
dophilus, Bifidobacterium spp. and Str. thermophilus, which included sucrose, the natu-
ral colouring cochineal carmine and fructooligosaccharide syrup; the probiotic counts
of the lactobacilli and bifidobacteria were 1.7 x 107 and 4.8 x 10 cfumL™!, respectively
(de Medeiros Burkert et al., 2012).

In probiotic milk beverage made with wheat extract and cow’s milk (plus added
sugar) and fermented with a mixed starter culture [Lb. acidophilus ATCC 20552; ‘Bif.
lactis Bb-12’ (presumed to be Bif. animalis subsp. lactis BB-12) and Str. thermophilus],
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the counts of both probiotic bacteria were >4 log,  cfu mL™" after 21 d at 4 °C (El-Zainy
et al., 2102). A fermented beverage (a mixture of buffalo’s milk and whey with added
starch) had a viable count of 9.28 log,, cfu mL"" for ‘Bif. longum’ (presumed to be Bif.
longum subsp. longum) when fresh, but these counts decreased slightly to 9.26 log  cfu
mL" after 7 d of refrigerated storage (Abd-Elhamid, 2010). In addition, buffalo’s milk,
which was fortified with zinc sulphate or zinc acetate, was fermented at 37 °C for Sh
under continuous stirring using mixed starter culture (Lb. acidophilus LA-5, Bif. bifi-
dum and Lac. lactis subsp. lactis biovar diacetylactis MD 099). The presence of the zinc
in the milk enhanced bacterial growth, and the viable counts of both probiotic strains
ranged between 10° and 107 cfug™ after 10 d at 5°C (Seleet et al., 2011). The gut sur-
vival of the probiotic bacteria in a goat’s milk fermented with Lb. rhamnosus and ‘Bif.
longum’ (presumed to be Bif. longum subsp. longum) was investigated in a dynamic
model of the human digestive system. There was a significant drop in viable numbers
of the probiotic bacteria, but administration of a 175mL serving of the product deliv-
ered >107cfug™! viable cells to the colon section of the model (Kheadr et al., 2011).
Salva et al. (2011) also reported counts of 10°cfu g for a fermented goat’s milk bever-
age made using Lb. rhamnosus CRL 1505, and a study on Yakult containing Lb. casei
Shirota prevented aflatoxin (AF M, and B)) absorption in the human gut (Mohd
Redzwan et al., 2016).

Other types of probiotic fermented milk drinks are known as whey-based beverages,
which are developed primarily for the utilisation of whey (sweet cheese whey, milk
permeate, hydrolysed lactose whey and reconstituted demineralised whey powder);
some examples are shown in Table 4.4. Shahabbaspour et al. (2013) used a mixture of
cow’s milk and soy milk (50:50), which was fermented with a’Y culture and Lb. acido-
philus LA-5 or Lb. casei L-01. The fermentate was flavoured with different fruit juices;
the viability of Lb. casei L-01 was best in the apricot juice product (8.69 log,, cfu mL™"),
whilst the count for Lb. acidophilus LA-5 was 8.56 log,, cfu mL™" after 21 d at 5°C.

Different combinations of LAB (mesophilic and a' Y culture) were co-cultured with
Lb. acidophilus CCDM 151 or Enterococcus durans CCDM 922 to produce fermented
milk-based beverages with added malt extract or saccharified malt grains. The malt
extracts inhibited the growth of the probiotic strains and caused flavour deterioration
during storage; however, the product containing saccharified malt fermented with Ent.
durans was deemed highly acceptable by the sensory panellists (Kunova et al., 2013;
Nemeckova et al., 2013). The combined use of Lb. acidophilus and Propionibacterium
[freudenreichii subsp. shermanii in different ratios was evaluated for potential develop-
ment of a new fermented dairy beverage (Farhadi et al., 2013; see also Foligne et al.,
2016). The viable rates of these organisms varied according to the culture ratio used and
temperature of incubation. The maximum count of Lb. acidophilus occurred at a strain
ratio of 1:8 and incubation temperature at 35 °C, but there was considerable decrease in
cell counts of Pro. freudenreichii subsp. shermanii and Lb. acidophilus during the first
and last weeks of storage, respectively.

Lastly, carbonated fermented milk beverages have been developed as a new type of
probiotic product to increase consumer appeal. Carbonation (i.e. using carbon dioxide -
CO,) of these milk beverages has not yet become industrialised, but some literature
includes the following examples. Jardim et al. (2012) developed a strawberry-flavoured
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Table 4.4 Examples of some fermented probiotic drinking beverages and additives used

in the formulation.

Probiotic bacteria

Ingredients used

Comments/viable counts
(cfumL™)

References

Lactococcus spp.,
Leuconostoc
mesenteroides subsp.
cremoris,
Bifidobacterium animalis
subsp. lactis BB-12

Lactobacillus reuteri,
Bifidobacterium bifidum

Lactobacillus
acidophilus LA-5, Bif.
animalis subsp. lactis
BB-12

Lactobacillus rhamnosus
NCDO 243, Bif. bifidum
NCDO 2715,
Propionibacterium
[freudenreichii subsp.
shermanii MTCC 1371

Lb. acidophilus, Bif.
animalis subsp. lactis,
Lb. rhamnosus; each
co-cultured with yoghurt
starter culture!

Bifidobacterium spp., Lb.
acidophilus

Lb. acidophilus M 92,
Lactobacillus plantarum
L4, Enterococcus
faecium L3

ABT-4 (for details, refer
to Section 4.2.2)

Lb. acidophilus LA-5 or
Bif. bifidum BB-12
(presumed to be Bif.
animalis subsp. lactis
BB-12)

Lb. acidophilus

SM, sucrose,
fruit flavours

WP, sucrose,
pectin

WP

HW

Whey

Whey

Milk, whey, soy
extract, peach

MP, WR

Milk or whey,
sucrose,
oligofructose

MP, skimmed
milk

SM, whey,
strawberry

Bifidobacteria averaged 8.08
log,, after 28 d at 5°C; the
product is similar to buttermilk.

Both probiotic organisms were
at >10° after 30 d at 4°C.

In fresh products, probiotic
counts were 8.5 and 8.7 logm,
respectively.

Lactobacilli counts were 9.45
log,,, and bifidobacteria growth
was not enhanced in the
hydrolysed whey.

All probiotic organisms were
>108 after 10 d at 4°C.

Counts of bifidobacteria were
8.4 log,,, Lb. acidophilus were
6.7 loglo, and Lb. rhamnosus
were 5.6 log, .

Counts of both probiotic
organisms were 1x 10° for 22 d.

In the fresh product, all
organisms were ~108, decreasing
to ~107 after 28 d at 4°C.

Both probiotic organisms were
~10%; oligofructose enhanced
overall acceptability.

Both probiotic organisms:
>108 after 21 d at 5°C.

All beverages were 8 log,;
whey >65mLmL"!, and had
lower consumer acceptability.

Antunes et al. (2007,
2009); see also
El-Shafie (2003)

Hernandez-Mendoza
et al. (2008)

Matijevic et al.
(2008, 2011)

Maity et al. (2008)

Almeida et al.
(2008, 2009)

Pinto Kempka et al.
(2009)

Lebos Pavunc et al.
(2009)

de Castro et al.
(2009a, 2009b)

Marhamatizadeh
et al. (2012a)

Castro et al. (2013a,
2013b)

(Continued)
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Table 4.4 (Continued)
Probiotic bacteria Ingredients used Comments/viable counts References
(cfumL-)
Bifidobacterium spp., Lb.  Milk, yacon The product had smooth texture, =~ Wang (2014)
acidophilus juice sweet and sour taste, and was
rich in yoghurt flavour and taste
of yacon juice.
Str. thermophilus TA-40, ~ Whey, goat’s Probiotic organisms in PHGM Buriti et al. (2014)

Bif. animalis subsp.
lactis BB-12, Lb.
rhamnosus Lr-32

Bif. animalis subsp.
lactis

Lb. acidophilus, Bif.
animalis subsp. lactis,
Str. thermophilus

Bifidobacterium longum
DSM 20088, co-cultured
with yoghurt starter
culture (EPS producer)

‘Bif. longum’ (presumed
to be Bif. longum subsp.
longum), Lb. delbrueckii
subsp. bulgaricus and
Str. thermophilus (at a
ratio of 1:1:1)

Lb. acidophilus LA-5,
Lactobacillus casei
LBC-81

milk, guava or
soursop pulp,
PHGM

Goat’s cheese
whey, inulin,
oligofructose,
chocolate

WP, low-fat
milk

MP, papaya and
guava pulps

MP, sucrose,
carrot, mango

pulp

DWP, soy
isoflavones or
phytosterols,
K-carrageenan,
xanthan gum,
sucrose

beverage were >7 log  after
21 d at refrigerated temperature.

Bifidobacteria counts were >7
log,, in milk base containing 6 ¢
100 mL-" prebiotics and 45 mL
100mL~" whey; effects of other
prebiotics in probiotic beverages
were reported by de Dias et al.
(2013) and Yi et al. (2014).

Milk-based beverage(s) was
highly preferred to the whey
product.

In the fresh product,
bifidobacteria were ~7.5 log,
and dropped ~1 log  cycle after
30dat4°C.

Bifidobacteria ranged between
10% and 107 after 30 d at 4°C.

In the fresh product, Lb.
acidophilus LA-5 counts were
28.4x10% and Lb. casei LBC-81
were 16.7 x 10%; after 28 d at
4°C, Lb. acidophilus LA-5 was
1.2x10% and Lb. casei LBC-81
was 7.8 x 107 (average counts).

Fornelli et al. (2014)
and da Silveira et al.
(2015)

Akpinar et al. (2015)

Atallah (2015a)

Atallah (2015b)

Seyhan et al. (2016)

! Streptococcus thermophilus or Lactobacillus delbrueckii subsp. bulgaricus.

cfu=Colony forming units; WP=whey powder; HW =hydrolysed whey; MP=milk permeate; WR=whey
retentate; DWP=demineralised whey powder; SM=skimmed milk; PHGM=hydrolysed galactomannan
from Caesalpinia pulcherrima seeds; EPS =exopolysaccharides.

beverage made with Lb. acidophilus LA-5, Bif. animalis subsp. lactis BB-12 and Str.
thermophilus, but the carbonation process did affect the viability of probiotic bacteria
after 28 d at 4 °C. Another example is yoghurt beverages formulated containing pome-
granate or vanilla, inulin and probiotic bacteria (Lb. acidophilus and Bifidobacterium
spp.)- The beverages were stabilised with high-methoxyl pectin and WPC and compared
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with carbonated samples; the viable counts of both probiotic bacteria were >10°cfu g™
after 9 weeks at 4 °C in all the beverages regardless of carbonation (Walsh et al., 2014).

Concentrated/strained and very viscous probiotic fermented milks

The manufacturing methods of concentrated yoghurt consist of the following methods:
(a) traditional cloth bag, (b) nozzle separator, (¢) membrane filtration (mainly ultrafiltra-
tion, or UF) and (d) product formulation. These types of products, which will be
reviewed in this section, are concentrated yoghurt and Ymer.

Concentrated yoghurt is known under many names, such as Labneh, Greek yoghurt,
Greek-style yoghurt, Matsou, Suzme and Zimme (Tamime & Robinson, 1999; Ozer &
Tamime, 2013). Although several commercial probiotic products are available in differ-
ent markets (Table 4.2) (Tamime et al., 2014), limited data have been published on these
types of products. In a UF Labneh, the viable cell count of ‘Bif. bifidum Bb-12’ (pre-
sumed to be Bif. animalis subsp. lactis BB-12) ranged between 2x 10° and 4 x 107 cfu g™
depending on the type of milk used (Mahdi et al., 1990). The effects of levels of milk
solids, fats, fat substitutes and vegetable oils in the milk base on the quality of concen-
trated yoghurt made with ABT culture (for details, refer to Section 4.2.2) or enterococci
species have been reported by Amer et al. (1997), Taha et al. (1997) and El-Samragy
(1997). Recently, goat’s milk Labneh was made using ABT-5 culture. The cold fermen-
tate was concentrated using the cloth bag method, and the product was mixed with salt,
fortified with different levels (3 to 15g 100 g™) of textured soy protein (TSP) and stored
for 21 d at 5°C. The experimental batches of Labneh had different chemical composi-
tions when compared with the control; the sensory profiling and rheological properties
of the product resulted in a recommendation of TSP level of fortification to be between
3 and 6g 100g™". The viable counts of the lactobacilli and bifidobacteria at the recom-
mended level of TSP in Labneh were 30-35x 10° and 21-25x 10°cfu g™, respectively
(Basiony et al., 2015). A low-fat probiotic goat’s milk Labneh has been made using an
EPS-producing starter culture (Bif. bifidum, Lb. acidophilus and aY culture). This prod-
uct was highly rated, and the viable counts for both probiotic strains were ~22 x 10° cfu g~!
after 21 d at 6-8 °C (Ayyad et al., 2015).

Ymer is a concentrated fermented milk product developed in Denmark in the 1930s,
which is now produced from heat-treated milk that has been homogenised and ultrafil-
trated (Mogensen, 1980). When using UF milk, the product is more concentrated (i.e.
the protein content is 6g 100g™! and the SNF level is 11g 100g™"). The UF milk is
reheated, treated, homogenised and fermented with Lac. lactis subsp. cremoris and Lac.
lactis subsp. lactis biovar. diacetylactis at 18-20°C for 18-20h (final pH: 4.4-4.6).
After fermentation, the product is stirred, cooled, left to stand at 5 °C for 1 d and stirred
again prior to packaging (Delaney, 1977; Ulrich, 1980; Kurmann et al., 1992; Oberman
& Libudzisk, 1998). In Denmark, probiotic Ymer is produced by Arla Foods using Lb.
acidophilus to ferment the milk base (Table 4.2) (see http://www.arla.dk/produkter/
arla-a38-ymer-1000g-3681/).

Langfil is a variation of fermented milk product made with the same mesophilic LAB
species as cultured buttermilk, but these strains produce large amounts of EPS, which
makes the product much more viscous than cultured buttermilk. During the production
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of Langfil, the milk is heated to a high temperature, cooled to 18-20°C, mixed with
starter cultures in the tank, packaged and fermented for 18-20h (Mantere-Alhonen &
Forsen, 1990; Oberman & Libudzisk 1998; Leporanta, 2003). Léangfil is mainly con-
sumed in northern parts of Sweden and, similar to Filmj6lk and Fil, it is eaten during
breakfast (usually with berries or cereal) or as a snack. To our knowledge, there are no
probiotic Langfil products on the market.

4.5.2 Yeast-lactic acid fermentations

In the past, Skyr was classified as a traditional and concentrated fermented milk product
that originates from Iceland and Norway. The current Icelandic Regulation has reclassi-
fied Skyr, and now it is listed in Section F Dairy Products together with Quarg (Skyr and
Kvarg) (Tamime et al., 2014). In this review, however, the term Skyr will be retained as
originally known: ‘concentrated fermented milk product’. Nevertheless, ‘traditional’
Skyr was produced from skimmed milk by using two-stage fermentation with a'Y cul-
ture and lactose-fermenting yeasts (Saccharomyces spp.). The milk was heated to
90-100°C, then cooled to 40 °C and starter (Skyr from an earlier production batch) was
added with a small amount of a cheese coagulant (i.e. chymosin — optional). The fer-
mentation period was ~5h or until pH dropped to 4.7. The fermentate was cooled to
18-20°C and incubated for a further 18 h for the yeast to grow or until pH reached 4.2.
The whey was then removed using a cloth bag and, after de-wheying for ~24h, the pH
of the concentrate was 3.8—4.0 (Gudmundsson, 1987; Wolpert, 1988; Kurmann et al.,
1992; Gudmundsson & Kristbergsson, 2016). The current industrial process for Skyr
production differs from the traditional one in several aspects: the cheese coagulant and
yeast are not used anymore, and the concentration of the fermentate is done using a noz-
zle separator followed by concentrating the whey by UF to the same solids content as
Skyr. The whey retentate is then mixed with Skyr and, as a consequence, the yield of the
end product is increased due to higher retention of protein from the milk base (Ozer &
Tamime, 2013). Thus, today’s Skyr is similar to concentrated yoghurt where the fer-
mentate is concentrated using the UF method, which results also in higher yield
(Gudmundsson & Kristbergsson, 2016). Skyr is consumed during breakfast or as a
snack, and it is often flavoured with berries and fruits. During the past few years, Skyr
products (natural or fruit flavoured) have become popular in Central and Northern
Europe (http://blog.euromonitor.com/2015/11/skyr-trademark-or-noun-a-real-game-of-
monopoly.html).

Recently, there has been a dispute as to whether Skyr is a brand name or a generic
name. Skyr is a registered MS trademark in Norway and Finland, and thus, at present,
only MS Iceland Dairies can sell a product called Skyr in these countries. In addition
to Nordic countries, Skyr can be found in the markets in Switzerland, Belgium,
Denmark, Germany, The Netherlands, the USA and the UK (http://icelandmonitor.mbl.
is/news/news/2015/10/07/finland_bans_swedish_skyr/; http://icelandmag.visir.is/
article/swedish-arla-banned-selling-skyr-finland; http://www.just-food.com/interview/
ms-iceland-dairies-adds-uk-to-skyr-yoghurt-export-push-interview_id132516.aspx).
To our knowledge, there are no probiotic-containing Skyr products in the European
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Union (EU) market. In the USA, Siggi’s company is producing Icelandic Skyr-style
yoghurt with Lb. acidophilus and ‘Bif. lactis’ (presumed to be Bif. animalis subsp.
lactis) (http://www.wegmans.com/webapp/wcs/stores/servlet/ProductDisplay ?product
1d=802554&storeld=10052&langld=-1).

Kefir is a carbonated fermented milk product made using a complex mixture of
micro-organisms known as kefir grains. Typically, these include strains of Lac. lactis
subsp. cremoris, Lac. lactis subsp. lactis, Lactobacillus kefir, Lactobacillus kefiranofa-
ciens, Lb. brevis, Lb. acidophilus, Leuconostoc spp., Acetobacter spp., lactose-ferment-
ing yeasts (Kluyveromyces spp.) and non-lactose-fermenting yeasts (Saccharomyces
spp. and Candida spp.). However, kefir grains can contain a wide variety of microbial
species in addition to those mentioned above (Marshall, 1987; Tamime & Marshall,
1997; Garrotte et al., 2001; Leporanta, 2001; Simova et al., 2002; Santos et al., 2003;
Witthuhn et al., 2004; Wszolek et al., 2006; Marsh et al., 2013; Diosma et al., 2014,
Nalbantoglu et al., 2014; Nielsen et al., 2014; John & Deeseenthum, 2015; Anton et al.,
2016; Bourrie et al., 2016). The mixture of bacteria and yeasts in kefir grains appears as
clusters of microbes held together with a matrix consisting mainly of the polysaccharide
‘kefiran’ produced by Lb. kefiranofaciens and protein. The activity of the yeasts results
in a product with a typical yeasty flavour, formation of carbon dioxide and some ethanol
(<2mL 100mL-"). Nowadays, there are two main methods to produce Kefir: (a) tradi-
tional, which uses kefir grains, and (b) modern, which uses direct-to-vat inoculation
(DVI) starter cultures. In the traditional method, the processed milk is cooled to
18-25°C, inoculated with kefir grains (2-10g 100 mL™") and incubated for 18-24h fol-
lowed by stirring and cooling. After incubation, the grains are separated, washed
(optional) and reused (Kurmann et al., 1992; Wszolek et al., 2001; Schoevers & Britz,
2003). When DVI cultures are used, the milk is heat-treated, cooled to inoculation tem-
perature (32-35 °C), inoculated with DVI cultures and incubated for 10-15h (final pH:
4.4-4.5); the fermented product is then stirred, cooled and packaged (K. Leporanta,
Valio Ltd, personal communication). Industrial-scale Kefir production is typically done
with DVI cultures because these make the process and product easier to control (Bourrie
et al., 2016). It could be argued, however, that despite the fact that commercial Kefir
starter cultures are available in different blends of thermophilic and mesophilic LAB,
yeast cultures and possibly probiotic bacteria, the fermentate lacks the ‘traditional char-
acteristics’ (i.e. fizziness, alcohol production and taste) of Kefir made using kefir grains.

In countries where Kefir has not been traditionally consumed (e.g. in the USA), it is
often advertised as a healthy product and also used in cooking; for example, see the web-
sites Lifeway (http:/lifewaykefir.com/what-is-kefir/), Wallaby (http://wallabyyogurt.
com/our-products/kefir) and Green Valley (http://greenvalleylactosefree.com/products/
kefir.php) for the products, and see https://authoritynutrition.com/9-health-benefits-
of-kefir/ for Kefir’s assumed health benefits. Kefir is often sold as probiotic without any
information being provided on whether any probiotic strains have actually been added.
However, Kefir products with added probiotic bacteria are on the market (Table 4.2), for
example Valio’s unflavoured and flavoured Kefir with Lb. rhamnosus GG in Finland
(http://www.valio.fi/yritys/media/uutiset/valio-toi-markkinoille-vahempisokerisen-
juotavan-valipalan-valio-kefir-1gg/) (see also Muir et al., 1999; Farnworth & Mainville,
2008).
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Nevertheless, in the past, commercial starter culture companies, such as DuPont
Nutrition and Health (Danisco), have marketed probiotic Kefir cultures (HOWARU™
Kefir 1 & 2 Bifido that contain different probiotic strains that are unrelated bacterio-
phages), but currently these kefir cultures have been withdrawn from the market, and
the company provides special blends of probiotic kefir cultures as required by custom-
ers (P. Kolakowski, personal communication). Probiotic cultures (Danisco strains ‘Bif.
lactis NHO19’ — presumed to be Bif. animalis subsp. lactis NHO19; Lb. acidophilus
NCFM; and Lb. rhamnosus NHOO1) were used singly (inoculation rates 10° or
107 cfumL™!) in co-cultures with DC kefir starter during the manufacture of Kefir. The
live probiotic counts (cfumL™") surviving in the product averaged 1.3x 107, 1.3x 107
and 4.3x 107 for Bif. animalis subsp. lactis NHO19, Lb. acidophilus NCFM and Lb.
rhamnosus NHOO1, respectively, after 21 d at 4 °C. However, using an inoculation level
of 2107 cfumL" affected the flavour of Kefir due to acetic acid production by the bifi-
dobacteria (Kolakowski & Pawlikowski, 2012). Encapsulation of the Bif. animalis
subsp. lactis BB-12 strain improved its survival rate in Kefir: the reduction in the count
was 2 log,  cycle after 28 d at 3°C, whilst the loss was greater (6 log,, cycle) in the
product made with free cells of bifidobacteria. In addition, after subjecting these dif-
ferent Kefirs in a simulated gastric juice model, it was recommended not to store the
product more than 14 d in order to maintain the count >10°cfu mL-' (Gonzalez-Sanchez
etal., 2010).

For some years, there has been a lot of interest and ‘hype’ about ‘traditional’ Kefir as
it has been suggested that there are several health benefits associated with this product
because the kefir grains contain a diverse range and complex microbiota. Beneficial
effects have been demonstrated in in vitro and animal studies (Bourrie et al., 2016) but,
as is often the case, there has been poor translation from preclinical animal models to
human clinical studies (van den Nieuwboer et al., 2016). Other studies and reviews
(Nielsen et al., 2014; Prado et al., 2015) on the micro-organisms of Kefir, which may be
of interest to the reader, are as follows:

e Anisolate (Lac. lactis subsp. lactis CIDCA 8221) from Kefir was found to secrete
heat-sensitive products able to protect eukaryotic cells from the cytopathic effect of
Clostridium difficile toxins in vitro (Bolla et al., 2013).

e [n vitro demonstration of various probiotic properties of mixed bacteria and yeast
isolates (i.e. freeze-dried) was reported by Bolla et al. (2010).

o Cellular injury of spray-dried Lactobacillus spp. isolated from Kefir, which may
have probiotic potential, was reported by Golowczyc et al. (2011).

o A Lb. plantarum CIDCA 83114 isolate from kefir grains was evaluated as a poten-
tial strain to be used in probiotic fermented milk (Kakisu et al., 2010).

e Potential probiotic isolates from kefir grains have also been reported by many
researchers in different countries. Some examples include: (a) Lb. kefiranofaciens
M1 from Taiwanese grains (Chen et al., 2012, 2013), (b) Lb. kefiranofaciens 8U
and ‘Lb. paracasei MRS59’ (presumed to be Lb. paracasei subsp. paracasei
MRSS59) in Brazilian grains (Leite et al., 2015; Zanirati et al., 2015), and (c)
lactobacilli, lactococci and Pediococcus spp. strains in Turkish grains (Sabir
et al., 2010).
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A closely related product to Kefir is Koumiss (Wszolek et al., 2006) but, to our
knowledge, no probiotic Koumiss product has been produced. As above, isolates with
potential probiotic characteristics have been reported by many researchers. Some exam-
ples include: (a) Lb. helveticus CAUHI18 (Yang et al., 2016), (b) ‘Lb. paracasei
CAUH35’ (presumed to be Lb. paracasei subsp. paracasei CAUH35) (Wang et al.,
2015b), (c) ‘Lb. paracasei TXW’ (presumed to be Lb. paracasei subsp. paracasei
TXW) (Zhang et al., 2011) or ‘Lb. paracasei H9’ (presumed to be Lb. paracasei subsp.
paracasei H9) (Xie et al., 2012), (d) Lb. casei Zhang (Wu et al., 2010), and (e) different
Lactobacillus strains (Danova et al., 2005; Guo et al., 2015).

Sameel milk (a traditional Saudi Arabian fermented milk) is made by the nomadic
herders from unpasteurised cow’s, sheep’s, goat’s or camel’s milks in leather bags. It is
an on-going fermentation, similar to traditional Koumiss production (Tamime &
Marshall, 1997; Wszolek er al., 2006). Recently, Al-Otaibi (2012) screened, isolated
and identified the micro-organisms in sameel milk from different regions in Saudi
Arabia; the most frequently isolated species were Lb. plantarum, Lb. paracasei subsp.
paracasei, Candida lusitania, Lactobacillus pentosus, Cryptococcus laurentii and
Saccharomyces cerevisiae (Saccharomyces cerevisiae subsp. cerevisiae). Some of the
lactobacilli isolates may have probiotic potential, but this needs to be confirmed by
further research.

4.5.3 Mould-lactic acid fermentations

Viili is a viscous fermented milk product which is manufactured in Finland. The indus-
trial production of Viili began in the late 1950s. It is produced by fermenting milk with
mesophilic starter cultures (Lac. lactis subsp. cremoris, Lac. lactis subsp. lactis biovar.
diacetylactis and Leu. mesenteroides subsp. cremoris) together with amould (Geotrichum
candidum) in the retail container. The fermentation time is ~20h at 20°C (final pH
is~4.3). Traditionally, Viili was made from non-homogenised milk, which resulted in
the formation of a cream layer on the surface of the milk. G. candidum grew on this layer
and formed a velvety growth similar to Camembert and Brie. There is also a non-mouldy
Viili-type product, and the high-fat variety is used only in cooking (Mantere-Alhonen &
Forsen, 1990; Kurmann et al., 1992; Leporanta, 2003; Ruas-Madiedo et al., 2006).

A wide variety of Viili-type products are available in Finland, including low-fat,
low-lactose and berry-flavoured variants. Viili is consumed mainly at breakfast and as a
snack. A product containing Lb. rhamnosus GG is currently the only probiotic Viili
product available on the market.

4.5.4 Quality appraisal of probiotic fermented milks

Probiotic micro-organisms can be incorporated into fermented milk using different
methods. The most popular way is to add the probiotic bacteria together with the starter
cultures. Since the fermentation rarely occurs in conditions optimal for probiotic species,
such organisms do not usually grow well during a mixed fermentation with the ‘tradi-
tional’ starter cultures. Alternatively, the probiotic bacteria may be grown initially for
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~2h to achieve a high viable count, and the fermentation is completed with the ‘tradi-
tional’ starter cultures, which results in slightly longer fermentation time. Another method
involves use of probiotic micro-organism(s) as a starter culture, but this means the fer-
mentation time may take up to several days. A typical example of the use of a probiotic
culture alone is the manufacture of Yakult, which is fermented with Lb. casei Shirota
(Heimbach, 2012). The health properties of Yakult have been reviewed by Miyazaki &
Matsuzaki (2008) (see also Chapter 8), whilst the growth activity of Lb. acidophilus in
different mammalian milks has been reported by Drakoularakou et al. (2003).

During the production of probiotic fermented milks, several aspects have to be con-
sidered, including the following: (a) many probiotic strains grow slowly in milk with no
added growth factors, such as peptides (Casarotti et al., 2014b), (b) the production con-
ditions (especially the traditional fermentation temperatures) are often unsuitable for the
probiotic’s growth (Kearney ef al., 2008), (c) there are difficulties in the enumeration of
probiotic strains in products because some cells may be in a viable but non-culturable
state due to the stress of processing and formulation, or present in mixed cultures (Savoie
et al., 2007; Davis, 2014), and (d) some metabolites of probiotic strains may be undesir-
able due to the formation of off-flavours (e.g. bifidobacteria produce acetic acid, which
gives a vinegar-like taste) (Gomes & Malcata, 1999; Saxelin et al., 1999; Saarela et al.,
2000; Ostlie et al., 2003; Chandan & O’Rell, 2008). However, if the food matrix sup-
ports the growth of probiotic micro-organisms and no off-flavour formation occurs,
growth during the production of fermented milks can lower processing costs and
enhance the ability of the probiotic to survive alive in the product during storage. When
both probiotic and traditional starter micro-organisms are present during the fermenta-
tion stage, it is important to use compatible and suitable blends of probiotic/starter cul-
tures (Saxelin et al., 1999; Ouwehand et al., 2000; Champagne, 2014). In extreme cases,
starter cultures may produce inhibitory compound(s) (e.g. hydrogen peroxide or high
amounts of lactic acid) that are harmful to the probiotic culture(s), causing a decrease in
the probiotic’s viable count in the product (Katla et al., 2001; Vinderola et al., 2002; Ng
et al.,2011). Nevertheless, certain starter cultures may enhance the growth and survival
of probiotic micro-organisms by producing growth-promoting substrates or by reducing
the oxygen content in the milk (Dave & Shah, 1997a, 1997b; Kailasapathy & Rybka,
1997; Saarela et al., 2000; Vinderola et al., 2002; Homayouni et al., 2012a). Another
important factor, which should not be overlooked, is the growth temperature of mixed
fermentations. Some of the traditional products described in this chapter are fermented
at 20 or 30°C, which are sub-optimal temperatures for the growth of probiotic micro-
organisms and, in particular, the strains that originate from the human GI tract (optimum
growth temperature of 37°C). Increasing the fermentation temperature to favour the
growth of probiotic micro-organisms is not recommended, however, because it can lead
to an unacceptable flavour profile in the products (Mantere-Alhonen & Forsen, 1990).
Therefore, mixed fermentation with probiotic micro-organisms has the best chance to
succeed when the probiotic strain is combined with a thermophilic starter (e.g. a blend
of Lb. acidophilus and/or bifidobacteria and yoghurt starter cultures) (Gardini et al.,
1999; Saxelin et al., 1999; Saarela et al., 2000). Alternatively, the probiotic micro-
organisms may be added at high numbers to a ‘traditional’ starter culture to produce a
fermented milk product irrespective of sub-optimal growth temperature for the probiotic
species (see Baron et al., 2000).
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4.6 Probiotic cheeses

The success of using probiotic bacteria in fermented liquid milk products has inspired
the development of other dairy products with probiotics (Heller, 2001; Ross et al., 2002;
Fonden et al., 2003; Heller et al., 2003; Boylston et al., 2004; Ibrahim ez al., 2010). The
production of cheeses, especially the matured types, with probiotic bacteria presents
unique challenges because of the need for co-survival of these bacteria with the ‘tradi-
tional’ LAB, mould or yeasts that are used for cheesemaking. The latter micro-organ-
isms may be antagonistic or competitive, or may possess the characteristics of associative
growth towards each other. Some key characteristics of cheeses and cheesemaking that
are relevant to the inclusion of probiotics are as follows:

e Relatively low or reduced moisture content, depending on the cheese variety;

e Presence of salt [i.e. the salt-in-moisture (S/M) ratio];

e Mesophilic and/or thermophilic LAB used (e.g. acid production, flavour production
during the maturation stage and competition for nutrients); and

o Extent of the maturation period over 3 months, which can influence the biochemical
activities, alter the redox potential and change the matrix/structure of the cheese.

It could be argued, however, that certain cheese varieties have been considered as
good carriers of probiotic bacteria because of lower acidity and the existence of a com-
plex cheese matrix of protein and fat that could potentially protect the probiotic strains
during their passage through the GI tract (Stanton et al., 1998). Some early studies on
cheeses, which were reviewed in this book’s first edition and contained viable counts of
probiotic bacteria, are as follows: (a) Turkish White brined, Feta-type and other related
cheeses (Ghoddusi & Robinson, 1996; Psomas et al., 2001; Yilmaztekin et al., 2004;
Awaisheh, 2011; Dimitrellou et al., 2014), (b) Kareish — an Egyptian variety (Murad
et al., 1998; Abou-Dawood, 2002), (c) Cheddar (Gardiner et al., 1998, 1999a, 1999b),
(d) soft cheese (Barraquio et al., 2001; Shehata et al., 2001; Mehanna et al., 2002; El-
Kholy et al., 2003; Kasimoglu et al., 2004), (e) Ras — an Egyptian variety (Osman &
Abbas, 2001; Abdou et al., 2003; Shehata et al., 2004a, 2004b, 2004¢), (f) Edam and
semi-hard (Antonsson et al., 2002; Rogelj et al., 2002; Tungjaroenchai et al., 2004), (g)
Emmental and Swiss-type (Weinrichter e al., 2004a, 2004b), (h) cheese-based dips
(Tharmaraj & Shah, 2004), (i) Quarg (Milanovic et al., 2004), and (j) Queso Fresco
(Viderola et al., 2000b; Suarez-Solis et al., 2002).

4.6.1 Methods of introduction of probiotics in cheese

The inclusion of probiotic bacteria in cheesemaking is challenging in terms of retaining
the main characteristics of the product and the viability of these organisms. Taking into
account the cheese variety and strain(s) of probiotic bacteria, some selected methods
developed to be used in cheesemaking are as follows:

o Probiotic bacteria are used as adjunct culture when they are added with LAB starter
culture (Stanton et al., 1998; McBrearty et al., 2001; Perko et al., 2002); another
approach is to add spray-dried probiotic milk powder (Gardiner et al., 2002a).
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e Fermentation of the cream with ‘Bif. infantis’ (presumed to be Bif. longum subsp.
infantis) is used as a dressing during the manufacture of Cottage cheese (Blanchette
etal., 1996; Daigle et al., 1998), or such a fermentate is used in Cheddar-type cheese-
making to standardise the cheese milk (Daigle et al., 1999). Lb. rhamnosus GG is
used to ferment the cream for Cottage cheese (Tratnik et al., 2000).

e Microencapsulation techniques have been used to protect the probiotic bacteria [Bif.
bifidum, ‘Bif. infantis’ (presumed to be Bif. longum subsp. infantis) and ‘Bif. longum’
(presumed to be Bif. longum subsp. longum)] and improve their viability in Kareish,
Cheddar and Crescenza cheeses (Gobetti et al., 1998; Abou-Dawood, 2002;
Kailasapathy, 2002; Godward & Kailasapathy, 2003a; Picot & Lacroix, 2003; see
also the reviews by Boylston et al., 2004; Hayes et al., 20006).

e Addition of a dried culture of Bif. bifidum (i.e. immobilised by forming gelled beads
in carrageenan and then freeze-dried) during salting of the curd during the manufac-
ture of semi-hard and hard cheeses (Dinakar & Mistry, 1994); the viable count of
bifidobacteria was ~10" cfu g™ after a 24-week maturation period.

e Probiotic bacteria are grown in milk hydrolysate (i.e. to increase the biomass of the
cells) before using them in cheesemaking (Gomes et al., 1998).

e A spray-dried probiotic milk powder (Gardiner et al., 2002a) containing ‘Lb. para-
casei NFBC 338’ (presumed to be Lb. paracasei subsp. paracasei NFBC 338) had
a survival rate of 84.5% of the probiotic strains; and, when used in the manufacture
of Cheddar cheese as an adjunct culture, the initial probiotic count was 2x 10" cfu g,
increasing to 3.3x 107 cfug™! after 3 months.

Although some previous work demonstrated a limited impact of added bifidobacteria
on cheese quality (Dinakar & Mistry, 1994; Daigle et al., 1999), other studies have sug-
gested that bifidobacteria may affect sensory qualities due to the formation of acetic
acid in cow’s and goat’s milk cheeses (Gomes et al., 1995; Gomes & Malcata, 1998).
More recently, with better probiotic strain selection in cheesemaking, the sensory prop-
erties of the product are no longer affected (see further in this chapter).

4.6.2 Probiotic strain selection for cheesemaking

The capacity of probiotic bacteria to perform beneficial health-related effects, as well as
its capacity to survive the GI stress and technological conditions inherent to cheese
elaboration, are strain specific (Gilliland, 2001; Papadimitriou ez al., 2016). This high-
lights the need to carry out a careful strain selection, depending on the purpose and
cheese model to be elaborated (Gilliland, 2001; Castro et al., 2015). The first main
requirement for a probiotic strain to be used in cheesemaking is to show a well-estab-
lished therapeutic effect on consumer health and the absence of pathogenicity (Abou-
Dawood, 2002; Linares et al., 2016). For cheese applications, the probiotic strains must
also be compatible with the cheese starter cultures, and should not adversely alter sen-
sory attributes of cheese, such as aroma, flavour, colour or texture. For example, in one
study that used two probiotic strains for Cheddar cheesemaking, it was observed that,
with Bif. animalis subsp. lactis BB-12 or Bif. animalis subsp. animalis (Masco et al.,
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2004), the moisture content of the cheese was higher, and there was more proteolysis
and better flavour development in the product than with ‘Bif. longum BB-536 (pre-
sumed to be Bif. longum subsp. longum BB-536) (McBrearty et al., 2001). The major
challenge associated with the application of probiotic cultures in the manufacture of
foods is their survival during processing (thermal treatments, salt exposure etc.) and
storage/maturation time (Castro et al., 2015). It should be noted that some cheese pro-
cesses, such as Pasta Filata (in which the cheese curd is heated to 55 °C and stretched at
70°C in hot brine), might impose restrictive conditions for probiotic bacteria (Ortakci
et al., 2012). A prerequisite of probiotic cheese manufacture is that the cultures must
survive the relatively long maturation period (months or even years, depending on the
cheese type) (Castro et al., 2015). As an example, probiotic strains Lb. acidophilus, Lb.
casei, Lb. paracasei subsp. paracasei and Bif. animalis subsp. lactis added to full-fat,
reduced-fat and low-fat Cheddar cheeses survived over 270 d of maturation (Ganesan
et al., 2014). In general, the dairy industry has established a minimum number of pro-
biotic bacteria (210°cfug™), which is required at the moment of ingestion, in order to
ensure a favourable impact on consumer health (Bezerra et al., 2016). This means that
probiotic bacteria should be cultivable to high cell density for inoculation into the
cheese vat or be able to proliferate during the manufacturing process or the maturation
period (Karimi et al., 2011).

Other technological hurdles that might affect the viability of probiotic bacteria in
commercial cheese include the intrinsic product conditions, such as pH, acidity, molec-
ular oxygen (especially for bifidobacteria), salt and sugars, food additives, moisture
content, availability of nutrient(s), growth promoters and inhibitors, and interaction with
other strains (Roy et al., 1997; see also Champagne et al., 2005). In addition, cultures
used for probiotic cheeses should be selected in a way that minimises the antagonistic
relationship among the non-probiotic and probiotic starters. This inhibitory activity
among strains could be caused by several factors, such as production of lactic acid and/
or other organic acids, hydrogen peroxide, bacteriocins, antibiotics or nutrient competi-
tion and depletion. Thus, in order to select strains able to maintain their viability under
these conditions, in particular cheese, preliminary small-scale cheesemaking trials are
recommended. In general, each strain has adapted to its particular environment, and
thereby the selection of autochthonous probiotic bacteria may represent a valuable
approach to overcome many of these technological hurdles (Ferrari et al., 2016). The
inoculation level is one of the parameters the manufacturer can tune to optimise the
numbers of viable bacteria in probiotic cheeses. Two-stage fermentation for cultured
dairy products has been shown to be effective in increasing the viability of probiotic
bacteria by allowing these strains to become dominant prior to the addition of the starter
cultures (Karimi et al., 2011).

Apart from the viability of probiotics in cheeses until the time of consumption, their
survival after exposure to GI tract conditions is also crucial to guarantee the therapeutic
effect. Therefore, the tolerance of probiotic strains after exposure to GI tract conditions
should be investigated and considered a critical criterion for strain selection. Food
matrices possess significant effects in successful delivery of probiotics into the intestine
(Mattila-Sandholm et al., 2002). The denser matrix of the cheese texture may protect
bacteria more efficiently than a fluid environment during its transit through the human
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GI tract (Karimi et al., 2011; Oh et al., 2016). The dense matrix, high buffering capacity
and high fat content of cheeses, such as Cheddar, may offer added protection to probi-
otic bacteria against bile salts and low pH conditions in the stomach (Dinakar & Mistry
1994; Gardiner et al., 1999a, 1999b). Microencapsulation seems to be a promising tech-
nique for bacterial protection against GI tract and technological stress (Kailasapathy
2002; Rodrigues et al., 2012). For example, this technique increased survivability of the
probiotic bacteria (Lb. paracasei subsp. paracasei LBC-1e) through the Pasta Filata pro-
cess during manufacture of Mozzarella cheese and simulated gastric digestion (Ortakci
etal., 2012).

In practice, probiotic Lactobacillus spp. and Bifidobacterium spp. are the most
common micro-organisms included in cheeses. Because of their physiology, they are
very well suited to this matrix. Different cheeses have been used to deliver a variety of
probiotic bacteria (Corbo et al., 2001; Vinderola et al., 2009; Karimi et al., 2011). Some
cheese examples include the use of Bif. bifidum Bb02 and ‘Bif. longum Bb46’ (pre-
sumed to be Bif. longum subsp. longum BB46) in Canestrato Pugliese (Corbo et al.,
2001); “Bif. infantis’ (presumed to be Bif. longum subsp. infantis) in Cheddar (Daigle
et al., 1999); Lb. casei 190, Lb. plantarum 191 or Lb. rhamnosus 173 and 175 in
Cremoso — an Argentinian soft cheese (Milesi et al., 2009); and Bif. bifidum in Edam
(Sabikhi & Mathur, 2000, 2002; Karimi et al., 2011; Sabikhi et al., 2014).

Within the lactobacilli group, probiotic cheeses with human-derived Lb. paracasei
subsp. paracasei have been manufactured with no impact on cheese composition
(Gardiner et al., 1998; Stanton et al., 1998; Caggia et al., 2015). In one study, Lb. para-
casei subsp. paracasei NFBC 338 and NFBC 364 grew to 2.9x 10%cfug™ in matured
cheese in 3 months, and maintained the numbers up to 200 d (Stanton et al., 1998).
Bacteria other than lactobacilli and bifidobacteria may play essential roles in probiotic
cheeses. Propionibacteria have also been suggested to have probiotic properties
(Mantere-Alhonene, 1995; Jan et al., 2002, de Freitas et al., 2015); some strains are
used in the manufacture of Swiss cheese and provide an added value to the product.
Propionobacterium freudenreichii subsp. shermanii SI41 is able to survive acid and bile
salts and function as a probiotic (Jan et al., 2002). This species also has a bifidogenic
effect, which promotes the growth of bifidobacteria strains (Kaneko, 1999; de Freitas
et al., 2015). Other species, such as Ent. faecium PR88, which is believed to be useful
in the treatment of irritable bowel syndrome, have been used in cheesemaking (Gardiner
etal., 1999b; Dos Santos et al., 2015). Yeast from infant faeces has been isolated and has
potential for use in industrial fermentation (Psomas et al., 2001).

It is recognised that probiotic bacteria have certain health-promoting properties, but
they may also serve a useful function by producing compounds of ‘health’ value (Gobetti
et al., 2010; Joshi et al., 2015). For example, in Finland, Lb. acidophilus and
Bifidobacterium spp. were used to produce a low-fat cheese (Ryhanen et al., 2001).
These organisms apparently produced bioactive peptides with anti-hypertensive proper-
ties during the maturation of the cheese, thus adding to the nutritional and probiotic values
of the product. The inclusion of probiotic cultures, such as Lb. rhamnosus GG, in cheese
may also have an impact on dental caries (Abou-Dawood, 2002). Some strains of bifido-
bacteria produce anti-microbial compounds, which reduce the levels of Pseudomonas
in Cottage cheese (O’Riordan & Fitzgerald, 1998). There also are commercial
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probiotic cultures of Lb. rhamnosus and Pro. freudenreichii subsp. shermanii with
anti-clostridial effects and activity against contaminating yeasts and moulds (Hansen,
1997; Ephraim et al., 2013).

4.6.3 \Very hard and hard cheese varieties

Cheeses in this category contain <38 g 100g™! moisture and require a long maturation
period; the starter cultures are mainly blends of thermophilic and mesophilic LAB,
including Propionibacterium spp. In subsequent sections of this chapter, it is concluded
by many researchers that using encapsulated probiotic bacteria and cheese coating
materials enhances their survival rates in cheeses and other dairy products. The reader is
referred to various reviews for further discussion (Jung et al., 2007; Su et al., 2007,
Bosnea et al., 2009, 2014; de Vos et al., 2010; Islam et al., 2010; Burgain et al., 2011;
de Menezes et al., 2013; Feucht & Kwak, 2013; Huq et al., 2013; Riaz & Masud, 2013;
Dhewa et al., 2014; de Prisco et al., 2015). Examples of probiotic cheeses follow.

Pecorino, Pecorino Siciliano and Ragusano are types of Italian grating cheeses,
mainly made from raw or heat-treated sheep’s milk and using traditional lamb rennet
paste (RP; i.e. control). Santillo & Albenzio (2008) used different blends of probiotic
bacteria [Lb. acidophilus LA-5 (RP-L), ‘Bif. lactis BB-12’ (RP-B) (presumed to be Bif.
animalis subsp. lactis BB-12) and ‘Bif. longum’ (presumed to be Bif. longum subsp.
longum) (RP-B)]. During the maturation period, the counts of lactobacilli and bifido-
bacteria were 8 log, and 9 log,  cfu g™', respectively; cheeses made with Bifidobacterium
spp. enhanced proteolytic activity in the product, resulting in the highest values of non-
casein nitrogen (Cn N), water-soluble N and o -Cn at 60 d old cheese. The RP-L cheese
displayed intermediate levels of N fractions, and the percentage of y-Cn in RP and RP-L
cheeses at 60 d was twofold higher than in the cheese curd of the same groups compared
to 3-fold higher in RP-B cheese. Lower hardness in RP-B cheese was observed at the
end of the maturation period, which could be attributed to greater proteolysis in the
product, but there were no differences in the sensory profiles (i.e. smell and taste) of all
the cheeses made. However, the effect of encapsulation of the same probiotic bacteria
(i.e. in RP) on the quality of Pecorino cheese was recently reported by Santillo et al.
(2012), where the viable counts of the lactobacilli and total bifidobacteria were 6.92 and
5.44 log, cfu g™, respectively, after 120 d of storage.

In a study by Caggia et al. (2015), Lactobacillus strains (177) were isolated from
Ragusano and Pecorino Siciliano cheeses, and were screened in vitro for probiotic traits
in comparison to Lb. rhamnosus GG (a commercial strain). Of these isolates, only 13
lactobacilli strains were selected, and multiplex-PCR application revealed that nine
strains belonged to Lb. rhamnosus and four to Lb. paracasei subsp. paracasei. These
strains were investigated in simulated GI tract that showed some of the isolates (Lb.
rhamnosus FS10 and Lb. paracasei subsp. paracasei PM8) had the potential for further
investigation.

Sao Jorge and Parmigiano Reggiano are hard varieties of Portuguese and Italian
cheeses, respectively, where the microbiota in the mature products has been screened
for potentially new probiotic bacteria (Dias et al., 2014). The main isolates were
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Lb. rhamnosus, Lb. paracasei subsp. paracasei, Lactobacillus buchneri, Lactobacillus
curvatus and Bif. animalis subsp. lactis, but further research is needed.

Canestrato Pugliese is an Italian sheep’s milk cheese (Corbo et al., 2001), and the
probiotic types have been made using the strains of Bif. bifidum BB02 and ‘Bif. longum
BB46’ (presumed to be Bif. longum subsp. longum BB46) (either single or mixed; initial
count was 7.0 log,, cfu mL™") as co-culture with Str. thermophilus. After 56 d matura-
tion, the survival rate of the bifidobacteria strains was 6.0 and 5.0 log,, cfu g™, respec-
tively. The probiotic cheeses had a higher concentration of acetic acid, enhanced «- and
B-galactosidase activities, a slight increase in soluble nitrogen (N) levels and higher
levels of amino acids and fatty acids; also, all the lactose content was catabolised. The
sensory attributes were not significantly different from those of the control cheese.

Ras cheese is an Egyptian variety similar to the Greek Kefalotiri. In a study by Dabiza
& El-Deib (2007), single strains of Lb. reuteri, Lb. casei and Lb. gasseri were used, or
in combination with a yoghurt starter culture. All the probiotic cheeses produced more
soluble N, essential and non-essential amino acids, a- and p-galactosidase, amino pepti-
dase and di-peptidase enzymes than the cheese produced using the mixed starters. When
compared to the control cheese using sodium dodecyl sulphate—polyacrylamide gel elec-
trophoresis (SDS-PAGE), the probiotic cheeses exhibit more proteolytic activity than
the yoghurt starter culture. In all the cheeses, the starter cultures inhibited the growth of
coliforms, Staphylococcus spp., yeasts and other fungi. Abd El-Salam et al. (2011) also
made probiotic Ras cheese using Lb. acidophilus or Lb. casei mixed with a yoghurt
starter culture, and matured for 3 months at 12 °C. The probiotic strains were good pro-
ducers of conjugated linoleic (CLA), and their counts averaged 8 log, cfu g™' during the
storage period. Recently, a probiotic Ras cheese was made using ‘Bif. bifidum Bb ,’
(presumed to be Bif. bifidum), ‘Bif. lactis Bb ,” (presumed to be Bif. animalis subsp.
lactis BB-12) and Lb. acidophilus LA-5 with a co-culture of a yoghurt starter and
‘Lactobacillus lactis’ (presumed to be Lactobacillus delbrueckii subsp. lactis), with
animal studies showing evidence of potential benefit for lowering cholesterol and serum
lipids when fed to rats (El-Zahar et al., 2015).

Cheddar cheese batches were made containing different combinations of commer-
cially available probiotic bacteria [‘Bif. lactis LAFTI B94’ and ‘Bif. lactis Bb12’ (pre-
sumed to be Bif. animalis subsp. lactis LAFTI B94 and Bif. animalis subsp. lactis BB-12,
respectively) and Bifidobacterium spp. HOWARU DR10, Lb. acidophilus LAFTI® L10
and LA-5, Lb. casei LC-1, ‘Lb. paracasei LAFTI L26’ (presumed to be Lb. paracasei
subsp. paracasei LAFTI® L26) and/or Lb. rhamnosus HOWARU DR20] (Phillips et al.,
2006). The viability (cfug™) of these probiotic strains during the maturation of Cheddar
cheese over 32 weeks was as follows: (a) all three bifidobacteria strains remained at high
numbers (i.e. 4x 107, 1.4x 10® and 5 x 108, respectively), (b) Lb. casei at 2x 107, (c) Lb.
paracasei subsp. paracasei at 1.6x 107, and (d) Lb. rhamnosus at 9 x 108. However, the
two Lb. acidophilus strains performed poorly, with both decreasing to levels of 3.6 x 10°
and 4.9 x 103 cfug. Phillips et al. (2006) concluded that Cheddar cheese is a good vehi-
cle for a variety of commercial probiotic bacteria, but the survival of two Lb. acidophilus
strains still needs to be improved. In a similar study, Ong & Shah (2009) produced
Cheddar cheese made with ‘Bif. longum 1941’ (presumed to be Bif. longum subsp.
longum 1941), Bif. animalis subsp. lactis LAFTI B94, Lb. casei 279, Lb. casei LAFTI
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L26, Lactobacillus acidophilus 4962 or Lb. acidophilus LAFTI L10 as adjunct cultures,
and the products were matured for 24 weeks at 4 and 8 °C. The counts of the lactococci
starter culture in cheeses produced with strains B94, L26 or 4962 and matured at 8 °C
were significantly lower than those ripened at 4°C (P<0.05) after 24 weeks. All the
probiotic bacteria remained viable (>7.50 log  cfu g™') and were not affected by the
maturation temperatures. There were significant effects of the type of probiotic bacteria
used, maturation time, maturation temperatures and their interactions on the concentra-
tion of lactic and acetic acids in the cheeses (P <0.05). The acetic acid concentrations in
cheeses made with Bifidobacterium spp. or L26 were significantly higher than those of
the control cheese (P <0.05). Citric, propionic and succinic acids contents of the cheeses
were not significantly affected by the type of probiotic bacteria or maturation tempera-
tures (P>0.05) (see also Ong et al., 2007). The difference in the counts of Lb. acidophi-
lus LAFTI L10 in Cheddar cheeses in the studies by Phillips et al. (2006) and Ong &
Shah (2009) could have been due to the duration of the maturation period (i.e. long or
short, respectively) or the enumeration methods used. Oberg et al. (2011) also studied
the survival and enumeration of probiotic bacteria in cheeses.

In a different study, Ristagno et al. (2012) produced probiotic Cheddar cheese using
Lb. casei DPC 2048 (chloramphenicol-resistant and bacteriocins-sensitive, i.e. an
indicator strain) and Lb. paracasei subsp. paracasei DPC 4715 (bacteriocins-producing
strain) as co-cultures with mesophilic cheese starter culture. During the maturation
period (6 months) at 8 °C, no inhibition of the indicator strain was observed and no bac-
teriocins production was detected. However, Lb. paracasei subsp. paracasei 4715 was
sensitive to chymosin and cathepsin D, and it may have been hydrolysed by the coagu-
lant used in cheesemaking or by indigenous milk proteases. When Lb. rhamnosus 6134
and iso-malto-oligosaccharide were used in Cheddar cheesemaking, the viable count of
lactobacilli was >8 log,, cfu g™ after 2 months; this is a very young product as normally
matured Cheddar is ~12 months old (Liu et al., 2015a). Desfosses-Foucault et al. (2012)
reported the use of lactococci starter culture and three probiotic strains (Bif. animalis
subsp. lactis BB-12, Lb. rhamnosus ROO011, or Lactobacillus helveticus RO052 and/or
mixed combinations of these organisms) in Cheddar cheesemaking. They reported the
following observations in 6-month-old matured product: (a) the addition of probiotic
strains seemed to accelerate the loss of lactococci viability in comparison to the control
cheese samples, especially when Lb. helveticus RO052 was used, (b) the viability of all
three probiotic bacteria was also significantly reduced in the product when using mixed
starter culture (P <0.0001), with Bif. animalis subsp. lactis BB-12 being the most sensi-
tive to the presence of other strains, and (c) all probiotic bacteria did retain their viability
(9 log,, cfu ~'g) throughout the maturation period. Lastly, Zhang et al. (2013) reported
the benefit(s) of using probiotic Lb. plantarum K25 in Cheddar cheesemaking by reduc-
ing the cholesterol level in mice.

In low-fat probiotic Cheddar (Rayan et al., 2015), Lac. lactis subsp. lactis R604 and
Lactobacillus mucosae DPC 6426 (previously shown to have promising hypocholester-
olaemic activity in a murine model, and an EPS producer) were used as an adjunct
culture at a level of ~10°cfumL™" in the cheese milk (subsequently present in the cheese
curd at >107cfug™). After 6 months of maturation, the viable count of lactobacilli
remained >5 x 107 cfu g~. The use of such adjunct culture had no significant effect on the
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sensory attributes of the Cheddar cheese, including its chemical composition, proteoly-
sis, pH or instrumentally quantified textural characteristics.

Swiss-type cheese was made using the same adjunct culture (Lb. mucosae DPC 6426)
as reported by Rayan ez al. (2015) for Cheddar cheesemaking, Str. thermophilus Th3, Lb.
helveticus LHBO?2 and ‘Propionibacterium freudenreichii DPC 6451° (presumed to be
Pro. freudenreichii subsp. shermanii DPC 6451). The viable counts of the adjunct culture
were similar to those reported here for Cheddar cheesemaking; however, the presence of
the adjunct culture imparted a more appealing appearance to the product. In a study by
O’Sullivan et al. (2016), the presence in the cheese milk of the strain Lb. casei DPC-6987
(which was isolated from a cheese plant environment), in the presence of propionic acid
bacteria and in the absence of Lb. helveticus to mimic starter failure, led to excessive eye
formation during the maturation period. The availability of excess amounts of lactose,
galactose and citrate during the initial maturation stages probably provided the Lb. casei
DPC-6987 strain with sufficient substrates for gas formation. These results demonstrated
the commercial importance of both the viability of starter populations and control of the
specific nonstarter LAB in ensuring appropriate eye formation in Swiss-type cheese.

An Emmental cheese environment was shown to enhance the probiotic-type
characteristic(s) of Pro. freudenreichii subsp. shermanii CIRM BIA 1 with regard to its
stress tolerance (Gagnaire et al., 2015); the surface protein of the same strain has been
associated with anti-inflammatory properties (Le Marechal et al., 2015).

Silter is a traditional Italian hard cheese; it was investigated in a study where a total
of 426 lactic acid strains were isolated, of which 274 strains were found to produce
bacteriocins against a wide range of pathogens tested. This led to the conclusion that this
cheese variety could be an important source of novel probiotic strains (Losio et al.,
2015). Pisano et al. (2011) also reported the diversity and functional/probiotic properties
of Lb. plantarum strains isolated from traditional Italian cheeses.

4.6.4 Semi-hard varieties

The moisture content of cheeses in this category averages ~40g 100g™!, and some
probiotic varieties include the following.

Pategras is an Argentinian semi-hard variety of cheese, for which a probiotic variety
was made using Str. thermophilus, Lb. acidophilus LA-5, Lactobacillus paracasei
subsp. paracasei DSM and Bif. animalis subsp. lactis DSM. The product was matured for
60 d. The free fatty acids (FFAs) level in the cheese increased in a manner similar to that of
Edam and Port Salut, whilst the probiotic counts ranged between 7.5 and 9.1 log,  cfu g™
without affecting the sensory attributes of the product. Multivariate analysis, however,
showed clear differences between the probiotic and control cheeses (Perotti et al., 2009).
In another study, Bergamini et al. (2010) produced Pategras cheese using a single-strain
starter culture (Str. thermophilus) to ferment the milk to make cheese. Three different
groups of probiotic strains were used as adjunct cultures: (a) the casei group — Lb. casei,
Lb. paracasei subsp. paracasei and Lb. rhamnosus, (b) the acidophilus group — Lb. aci-
dophilus, and (c) the bifido group — Bif. animalis subsp. lactis. These were added to the
milk as freeze-dried or were pre-cultured in a substrate. The counts of these organisms
in the cheeses after a 60 d maturation period ranged between 107 and 10°cfug™'. More
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details regarding the proteolytic behaviour of these probiotic bacteria in Pategras cheese
were reported by Bergamini ez al. (2005, 2006, 2009).

St. Paulin cheese (30 d old) containing Lb. paracasei subsp. paracasei was investi-
gated in a dynamic model of the human digestive system to assess its survival ability.
There was a significant reduction in the numbers of probiotic bacteria surviving alive
through the model, but administration of a 175 g serving of cheese delivered >107 cfu g™
viable cells to the colon section of the model (Kheadr et al., 2011).

Coalho is a Brazilian semi-hard goat’s milk cheese; the survival of probiotic bacteria
(Lb. acidophilus LA-5, Lb. paracasei subsp. paracasei-01 and Bif. animalis subsp. lactis
BB-12) in this product was studied in an in vitro model simulating the conditions of
digestion, where the viable counts of all the strains decreased from 7-8 log, t0 5.5-6.0
log,, cfu g™'. The probiotic strains inhibited L. monocytogenes and Staphylococcus
aureus in the product during the maturation period (de Oliveira et al., 2014).

Dutch- and Gouda-type cheeses were studied in order to determine the influence of
probiotic bacteria (Lb. paracasei subsp. paracasei LPC-37, Lb. acidophilus NCFM and
Lb. rhamnosus HN-001) on the counts of lactic starter culture and pathogens; a decrease
in counts of the pathogens was observed during the maturation period (Aljewicz &
Cichosz, 2015a). In separate studies, (a) Aljewicz & Cichosz (2015b) observed the
effect(s) of probiotic Lb. rhamnosus HNOO1 on the in vitro availability of minerals in the
cheese, and (b) Aljewicz et al. (2014, 2016) observed the following aspects of probiotic
Gouda-type cheeses including substitution of milk fat with palm oil:

e The counts of conventional starter culture (Lactococcus spp.) were lower in cheeses
containing the probiotic strain Lb. acidophilus NCFM than in the cheese made with
Lb. paracasei subsp. paracasei LPC-37.

o The viability of Lb. acidophilus NCFM significantly correlated with cheese type and
storage time. Counts were higher in matured cheeses and, overall, greater viability
was observed with Lb. paracasei subsp. paracasei LPC-37 compared to Lb. acido-
philus NCFM.

In a study of yoghurt and Prato cheese (an Argentinian variety similar to Gouda and
Edam), counting Lb. acidophilus NCFM (Howaru Dophilus — as an adjunct culture) was
successful by using selective media (MRS agar containing sorbitol or bile salt) and
incubating the agar plates at 45°C and 37°C for 72h, respectively, under anaerobic
conditions (Gebara et al., 2015).

Caciotta is an Italian farmhouse semi-hard cheese made from goat’s or cow’s milk.
A selective medium was developed to detect members of the Lb. casei group isolated
from probiotic milk and cheeses, and to monitor the probiotic strain Lb. paracasei
subsp. paracasei CRL 431 in Caciotta cheese; this would help with the correct labelling
of bacterial species in the product (di Lena et al., 2015).

4.6.5 Brined cheeses

The technical and scientific aspects of the manufacture of brined cheese, including
mechanisation systems used, have been detailed by Tamime (2006b) and, in general, the
moisture content of these cheeses is 50-55g 100 g~'. Many varieties are produced in the
Middle Eastern region, and the reported probiotic types are as follows.



104 Probiotic Dairy Products

Beyaz is a Turkish Feta-like cheese, normally made from cow’s, goat’s or sheep’s
milks, and produced as soft, semi-soft or hard cheese. Probiotic cheeses were made
using blends of probiotic strains of human origin (Lactobacillus fermentum AB5-18 and
AK4-120, and Lb. plantarum AB16-65 and AC18-82) in co-culture with Lac. lactis
subsp. cremoris and Lac. lactis subsp. lactis. The experimental cheeses were stored for
120 d at 4 °C, and their quality was similar to that of the control; at the end of the storage
period, the total probiotic count was 7.42x 107 cfug™" (Kilic et al., 2009). In a separate
study, Yerlikaya & Ozer (2014) produced Beyaz cheese using different strains of lacto-
bacilli (Lb. plantarum, Lb. rhamnosus, Lb. acidophilus and Lb. casei) in co-culture with
Str. thermophilus and, after 28 d at 4°C, the viable counts of the probiotic bacteria
ranged between 7.4 and 9.1 log, cfu g™'. Sensory profiling of the cheeses was highest
for the product made with Lb. casei and Str. thermophilus, whereas the remaining three
probiotic cheeses had slightly lower scores for taste and appearance. A closely related
product known as Turkish white brined was investigated by Gursoy et al. (2014); ‘Bif.
longum’ (presumed to be Bif. longum subsp. longum) was added with the lactic
starter culture, and after 90 d of maturation, the count of the probiotic bacteria was
>107cfug™.

Iranian White brined is similar to the product made in Turkey, and it is made using
different mammalian milks. Pasteurised cow’s milk spiked with E. coli O157:H7
(10*cfumL-") was made into cheese using a mixed lactic acid starter culture and two
strains, Lb. acidophilus 4962 and LA-5. During cheesemaking, the number of coliforms
increased to 107cfug™!, but decreased significantly (P<0.05) during the maturation
period (Darehabi & Nikmaram, 2011). In a study, Zomorodi ez al. (2011) used the ultra-
filtration (UF) method to produce a cheese containing Lb. casei ATCC 39392, Lb. plan-
tarum ATCC or Bif. bifidum ATCC 29521 either in a free form or microencapsulated. In
the latter form, the survival of all the probiotic bacteria was high (10107 cfug™). There
was no significant difference in rheological properties between the probiotic and control
cheeses, but the sensory profiling of the encapsulated probiotic cheeses scored higher
for flavour compared to products containing un-encapsulated strains. A summary of
observations on probiotic Iranian White brined cheese is as follows:

o The use of Lb. paracasei subsp. paracasei and Pediococcus inopinas resulted in
cheese that was highly rated by the sensory panel. The viable counts in the product,
however, were not reported; this study focused on the physicochemical changes in
the probiotic cheeses (Barouel et al., 2011).

e Probiotic bacteria (‘Bif. animalis ATCC 25527 — presumed to be Bif. animalis
subsp. animalis ATCC 25527 — and Lb. rhamnosus ATCC 7469) were mixed sepa-
rately with lactic starter culture for the production of cheese. The viability of bifido-
bacteria (log,, cfu g™') in the cheese after being at 6-8 °C after 45 d was between 6
and 7 and increased to >8 after 60 d, whilst the lactobacilli remained at a constant
6—7 during the storage period (Mahmoudi et al., 2012).

e Cow’s milk (spiked with either Staph. aureus or L. monocytogenes) was fortified
with Mentha longifolia L. essential oil (EO) and fermented with lactic starter and
Lb. casei (103-10° cfumL™") to produce Iranian White brined cheese. The presence of
EO, even at low concentration, inhibited the growth of the pathogenic organisms in
the product (Ehsani & Mahmoudi, 2013; Mahmoudi et al., 2013).
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Akkawi is a brined cheese popular in Lebanon, Syria and Jordan. Partial replacement
of NaCl with KCI (at ratios of 3:1, 1:1 and 1:3, respectively) in probiotic products (with
added Lb. casei and Lb. acidophilus) significantly affected the level of water- and phos-
photungsic-soluble nitrogen, calcium contents and growth of Lb. delbrueckii subsp. bul-
garicus in the experimental cheeses during a 30 d storage period. The growth of Str.
thermophilus and the probiotic bacteria was significantly affected in the experimental
cheeses but, after 30 d, counts of Lb. casei and Lb. acidophilus averaged 7.4 and 7.3
log,, cfu g™', respectively. No significant differences were observed regarding the physi-
cal properties and sensory attributes over the same storage period (Ayyash et al., 2012).
A related study by Gandhi er al. (2014) reported the effect of KCl substitution on sur-
vival of E. coli ATCC 25922 in the presence of selected probiotic bacteria.

A closely related product is Nabulsi cheese (Tamime, 2006b). Yamani et al. (1998)
isolated the following potentially probiotic strains from cow’s and sheep’s milks: ‘Lb.
paracasei’ (presumed to be Lb. paracasei subsp. paracasei), Lb. rhamnosus, Ent. fae-
calis, Ent. faecium and Ent. durans. Nabulsi cheeses made from these isolates, including
mesophilic LAB, were acceptable.

Feta-type cheese was made using encapsulated (using either an extrusion or emulsion
technique) and ‘free’ forms of ‘Bif. bifidum BB-12’ (presumed to be Bif. animalis subsp.
lactis BB-12) and Lb. acidophilus LLA-5. Both encapsulation techniques were effective
in protecting the probiotic bacteria, and counts were >107 cfu g! at the end of the storage
period. Counts of probiotic bacteria in ‘free’ form (i.e. un-encapsulated) decreased
by ~3 log,, cycle compared to the encapsulated probiotic where the cells decreased by
only 1 log,, cycle. The levels of medium- and long-chain FFAs and carbonyl compounds
in the cheeses with immobilised probiotics were much higher than in the control cheese,
but the sensory properties of the control and experimental cheeses were similar (Ozer
et al., 2009). In a study by Xanthopoulos et al. (2000), 32 Lb. plantarum strains isolated
from Feta cheese throughout its maturation period were able to grow at low pH and in
the presence of bile; thus, these strains (if health benefits could be demonstrated) might
have probiotic potential. The results also suggest that the presence of specific Lb. plan-
tarum strains in Feta cheese may have interesting biotechnological properties.

Domiati cheese (an Egyptian brined variety) was made using single probiotic strains
of Lb. acidophilus LA-5 or ‘Bif. longum ATCC 15707’ (presumed to be Bif. longum
subsp. longum ATCC 15707) to study the inhibition of Staph. aureus and E. coli
O157:H7 after the pathogens were spiked into the milk when making the product. Both
probiotic bacteria inhibited the growth of the test pathogens, but the rate of inactivation
was greater for Staph. aureus than E. coli O157:H7. The antibacterial activity of Lb.
acidophilus LA-5 was significantly higher (P<0.05) than ‘Bif. longum ATCC 15707’
(presumed to be Bif. longum subsp. longum ATCC 15707). The survival rate in the
cheeses of both probiotic organisms was considered satisfactory (El-Kholy, 2014).

4.6.6 Soft cheeses

Fresh soft cheese was made from UF milk retentate, and fermented with ABT starter
culture (see Section 4.2.2); the product had an acceptable flavour and smooth body, and
it could be easily cut and handled. The viable counts of bifidobacteria and lactobacilli
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were ~1x 107 cfug™ after 3 to 5 d (El-Shibiny et al., 2005). In a study by Cocolin ef al.
(2010), fresh soft cheese was made with different probiotic strains (Lb. acidophilus
LA-5, Lb. rhamnosus GG or Lb. casei Shirota) whose growth was evident during pro-
duction and storage (8 d at 4 °C). The viable counts of all the probiotic strains reached
103cfug after 15 d; however, due to the relatively low rate of acidification during the
manufacture of the cheese, the product was susceptible to spoilage by yeasts and coli-
forms. The combined action of mesophilic lactic starter culture, ‘Bif. longum’ (pre-
sumed to be Bif. longum subsp. longum) and potassium sorbate was found to be effective
to reduce the counts of Pseudomonas fluorescens at the end of storage period by 99.5%
in fresh cheese without affecting the sensory properties of the product (Deeb & Ahmed,
2010). In a study by Cardenas et al. (2014), fresh cheese was produced using two strains
of Lactobacillus salivarius CECT 5713 and PS2 (isolated from human milk) and lacto-
cocci starter culture, and after 28 d at 4 °C, the viable counts were 6.7 and 6.6 log10 cfu
g, respectively, representing a ~1.3 log, cycle reduction. The product was highly
rated, but the body characteristic was slightly hard.

Tallaga (an Egyptian soft cheese variety) was made with a mixed starter culture of
Lb. rhamnosus and Lac. lactis subsp. lactis biovar diacetylactis. The probiotic bacteria
reduced the counts of B. cereus, and no toxin was detected in the product (Sadek et al.,
2006). In a goat’s milk soft cheese, a co-culture of Ent. faecalis CECT 7121
(5.0x10*cfumL™) and a starter culture inhibited the growth of Staph. aureus, but not
the lactococci or lactobacilli. Thus, it was concluded that the probiotic culture might be
helpful for producing safer products (Sparo et al., 2012).

Panela (a Mexican soft cheese variety) was made using Bif. breve ATCC 15700 and
Lb. rhamnosus GG ATCC 53103 as mono or mixed cultures, and the milk was fortified
with fava bean starch, which was considered to be prebiotic (Escobar et al., 2012).
After 30 d of storage at 4 °C, the viability of single and mixed cultures in the cheeses
was 7.1, 8.8 and 9.0 log  cfu g™, respectively, which did not affect the taste of the
product. The sensory panel did not favour the addition of fava bean starch in Panela
cheese, however; the starch also affected the structure of the product, making an open
amorphous matrix with some void spaces, and the starch granules was observed
embedded in the protein matrix.

Cottage cheese was made with a mixed starter culture (YO-MIX TM 205), Lb. casei
and Lb. rhamnosus GG. The viable counts of both probiotic bacteria were >10°cfug™
during 28 d of storage at 8 °C. The cheese showed an increased metabolic activity with
higher levels of lactic and acetic acids, and higher numbers of potentially bioactive pep-
tides that were associated with reduced counts of L. monocytogenes by ~1 log  cycle
after 20 d of storage (Garcia et al., 2013).

Petit-Suisse was made with ABT culture (see Section 4.2.2), and the milk was forti-
fied with different sweeteners (sucrose, aspartame, Neotame®, sucralose, stevia and
refined sugar). The survival of lactobacilli and bifidobacteria were >7.5 and >7.0 log,,
cfu g!, respectively. None of the sweeteners exerted any negative effect, although aspar-
tame caused a slight reduction in bifidobacteria counts (Esmerino et al., 2013, 2015).
The same probiotic culture was used to compare the effect of soy-based (SP), milk-
based (MP) and mixed ingredients (milk, soy and cream — MSP) on the quality of Petit-
Suisse. The counts of Bif. animalis subsp. lactis BB-12 were >8 log cfu g™', but the
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viability of Lb. acidophilus in these products varied (MP: 7.6 log,  cfu g'; MSP: 6.5
log,, cfu g'; and SP: 6.8 log,, cfu g™'). Hardness and gumminess characteristics were
higher in the soy-based products compared with milk-based products, as well as the
sensory attributes (Matias et al. (2014). In a study by Pereira et al. (2016), the effect of
added antioxidant (ascorbic acid, glucose oxidase, cysteine and jabuticaba extract) on
the quality of Petit-Suisse was investigated, whilst the effect of hydrocolloids on the
quality of probiotic Petit-Suisse was reported by Maruyama et al. (2008). In the latter
study, the viable counts of Lb. acidophilus and ‘Bif. longum’ (presumed to be Bif.
longum subsp. longum) were >6.40 and >7.30 log  cfu g™!, respectively, during the stor-
age period at 4 °C.

Minas Frescal is a Brazilian soft cheese variety that originated in Minas Gerais state.
Enzymatic and direct acidification methods were used to coagulate the milk in the pres-
ence of Lb. casei Zhang; the bacterium reduced the pH to 4.94 and hydrolysed the pro-
tein (high proteolysis indexes — 0.470 to 0.702 absorbance at 340 nm) during storage. The
viable counts of the lactobacilli reached 8.1 and 9.0 log, , cfu g™ in the direct acidification
and enzymatic coagulation methods, respectively, after 21 d of refrigerated storage. All
the cheeses showed more viscous-like behaviour, with the rigidity tending to decrease
during storage; lower luminosity values were also observed. Consumer acceptability of
the control cheese made by direct acidification was highly rated, but both probiotic
cheeses had lower scores for all sensory attributes, in particular flavour and overall lik-
ing. The addition of Lb. casei Zhang led to changes in all parameters and had a negative
effect on sensory acceptance, but this could be controlled by reducing the inoculation
rate (Dantas et al., 2016). A combined mixture of Lac. lactis subsp. lactis and Lb. acido-
philus was used during the manufacture of Minas Frescal cheese; average counts of the
probiotic bacteria were 9 log,  cfu g™'. The addition of arginine and reduction of salt
content did not affect the quality and acceptability of the product (Felicio et al., 2016).
Other aspects of this type of probiotic cheese have been reported as follows: (a) Buriti
et al. (2005a) found the ranges of viable counts of Lb. acidophilus in cultured and direct-
acidified Minas Frescal after 21 d of storage to be 6.0 to 6.9 and 5.4 to 6.5 log,, cfu g,
respectively; similar counts were found in Minas Frescal made with Lb. paracasei subsp.
paracasei (Buriti et al., 2005b). (b) A high inoculation rate of Lb. acidophilus during the
manufacture of Minas Frescal cheese resulted in high viable counts (9.1 t0 9.4 log  cfug™)
in the product, which affected the sensory scores for appearance, aroma and texture com-
pared with conventional cheeses (Gomes et al., 2011). (c) Lollo et al. (2012) reported
that probiotic cheese attenuates exercise-induced immune suppression in Wistar rats.
(d) Costa et al. (2013) isolated LAB strains from an artisanal product, which had probiotic
potential. And (e) Andrade et al. (2014) studied the in vitro probiotic properties of
Lactobacillus spp. isolated from Minas artisanal cheese.

Kalari/Kradi is a Himalayan soft cheese. The shelf life (at 4 °C for 30 d) of the prod-
uct was extended/improved by using different probiotic bacteria (Lb. casei, Lactobacillus
plantarum and Lactobacillus brevis). The addition of probiotic strains did not affect the
physico-chemical properties of the product except that the acidity was found to be sig-
nificantly higher than in control cheese. The probiotic strains, however, exhibited greater
antioxidant activity compared with the control cheese. The content of the flavour com-
pounds increased significantly during the storage period, but their concentration was
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significantly lower in the probiotic cheese, where the counts of probiotic bacteria were
~6 log,, cfu g'. Psychrotrophic bacteria, yeasts and mould counts were found to increase
significantly in the control cheese, whereas these counts decreased significantly in the
probiotic cheeses (Mushtaq et al., 2016).

4.6.7 Pasta Filata cheeses

Kasar cheese (a Turkish variety) was made using encapsulated and ‘free’ form Lb. aci-
dophilus LA-5 and ‘Bif. bifidum BB-12’ (presumed to be Bif. animalis subsp. lactis
BB-12) as co-culture with lactococci during manufacture. As expected, scalding of the
curd caused a drastic decline of the ‘free’ probiotic bacteria, but not the encapsulated
cultures. After 90 d of storage at 10°C, the counts of both probiotic bacteria were
>107cfug™ (Ozer et al., 2008).

Mozzarella cheese has been made from semi-skimmed milk, with Lb. paracasei
subsp. paracasei LBC-1 added to the milk either as an alginate-microencapsulated
(LBC-1e) or in a ‘free’ form (LBC-1f) at a level of 10® and 107 cfug™!, respectively.
Survival rates of the probiotic bacteria LBC-1f and LBC-1e during cheesemaking (i.e.
in the curd, after stretching and storage for 42 d at 4°C) and the counts (cfug™) were
5.9%107 and 5.4x 103, 2.1x 107 and 3.2x 108, and 3.2x 107 and 2.5 % 108, respectively.
The cheeses were subjected to a simulated gastric digestion, which affected the survival
rate of the probiotic bacteria in the product (Ortakci et al., 2012).

Fior di Latte is a high-moisture cow’s milk Mozzarella cheese. Minervini et al. (2012)
screened 18 probiotic strains belonging to the species Lb. casei, Lb. delbrueckii subsp.
bulgaricus, Lb. paracasei subsp. paracasei, Lb. plantarum, Lb. rhamnosus and Lb. reu-
teri. Prior exposure of the lactobacilli cells to 42°C for 10 min increased their heat
resistance at 55 °C for 10 min; two strains (Lb. delbrueckii subsp. bulgaricus SP5 and
Lb. paracasei subsp. paracasei BGP1) were thought suitable because of their higher
survival rate when mimicking the stretching of the curd. The physicochemical proper-
ties and sensory attributes of the cheeses made with these two strains using either the
biological or direct acidification methods were very good, and the viable count of each
was ~8.0 log  cfu g™,

Scamorza is a Mozzarella-type cheese made from sheep’s milk in southern Italy.
Albenzio et al. (2010, 2013a, 2013b, 2015) used probiotic organisms (either a mixture
of Bif. longum and Bif. animalis subsp. lactis or Lb. acidophilus) to produce this type of
cheese. At pH4.6, both bifidobacteria strains showed greater proteolytic activity (i.e.
testing for water-soluble nitrogen extract) and ability to generate peptides with potential
bio-functionality.

4.6.8 Miscellaneous cheeses
A few other cheese varieties (e.g. whey, blue vein, dairy tofu, dips, slurry etc.) have been

investigated and/or developed over the past decade by many researchers, and a summary
of the viability of probiotic bacteria in these products is shown in Table 4.5.
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Table 4.5 Examples of miscellaneous probiotic cheese types.
Name Probiotic bacteria Comments References
French onion Lactobacillus acidophilus,  Each of 8 different Tharmaraj &
cheese-base dip Lactobacillus paracasei combinations of probiotic Shah (2004)

Dairy tofu

Ras (an Egyptian
variety) cheese slurry

Whey cheese

Cream cheese

subsp. paracasei,
Lactobacillus rhamnosus,
Bifidobacterium animalis
subsp. lactis and
Propionibacterium
[freudenreichii subsp.
shermanii

Lb. acidophilus,
Lactobacillus casei,
Bifidobacterium bifidum
and ‘Bifidobacterium
longum’ (presumed to be
Bifidobacterium longum
subsp. longum)

Bif. bifidum, Lb.
acidophilus and
Streptococcus
thermophilus

Bif. animalis subsp. lactis,
Lb. acidophilus and Lb.
casei

Lb. casei

bacteria were used in cheese
dips, and were stored for 10
weeks at 4 °C. To obtain >6
log,, cfu g™ of each strain at
the end of the shelf life of the
product, recommended
inoculation levels (log  cfu
g7") were 8 for Lb. acidophilus
and Bif. animalis subsp. lactis,
and 7 for Lb. paracasei subsp.
paracasei and Lb. rhamnosus.

This cheese was made by
coagulating milk mixed with
prebiotics (iso-malto-
oligosaccharides), probiotic
bacteria, skimmed milk
powder, peptides and
glucono-d-lactone (GDL) to
form a smooth milk gel. The
viable counts for the probiotic
bacteria were >6cfug!
throughout the storage period.

Ultrafiltered milk retentate
was fermented using a mixed
culture, and the viable counts
of probiotic bacteria were
~1x107cfug™ after 3 to 5 d.

Whey cheese was made with
single strains of probiotic
cultures. The water-soluble
extracts were analysed, and
the fraction (i.e. <3kDa) that
inhibited angiotensin-
converting enzyme was mainly
produced by Bif. animalis
subsp. lactis and Lb. casel,
rather than the product made
with Lb. acidophilus. The
presence of these organisms in
the cheese improved its safety
against certain pathogens.

The fermented product had
probiotic counts of
2.2x107cfug™; the sensory
properties of the cream cheese
were highly rated.

Chen et al.
(2004)

El-Shibiny et al.
(2005)

Madureira et al.
(2008, 2011a,
2011b, 2013)

de Oliveira
Gaino et al.
(2012)

(Continued)
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Table 4.5 (Continued)

Name Probiotic bacteria Comments References
Str. thermophilus, Lb. Fat standardised milk (8 g Alves et al.
acidophilus LA-5 and 100g™") was fermented with (2013)
‘Bif. animalis Bb-12’ Str. thermophilus to produce
(presumed to be Bif. cream cheese and, after de-
animalis subsp. lactis wheying, the curd mass was
BB-12) mixed with different

ingredients including freeze-
dried probiotic bacteria. The
lactobacilli and bifidobacteria
counts ranged between 3.1-5.4
and 6.12-6.93 log, cfu g',
respectively, after 25 d at 4 °C.

Toma Piemontese Lactobacillus plantarum These bacteria, which were Botta et al.
SI1T3E and S2T10D and isolated from olive (2015)
Lactobacillus pentosus fermentations, were previously
S3T60C characterised for probiotic

properties, and were used as
adjunct cultures to
manufacture Toma
Piemontese, a Protected
Denomination of Origin
(PDO) cheese. All lactobacilli
isolated, during the maturation
period and after digestion of
the cheeses, were deemed to
be putative probiotics.
Although the organic acid
composition of the cheeses
made with the adjunct culture
differed from the control, such
differences did not negatively
affect the organoleptic
properties of the final product.

Blue Vein cheese Lb. acidophilus LA-5 The cheese was spiked with Zadernowska
Yersinia enterocolitica (at a et al. (2015)
level of 10°cfug™), and made
using mesophilic lactic starter
culture and probiotic bacteria.

The counts of the pathogen in
products stored between 6 and
12°C were lower compared to
the control cheese (i.e. no
probiotic), but it did not
guarantee the microbiological
safety of the product.
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4.7 Probiotic ice-cream, frozen desserts and frozen yoghurt
4.7.1 Background

Ice-cream and frozen desserts have the potential to be carriers of probiotic bacteria, but
freeze stress must be considered with respect to their viability during manufacture and
extended storage. Frozen yoghurt technology may be adopted for the inclusion of pro-
biotic cultures into ice cream and frozen desserts (Tamime ef al., 2006). Various combi-
nations of lactobacilli and bifidobacteria have been used in these products (Tamime
et al., 1995). Addition may be direct (i.e. blending of ice-cream mix and probiotic cells
immediately prior to freezing); it may involve fermentation of the milk to increase the
probiotic cell count prior to blending with the ice-cream mix (Christiansen et al., 1996;
Ravula & Shah, 1998; Haynes & Playne, 2002), fermentation of the ice-cream mix prior
to freezing, or blending probiotic yoghurt with the ice-cream mix prior to freezing
(Soukoulis et al., 2010).

4.7.2 [ce-cream

The approach of fermenting the ice-cream mix for proliferation of the probiotic bacteria
was evaluated by Hekmat & McMahon (1992), who reported that the viable counts of
Lb. acidophilus and Bifi. bifidum were 4 x 10° and 1 x 107 cfumL"!, respectively, after 17
weeks of storage at —29 °C. For either probiotic strain, protection of cells against freeze
damage is of key importance. Encapsulation and freeze drying, and co-encapsulation of
different micro-organisms [e.g. Lb. acidophilus 2401, 2404, 2409 and 2415; ‘Bif. infan-
tis 1912’ (presumed to be Bif. longum subsp. infantis 1912); Bif. animalis subsp. lactis
1941, 920 and B12-12; and ‘Bif. longum 5581 (presumed to be Bif. longum subsp.
longum 5581)], have been evaluated (Godward & Kailasapathy, 2000, 2003b;
Kailasapathy & Sultana, 2003; Talwalker & Kailasapathy, 2003a; Masco et al., 2004):
free cells and freshly encapsulated cells without freeze drying have shown the best sur-
vival rates. Reviews of various methods of encapsulation of probiotic bacteria to be
used, for example in ice-cream production to enhance the survival rate and viability,
have been reported by Mohammadi ez al. (2011) and Acu et al. (2014). Using Lb. casei
LAFTI L26 (‘free’ and encapsulated in an alginate—whey protein capsule) and inulin in
ice-cream production affected probiotic survivability: the viable counts of free cells and
encapsulated cells ranged between 7.5-7.9 and 6.6-7.5 log, cfu mL™", respectively,
after 30 d at —18 °C (Naeemii et al., 2013). Freezing at —15 °C and storage at —25 °C of
Lb. acidophilus LMGP 21381 resulted in a significant decrease in the viability of the
freeze-dried culture, but not the active culture of lactobacilli (Nousia et al., 2011).
Properly selected strains widely used in commercial dairy applications, such as
Lactobacillus johnsonii LA-1, are able to survive the relatively high sugar content of ice
cream as well as the sublethal injuries caused by freezing. In the frozen product, counts
of 107 cfug™ were maintained for 10 weeks (Kebary et al., 1998, 2004; El Shazly et al.,
2004; El Tahra et al., 2004a, 2004b; Hamed et al., 2004; Rao & Prakash, 2004) or 8
months of storage (Alamprese et al., 2002). Some strains, however, cannot survive the
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freezing and churning that occur during ice-cream manufacture (Hagen & Narvhus,
1999; Haynes & Playne, 2002), but others, such as ‘Bif. longum’ (presumed to be Bif.
longum subsp. longum) and ‘Bif. infantis’ (presumed to be Bif. longum subsp. infantis),
are able to survive these processes and storage for up to 11 weeks (Davidson et al.,
2000) and even 52 weeks (Haynes & Playne, 2002), and are not influenced by the fat
content of the product. A study involving 13 strains of Lb. acidophilus and 11 strains of
bifidobacteria demonstrated that these effects were strain dependent (Ravula & Shah,
1998). Because ice-cream is a non-fermented product, the impact of the probiotic bacte-
ria on flavour is an important consideration. Some organisms, such as Lb. reuteri (Hagen
& Narvhus, 1999) and Bif. bifidum (Ma, 1995), produce a slight acetic acid flavour due
to fermentation (see also Anisimov et al., 2013). Manufacturing conditions that limit
fermentation may be adopted to minimise such flavours (Ordonez et al., 2000a, 2000b).

Ice-cream mix fortified with inulin and fermented with probiotic bacteria (Lb.
acidophilus LA-14 and ‘Bacillus lactis BL-01’ — presumed to be Bif. animalis subsp.
lactis BL-01) and a yoghurt starter culture at 37 °C had viable counts of both probiotic
bacteria ranging between 10° and 107 cfu g' after 90 d at —18 °C; the addition of prebi-
otic (inulin) enhanced their growth in the mix (Akin, 2005). Similar counts (>10°cfug™")
were observed in ice-cream made with different combinations of ‘Bif. Longum’ (pre-
sumed to be Bif. longum subsp. longum), ‘Bif. lactis’ (presumed to be Bif. animalis
subsp. lactis) and yoghurt starter culture (Favaro-Trindade et al., 2006). In different
ice-cream mixes containing blends of inulin and/or lactulose, Bif. animalis subsp. lac-
tis was added to each mix before freezing and had viable counts that ranged between
6.1 and 7.0 log, cfu g™" after 90 d at —18 °C (Hashemi et al., 2015). Partial replacement
of cow’s milk, however, with soy milk, coconut milk or combinations of both in ice-
cream mix fermented with ‘Bif. bifidum BB-12’ (presumed to be Bif. animalis subsp.
lactis BB-12) and Lb. acidophilus LA-5 resulted in products that had different physical
properties, but appreciable counts of probiotic bacteria (Aboulfazli & Baba, 2015;
Aboulfazli et al., 2015, 2016). Similarly, partial replacement of full-fat and skimmed
milk mixes (i.e. five batches) with soy milk and Simplesse 100® (fat replacer), and
fermentation with a monoculture of ‘Bif. longum ATCC 15707 (presumed to be Bif.
longum subsp. longum ATCC 15707), resulted in frozen products that were highly
rated by the sensory panel; viable counts averaged 7.8 log, cfu g™' after 30 d at —20°C
(Tawfek et al., 2016).

4.8 Dried probiotic dairy products
4.8.1 Introduction

There is a significant market for dried probiotic pharmaceutical products, and a variety of
products are available in the form of dietary supplements. This review will not focus on
these products (Tamime & Marshall, 1997; Kaur et al., 2002), but rather on other dried
products that are subsequently used in the manufacture of dairy and other products.
Dried products are manufactured by either freeze drying or spray drying. While the
cost of production is an important consideration, survival of the probiotic bacteria
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during the drying process and subsequent storage is equally important. Unless appropri-
ate drying conditions are selected (Lian et al., 2002), cell damage and loss of viability
will occur during spray drying; viability during storage is inversely related to the storage
temperatures (Gardiner et al., 2000). Various factors should be considered with respect
to the viability of probiotic micro-organisms in dried products (Prajapati et al., 1986;
Gilliland et al., 2001), including:

¢ Drying method;

o Type and size of packaging;

e Temperature and humidity of storage;
o Powder quality;

e Rehydration procedure; and

e Handling of rehydrated product.

Protective compounds, such as gum acacia, were used to protect ‘Lb. paracasei
NFBC 338’ (presumed to be Lb. paracasei subsp. paracasei NFBC 338) during spray
drying and storage (Desmond et al., 2001, 2002). This method improved survival during
drying and storage as well as their resistance to bile. On the other hand, the same organ-
ism was spray-dried without any protection with survival rates of 84.5% for use in
Cheddar cheesemaking, as described earlier in this chapter (Gardiner et al., 2002a), and
the effect of drying on survival rate of probiotic bacteria was examined (Meng et al.,
2008; Kitamura et al., 2009; Mercenier et al., 2012b; Paez et al., 2013). Compression
coating of Lb. acidophilus containing powders in combination with sodium alginate and
hydroxyl-propyl cellulose was used to increase storage stability by 10 times after 30 d
of storage at 25 °C, compared to free cells (Chan & Zhang, 2002). Spray-dried whey
containing microencapsulated Bif. animalis subsp. lactis BB-12 resulted in high viable
counts after 12 weeks of storage at 4 °C. The dried bacteria were added to a dairy dessert,
where the probiotic count remained at >7 log  cfu g™ after 6 weeks of storage (de
Castro-Cislaghi et al., 2012). An alternative method to produce biomass of Lb. plan-
tarum is to use the microfiltration (MF) technique as described by Alfano et al. (2015).

4.8.2 Infant formula

Dried preparations of probiotics are of particular interest in the manufacture of infant
formulae, where an important objective is to achieve products that are functionally simi-
lar to human milk. Processing technology is available for the manufacture of infant
formulae with a gross composition similar to that of human milk, but methods continue
to be refined for other factors (Lonnerdal, 2003). For example, the gut microbiota of
infants fed human milk is different from that of formulae-fed infants (Edwards et al.,
2002; Guaraldi & Salvatori, 2012; O’Sullivan et al., 2015). Various methods have been
proposed to introduce probiotic organisms into the infant gut, including incorporating
probiotics in dried preparations (see Saavedra et al., 2004). In one example, blending
freeze-dried preparations of Lb. reuteri, Lb. acidophilus and Bif. bifidum developed an
infant formula intended for the prevention of diarrhoea. This type of formulation was
shown to be effective in a study into the prevention of diarrhoea in infants, when the
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consumption of the three organisms was between 10% and 10'°cfu d-! (Halpin-Dohnalek
et al., 1999). An example of a commercialised milk powder (i.e. Neslac®) containing
Bif. animalis subsp. animalis BB-12 for older infants has been reported by Playne et al.
(2003; see also Chouraqui et al., 2004; Masco et al., 2004). Another approach is to
include dried prebiotics such as oligosaccharides (Goni-Cambrodon & Gudiel-Urbano,
2001; Kunz & Rudolff, 2002) and lactulose (Strohmaier, 1997) in infant formulae.

In a co-ordinated survey (290 samples) of Cronobacter spp. and related organisms in
dried infant formula, follow-up formula and young children formula undertaken in
seven countries, only three samples contained probiotic bacteria and the strains were not
identified (Chap et al., 2009). Stability tests of bifidobacteria (‘Bif. longum
BB-536’ — presumed to be Bif. longum subsp. longum BB-536; Bif. breve M-16V; and
‘Bif. infantis M-63’ — presumed to be Bif. longum subsp. infantis M-36) in infant and
follow-up formula were studied by Abe et al. (2009a). In a survey in commercial prod-
ucts, formulae for toddlers containing bifidobacteria sold in the Indonesian market were
analysed. When the inactivation rate constant of each stored sample, which was used as
an index of the loss rate, was determined from the stability tests, ‘Bif. longum’ (pre-
sumed to be Bif. longum subsp. longum) was the most stable strain. The mean inactiva-
tion rate constant of commercial products was significantly lower than those obtained in
strain comparison, although the same strains (‘Bif. longum BB-536" — presumed to be
Bif. longum subsp. longum BB-536; and Bif. breve M-16V) were used. A possible rea-
son was the lower water activity of commercial products compared to the follow-up
formula. Also, higher storage temperature yielded lower stability in all strains or sam-
ples, which obeys Arrhenius theory.

Twenty infant formulae available in the Chinese market were checked for the viable
count levels of probiotic bacteria (e.g. Bif. animalis subsp. lactis strains) when the prod-
ucts were opened and stored at 4, 25 and 37 °C for up to 28 d. The survival rate of the
probiotic bacteria was negatively correlated with storage temperature and time (Lui
et al., 2015b). Nevertheless, two infant formulae were supplemented with ‘Bif. lactis
BB-12’ (presumed to be Bif. animalis subsp. lactis BB-12) or Lactobacillus reuteri
ATCC 55730 and a probiotics-free formula to study the safety and tolerance of these
formulae in infants <4 months old; it was concluded that the use in early infancy formu-
lae supplemented with either probiotic bacteria strain in early infancy was safe and well
tolerated, and did not adversely affect the infants’ growth, bowel habits or behaviour
(Weizman et al., 2005; Weizman & Alsheikh, 2006).

4.8.3 Dairy-based dried products

Goat’s milk yoghurt was fermented with Bif. animalis subsp. lactis BI-07 and a yoghurt
starter culture. The fermentate was mixed with maltodextrin (10g 100g™"), and then
spray-dried. Using an inlet temperature of 130°C in the drier, a good-quality powder
was produced with high levels of viable bifidobacteria (de Medeiros et al., 2014).

A traditional type of dried yoghurt product, such as kishk and trahana, is made using
a low-fat fermentate, which is mixed with parboiled cracked wheat and then sun-dried.
Although to our knowledge probiotic dried yoghurts and related products are not
produced, the in vitro antimutagenic and anticancer effects of 25 strains of lactobacilli
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species isolated from trahana have been investigated. Only four isolates possessed such
activities; these were identified as strains of the species Lb. casei, Lb. plantarum and Lb.
brevis (Ahmadi et al., 2014).

4.9 Miscellaneous probiotic dairy products
4.9.1 Fat-based products

A prototype reduced-fat (60g 100g™") edible table biospread was made from milk fat
and soy oil containing mixed cultures of Lb. casei ACA-DC 212.3 and ‘Bif. infantis
ATCC 25962’ (presumed to be Bif. longum subsp. infantis ATCC 25962) (Charteris
et al., 2002). The process was modified to enhance the viability of the probiotic micro-
organisms, so that both cultures showed 1 log, cycle decline after processing. The rate
of decrease in viability of the bifidobacteria during shelf life was greater than that of the
lactobacilli. More development work is required and, to our knowledge, this type of
probiotic product has not been commercially produced.

Whipped-cream batches of different formulations were prepared using cream, palm
oil and cream, non-dairy ingredients, starter cultures (mesophilic and thermophilic
types) and probiotic bacteria (e.g. Lb. acidophilus and Bifidobacterium spp.). The ingre-
dients were blended together with addition of flavours (cocoa powder or vanilla) before
whipping of the product and storage for 9 d at 5 °C. The whipping time, serum separation
and over-run were influenced by the formulation used. Lactobacillus acidophilus and
Str. thermophilus showed better survival (10°cfumL™") compared to the bifidobacteria
and Lb. delbrueckii subsp. bulgaricus. The vanilla-flavoured whipped cream was highly
rated compared to the chocolate product, and the products supplemented with starter
cultures scored higher than the other formulations (Hussein & Abo-El-Fetoh, 2010).

Cultured cream (52 g 100g") and vegetable oils (sunflower, soybean or hazelnut) at a
rate of 2g 100 g' blends were fermented with a yoghurt starter culture and a monoculture
of probiotic bacteria (Lb. acidophilus, Bif. Bifidum and Propionibacterium thoenii P 126
and B 1264), or a yoghurt starter culture and mixed probiotic bacteria (Lb. acidophilus
and Bif. bifidum). All the probiotic bacteria had viable counts >10°cfug, and the prod-
uct made with Bif. bifidum demonstrated the highest concentration of CLA (0.73mgg™'
fat) (Ekinci et al., 2008). When single strains of probiotic bacteria (Bif. animalis subsp.
lactis, Lb. acidophilus and Lb. rhamnosus) were used to ferment cream, different profiles
of FAs were observed in the products during the storage period (15 d). All the probiotic
bacteria increased the medium-chain and polyunsaturated FA contents in the products;
however, Bif. animalis subsp. lactis increased levels of linoleic acid, a-linolenic acids
and monounsaturated and polyunsaturated FAs, whilst the highest levels of saturated FAs
were found in cream fermented with Lb. acidophilus (Yilmaz-Ersan, 2013).

4.9.2 [ong shelf-life fermented milk drinks or beverages

As mentioned in Section 4.5.1, the fresh probiotic fermented drinks and beverages mar-
ket is booming in the UK and worldwide, but long shelf-life dairy products do not con-
tain either lactic starter cultures or the probiotic micro-organisms. This problem can be
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overcome, however, by using a specially designed straw (known as a LifeTop™ Straw,
or alternatively referred to as a probiotic straw), which was developed and patented by
BioGaia in Sweden (Anonymous, 2001; Thorball et al., 2001; see also www.biogaia.
com or www.reuteri.com). A freeze-dried Lb. reuteri culture (patented by BioGaia as
Reuteri™) is suspended in oil droplets and attached to the inside of a two-jacketed
straw. The straw is packed in an outer packaging container that is made of laminated
aluminum foil (i.e. impermeable to moisture and oxygen). According to the manufac-
turer, the straw contains 108 cfu of the probiotic culture, has a shelf life of 12 months at
25°C and, when the consumer drinks 100mL of the beverage, 99% of the probiotic
bacteria are released. It is possible that the same concept could be applied to other types
of probiotic bacteria, and may be used, especially by children, when drinking pasteur-
ised or flavoured milk drinks.

4.9.3 Milk- and water-based cereal puddings

Lactobacillus rhamnosus GG, Lb. acidophilus LA-5 and 1748, and Bif. animalis subsp.
animalis BB-12 have been used successfully for the production of milk- and water-
based puddings with and without prebiotics (e.g. polydextrose and Litesse™) (Helland
et al., 2004). All the strains showed good growth and survival in milk-based puddings
(e.g. viable counts ranging between 8 and 9.1 log,, cfu g™'), significantly (p<0.05)
higher concentrations of lactic acid were produced after storage with pH levels reduced
to <4.4 and the highest concentration of diacetyl (18 mgkg™') was detected in puddings
inoculated with Lb. rhamnosus GG. In addition, puddings prepared with or without the
addition of Litesse were not significantly different.

4.9.4 Mousses, desserts and spreads

Some prototype probiotic dairy-based products are discussed in this section.

Mousses

Chocolate mousses made with Lb. paracasei subsp. paracasei LBC, with or without
inulin, had a firmer and more adhesive texture than the control product, and were stored
for 28 d at 4 °C. Differences were noted in sensory attributes (flavour, aroma and texture)
after 14 d of storage, and the colour effect was only observed in the mousse containing
inulin. Probiotic counts were stable during the storage period, ranging between 7.3 to
7.4 log cfu g™ (Cardarelli et al., 2008).

ProPearls

This is a new idea that was developed using a fruit filling surrounded by a double gel
layer. The inner layer consisted of calcium (Ca*?) alginate, whilst the outer coloured
layer contained probiotic bacteria (e.g. Lactobacillus spp.) and was encapsulated in
milk protein. It was suggested that these ProPearls could be used as topping of Quark,
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yoghurt, and other dairy desserts. The viable count of the probiotic lactobacilli was
~1078 cfu g'. In addition, the pearls contained vitamins, polyphenols, Ca** and antioxi-
dants (Flockerzie et al., 2014).

Milk-based dessert

Milk (3.2 g 100 g™' fat) was mixed with SMP, sucrose, dextrose, starch, carrageenan and
sodium diphosphate; heated between 80 and 90 °C; cooled to 65 °C; homogenised at
15MPa; and mixed with cultures (Lb. casei Shirota and Bif. animalis subsp. lactis) and
cranberry sauce. The product was stored for 21 d. The counts of the bifidobacteria and
lactobacilli at the end of the storage period were 2.0x 10° and 2.1x 107 cfug™!, respec-
tively (Magarinos et al., 2008).

Oblea

This is a wafer-type dehydrated traditional Mexican dessert, made as follows: goat’s
sweet whey is fermented with ‘Bif. infantis ATCC 1793’ (presumed to be Bif. longum
subsp. infantis ATCC 1793) or Lb. acidophilus ATCC 521, mixed with prebiotic carbo-
hydrates (inulin and resistant starch) and gelatine, and dried in a convection oven at
different temperatures. Finally, it is dehydrated at a low relative humidity at room tem-
perature (23 °C). Viable counts of both probiotic bacteria were >9 log ; 10cfug™ when
the Oblea was dried at 55 °C for 2.7 +0.2h (Trujillo-de Santiago et al., 2012).

Cheese-based tomato spread

Three starter culture formulations were used during the manufacture of cheese base (i.e.
similar to Quarg) as follows: (a) Str. thermophilus ST-M6 (control), (b) same culture as
control + Lb. acidophilus NCFM and Bif. animalis subsp. lactis BB-12, and (c) same as
control + Bif. animalis subsp. lactis BB-12 and Lb. sakei subsp. sakei 2a. Different
ingredients were used (pasteurised tomato pulp, dried tomato, commercial sterilised
cream, dried basil, grated Parmesan cheese, salt, olive oil, sucrose, guar gum, xanthan
gum, carrageenan gum, inulin, and whey from the cheese base); these were added to the
cheese base and then mixed in a blender. The spread was stored for 28 d at 4°C. The
viability of all the strains was 27.9 log, cfu g™', the pH decreased during the storage
period and consumer acceptability of the product was high (Staliano et al., 2015; see
also Buriti & Saad, 2014).

4.10 Viability of probiotic micro-organisms

In order to obtain the desired health effects, probiotic bacteria must be able to grow in
milk and milk products, and survive in sufficient numbers to the end of the shelf life. It
has been suggested that probiotic organisms should be present in a food to a minimum
concentration of 10°cfug™ or daily intake should be about 10°cfug'. Such high num-
bers have been suggested to compensate for the possible losses in the numbers of the
probiotic organisms during passage through the stomach and the intestine. In Japan, the
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Fermented Milks and Lactic Acid Bacteria Beverages Association have developed a
standard that requires a minimum of 107 viable cfu mL™" to be present in dairy products.
Studies have demonstrated that several probiotic micro-organisms grow poorly in milk,
and the viability of these organisms is often low in yoghurt. A number of brands of com-
mercial yoghurt have been analysed in Australia and Europe for the presence of Lb.
acidophilus and Bifidobacterium spp. Most of the products contained very low numbers
of these organisms, especially bifidobacteria (see Tamime, 2002). The viability and
activity of the bacteria are important considerations, because these bacteria must survive
in the food during shelf life, then transit through the acidic conditions of the stomach
and resist degradation by hydrolytic enzymes and bile salts in the small intestine.

The viability of probiotic bacteria in yoghurt depends on the strains used, interaction
between species present, production of hydrogen peroxide due to bacterial metabolism,
and the final acidity of the product. Viability also depends on the availability of nutri-
ents, growth promoters and inhibitors; the concentration of sugars; dissolved oxygen
and oxygen permeation through the package (especially for Bifidobacterium spp.); inoc-
ulation level; and fermentation time (see also Oliveira & Damin, 2003). Bifidobacteria
are anaerobic in nature; therefore, a high oxygen content may affect their growth and
viability. Lb. acidophilus is reported to have high cytoplasmic buffering capacity
(pH3.72-7.74), which allows it to resist changes in cytoplasmic pH and remain stable
under acidic conditions. Lactobacillus acidophilus is more tolerant of acidic conditions
than Bifidobacterium spp., and the growth of the latter is significantly retarded below
pHS5.0. The tolerance of Bifidobacterium spp. to acidic conditions is strain specific.
‘Bifidobacterium longum’ (presumed to be Bifidobacterium longum subsp. longum) has
shown better survival in acidic conditions and bile concentrations compared with ‘Bif.
infantis’ (presumed to be Bif. longum subsp. infantis), Bifidobacterium adolescents and
Bif. bifidum. Furthermore, ‘Bif. longum’ (presumed to be Bif. longum subsp. longum) is
also easier to grow in milk, whilst Bif. animalis subsp. animalis survives well in fer-
mented milks. It should be noted, however, that the latter species is not of human origin
(Lankaputhra & Shah, 1996). However, Matto et al. (2004) confirmed that the tolerance
of Bifidobacterium spp. to acidic conditions and bile is strain specific, but Bif. animalis
subsp. animalis has shown better survival compared to other bifidobacterial species.

The presence of Lb. delbrueckii subsp. bulgaricus affects the survival of Lb. acido-
philus and Bifidobacterium spp. due to the acid and hydrogen peroxide produced during
the fermentation stage. Due to its proteolytic nature, Lb. delbrueckii subsp. bulgaricus
grows fast and produces acid rapidly, and it appears to liberate essential amino acids like
valine, glycine and histidine that are required to support the growth of bifidobacteria.
Streptococcus thermophilus does not inhibit the growth of probiotic organisms, and in
fact may stimulate their growth due to its consumption of oxygen.

4.10.1 Composition of the fermentation medium

Probiotic bacteria are used for the fermentation of milk to a limited extent because of
their slow growth in milk. Although Lb. acidophilus and Bifidobacterium spp. show
some level of B-galactosidase activity, the reason for poor growth is related to the low
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concentration of free amino acids and small peptides in milk, which are insufficient to
support the growth of these organisms. Therefore, the addition of casein or whey protein
hydrolysates, yeast extract, glucose and vitamins can enhance the growth of Lb. acido-
philus and Bifidobacterium spp. in milk (see also Desai et al., 2004; Lucas et al., 2004).
The addition of milk protein also increases the buffering capacity of fermented milks
and allows better survival of probiotic organisms. Bifidobacteria are capable of utilising
lactulose and oligosaccharides and, as other intestinal bacteria, are unable to utilise
these complex carbohydrates; these compounds are considered to be prebiotics or ‘bifi-
dus factors’. Prebiotics are included in most probiotic products in order to promote the
growth of bifidobacteria in the intestine (for further details, refer to Chapters 7 and 8).

In general, probiotic bacteria grow better in rich synthetic media, such as tryptose
peptone yeast (TPY) and de Man, Rogosa and Sharpe (MRS) broths, than in milk
(Shah, 2000). However, the culture media are complex, are costly for large-scale propa-
gation of probiotic bacteria and may impart off-flavour(s) unless extensively washed
before incorporation. To manufacture a quality product, in terms of both texture and
viability of probiotic bacteria, a milk-based medium is usually required because of the
presence of casein.

The slow growth of probiotic micro-organisms in milk increases the risk of over-
growth of undesirable micro-organisms, and strains that do not grow well tend to pro-
duce unpleasant flavours. Normally, it takes 4h to complete the fermentation process
with Lb. delbrueckii subsp. bulgaricus and Str. thermophilus as compared to 20 or 24h
with probiotic cultures alone. For this reason, fermented milk products containing Lb.
acidophilus and bifidobacteria are often produced in conjunction with other cultures
such as Lb. delbrueckii subsp. bulgaricus and Str. thermophilus in the case of yoghurt
manufacture. Both groups of cultures are added together, or fermentation takes place in
two steps (see Section 4.11.4).

4.10.2 Viability as affected by oxygen

The full strain name and minimum count of live cells of the probiotic bacteria should be
stated on the product label to maintain confidence in probiotic products; it is important
that manufacturers can demonstrate adequate survival of the bacteria in products
throughout the shelf life of the product. Since bifidobacteria are anaerobic, oxygen tox-
icity is an important and critical problem. During yoghurt production, oxygen can easily
invade and dissolve in the milk. To exclude oxygen during the production of probiotic
milk products, special equipment is required to provide an anaerobic environment.
Oxygen can also enter the product through packaging materials during storage. A satis-
factory growth of a number of Bifidobacterium spp. in aerobic conditions has been
reported in a whey-based medium containing L-cysteine (0.05g 100mL™") and yeast
extract (0.3g 100mL") (Dave & Shah, 1997d, 1998). L-cysteine is added to reduce
redox potential in order to allow the growth of bifidobacteria.

Oxygen affects probiotic cultures in two ways. Firstly, it is directly toxic to the cells:
certain probiotic cultures are sensitive to oxygen and they die in its presence. Secondly,
in the presence of oxygen, certain cultures, particularly Lb. delbrueckii subsp. bulgaricus,
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produce peroxide. A synergistic inhibition of probiotic cultures due to acid and hydro-
gen peroxide has been reported (Lankaputhra & Shah, 1996); for this reason, the removal
of Lb. delbrueckii subsp. bulgaricus from some starter cultures (i.e. ABT starter cul-
tures; refer to Section 4.2.2 for details) has had some success in improving the survival
of probiotic organisms. Several studies have focused on preventing the detrimental
effects of oxygen on probiotic cultures, including the use of antioxidants or oxygen
scavengers (Dave & Shah, 1997¢; see also Talwalkar & Kailasapathy, 2003b; Talwalker
et al., 2004).

4.11 Approaches to improve the viability of the probiotic
micro-organisms in the product

4.11.1 Selection of bacterial strain(s)

The parameters for screening micro-organisms for potentially valuable probiotic strains
should include the fact that there is a necessity for the strain to be viable and metaboli-
cally active within the GI tract. In addition, it is important that viability of the strain and
stability of their desirable characteristics be maintained during commercial production
as well as the storage period of the final product (Godward et al., 2000; see also
Talwalker & Kailasapathy, 2004). High viable counts and survival rates during passage
through the stomach are necessary to allow live probiotics from the fermented milk
products to play a biological role in the human intestine. Surviving the acid conditions
of the stomach and bile salts is, thus, of prime importance.

Tolerance to acid and bile is strain specific. Many strains of Lb. acidophilus and
Bifidobacterium spp. intrinsically lack the ability to survive harsh conditions in the gut,
and may not be suitable for use as dietary adjuncts in fermented milks. Some strains of
Lb. acidophilus are reported to survive best under acidic conditions, and at modest bile
concentrations (Clark et al., 1993; Clark & Martin, 1994). ‘Bifidobacterium longum’
(presumed to be Bifidobacterium longum subsp. longum) and Bifidobacterium pseudo-
longum subsp. pseudolongum have shown the best tolerance to acid and bile salts
(Lankaputhra & Shah, 1995). Thus, selection of appropriate strains on the basis of acid
and bile tolerance would help to improve the viability of these probiotic bacterial strains
(Takahashi et al., 2004).

4.11.2 Type of packaging container

Lactobacillus acidophilus is microaerophilic, and bifidobacteria are anaerobic. Since
bifidobacteria are anaerobic, oxygen toxicity is an important consideration; oxygen can
easily dissolve in milk. Dave & Shah (1997b) studied the survival of Lb. delbrueckii
subsp. bulgaricus, Str. thermophilus and probiotic organisms in yoghurt stored in glass
bottles and plastic containers. The increase in numbers and survival of Lb. acidophilus
during storage was directly affected by the dissolved oxygen content, which was higher
in yoghurts stored in plastic containers compared to glass. Counts remained higher for
the products stored in glass bottles compared to plastic cups. Bifidobacteria also
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showed better growth in glass bottles compared to the plastic cups: initial counts and
survival of bifidobacteria were substantially higher in yoghurt prepared in glass bottles
than in plastic cups. Better survival and viability of bifidobacteria in de-aerated milk
have also been observed (Klaver et al., 1993). Thus, it may be important to store prod-
ucts in glass containers or to increase the thickness of the packaging materials (i.e.
decrease the oxygen permeability rate) used for AB, ABC or ABT products (refer to
Section 4.2.2 for details).

4.11.3 Rate of inoculation

Since probiotic organisms grow poorly in milk, a larger inoculum size (5-10mL
100mL™") is required compared to the 1 mL 100mL~" used for the yoghurt starter cul-
tures. Similarly, probiotic organisms do not grow well in the presence of certain other
bacteria, including Lb. delbrueckii subsp. bulgaricus and Str. thermophilus. The size of
the inoculum of the primary starter culture may also influence the eventual numbers of
the probiotic bacteria: a small inoculum of the yoghurt organisms can result in over-
acidification of the product, which can result in poor survival of the probiotic bacteria.

Dave & Shah (1997a) studied the effect of concentration of starter addition on the
viability of Lb. delbrueckii subsp. bulgaricus, Str. thermophilus and probiotic bacteria
in yoghurt made from four commercial starter cultures. Two starter cultures contained
Str. thermophilus and Lb. delbrueckii subsp. bulgaricus, Lb. acidophilus and bifidobac-
teria, whereas the other two cultures were ABT types. The starter cultures were in the
freeze-dried direct-to-vat set (DVS) form, and were used at a rate of 0.5, 1.0, 1.50r2.0g
10L"" in separate containers. The incubation conditions were as recommended by the
starter cultures’ manufacturers. Streptococcus thermophilus multiplied better with the
lower level of inoculum; however, the final counts of this organism remained slightly
higher with the higher level of inoculum, which was probably primarily due to the
higher initial numbers.

The final pH at the end of fermentation is the most crucial factor for the survival of
probiotic organisms. A pH below 4.4 at the end of fermentation results in a substantial
decrease in the number of probiotic bacteria; hence, the inoculum level must be care-
fully adjusted and monitored.

4.11.4 Two-stage fermentation

Inhibitory substances, such as acid and hydrogen peroxide produced by yoghurt starter
bacteria, are responsible for poor survival of probiotic cultures. Although the yoghurt
starter cultures produce substances inhibitory to probiotic cultures, the former are essen-
tial in yoghurt manufacture to speed up the fermentation process, and to provide the
typical yoghurt flavour. Generally, yoghurt starter bacteria grow faster than probiotic
bacteria during the fermentation period and produce acids, which could reduce the
viability of the probiotic bacteria.

One approach to improving the viability of probiotic organisms is to add them after
the fermentation of the milk. This allows the strains of probiotic bacteria to be used that
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cannot grow in the presence of other organisms; however, growth or survival of probi-
otic organisms may be reduced if they are added post fermentation.

Another approach is to carry out the initial fermentation with the probiotic cultures
followed by completion of fermentation with, for example, Lb. delbrueckii subsp. bulga-
ricus and Str. thermophilus (Lankaputhra & Shah, 1997). With this approach, the fermen-
tation time can be slightly longer than the traditional fermentation process. Initial
fermentation could be carried out with probiotic cultures for 2h, followed by fermenta-
tion by the yoghurt starter cultures for 4 h. This allows the probiotic organisms to be in
the final stage of their lag phase or the early stage of their log phase, and it results in
higher probiotic counts at the end of 6h of fermentation. Probiotic counts have been
found to increase substantially in products made using a two-step fermentation process.

4.11.5 Microencapsulation technique

The numbers of probiotic bacteria in frozen fermented dairy desserts or frozen yoghurt
are reduced significantly by acid, freeze injury, the sugar concentration of the product
and oxygen toxicity (Tamime et al., 1995). About 16g sugar 100g™" of product are
added to frozen fermented dairy desserts, and the addition of sugar has been found to
affect the growth of probiotic bacteria. Microencapsulation is a process whereby the
cells are retained within the encapsulating membrane in order to reduce cell injury or
cell loss (see Figure 4.2), and it may have applications in several products, such as
cheese (Godward & Kailasapathy, 2003a), yoghurt (Adhikari et al., 2000; ChienJung,
2000; Sultana et al., 2000; WenRong & Griffiths, 2000; Hansen et al., 2002; Godward
& Kailasapathy, 2003c; Picot & Lacroix, 2004) and simulated gastric juice and bile
solutions (WenChian et al., 2003; see also Kailasapathy & Sultana, 2003; Krasaekoopt
et al., 2003, 2004; Sridar er al., 2003; Anjani & Kailasapathy, 2004; Chandramouli
et al., 2004; Hsiao et al., 2004; HungChi et al., 2004).

Gelatin or vegetable gums have been used for the microencapsulation of bacteria,
and have been reported to provide protection to acid-sensitive probiotic organisms.
Entrapment of living microbial cells in calcium alginate is simple and low cost.
Furthermore, alginate is non-toxic, so it may be safely used in foods. Alginate gels can
be solubilised by sequestering calcium ions and, thus, releasing entrapped cells (Rao
et al., 1989; Sheu & Marshall 1993).

Encapsulated probiotic organisms incorporated into fermented frozen dairy desserts
showed better viability (>10°cfug™) in the products compared to encapsulated organ-
isms (<10°cfug™) (Shah & Ravula, 2000b, 2004).

4.11.6 Supplementation of the milk with nutrients

During yoghurt making, Str. thermophilus dominates the early stage of fermentation. As
the redox potential of milk is reduced and the pH lowered from 6.5 to 5.5, growth of Lb.
delbrueckii subsp. bulgaricus is stimulated. Str. thermophilus dominates the early stage
of fermentation; then, when the pH falls below 5.0, Lb. delbrueckii subsp. bulgaricus
dominates the fermentation, producing acetaldehyde and lactic acid, and giving the
characteristic of green apple flavour. Continued acid production lowers the pH of
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Figure 4.2 Preparation of probiotic fermented frozen dessert.

Note: Mix the yoghurt, ice-cream base and syrup (i.e. sucrose at 65% brix) at the following proportions:
45, 45 and 10, respectively.

Adapted from Shah & Ravula (2004).

yoghurt to values near 4.6, the iso-electric point of casein, which induces gelation. The
fermentation is terminated at pH4.5.

Due to its proteolytic nature, Lb. delbrueckii subsp. bulgaricus produces essential
amino acids (Shihata & Shah, 2000, 2002), and its associative growth relationship with
Str. thermophilus is well established. The streptococci also produce growth factors for
the former organism. Lactobacillus delbrueckii subsp. bulgaricus, however, also pro-
duces lactic acid during refrigerated storage, which is a process known in the industry
as ‘post-acidification’. If this occurs during refrigerated storage, it may cause loss of
viability of the probiotic bacteria.

To overcome any loss of viability of probiotic bacteria due to acid produced during
fermentation and storage (post-acidification), the present trend is to use starter cultures
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devoid of Lb. delbrueckii subsp. bulgaricus, such as ABT. Streptococcus thermophilus,
which is less proteolytic than Lb. delbrueckii subsp. bulgaricus, is the main organism
responsible for the fermentation in some of the ABT cultures (e.g. ABT-1 and ABT-2;
refer to Section 4.2.2 for further details). Such blends of starter cultures increase the
fermentation time significantly (up to 10h), as there is no associative growth without
Lb. delbrueckii subsp. bulgaricus. ABT starter cultures require the incorporation of
micronutrients (peptides and amino acids) through casein hydrolysates to reduce the
fermentation time and improve the viability of probiotic organisms.

Dave & Shah (1998) studied the effects of some dairy and non-dairy ingredients,
such as WP, WPC and acid casein hydrolysates (ACnH), on the viability of Lb. acido-
philus and Bifidobacterium spp. in yoghurt made from four commercial starter cultures.
The added ingredients considerably affected incubation time, because some of them
provided peptides and amino acids for the bacterial growth. Addition of WP, WPC and
ACnH improved the viability of Bifidobacterium spp., as did nitrogen sources in the
form of peptides and amino acids. The addition of milk protein (casein and whey)
hydrolysates, however, enhanced the acidification rate of Str. thermophilus and reduced
the growth rate of the probiotic bacteria (Lb. acidophilus LA-5 and Lb. rhamnosus
LR-35) in fermented milks during the manufacturing stages, but improved the survival
of the latter bacteria after storage (Lucas et al., 2004; see also Section 4.5.1).

4.11.7 The use of oxygen scavengers

Oxygen content and redox potential have been shown to be important factors for the
viability of Bifidobacterium spp. during storage. Ascorbic acid (vitamin C) acts as an
oxygen scavenger, and it is permitted in fruit juices and other products as a food addi-
tive. Furthermore, milk and milk products supply only 10-15% of the daily require-
ments of vitamin C (Rasic & Kurmann, 1978) and, as a result, fortification of yoghurt
with ascorbic acid increases its nutritional value.

The oxygen content and redox potential were reported to gradually increase during
the storage of yoghurt in plastic cups, but the redox potential remained lower with ascor-
bic acid (Dave & Shah, 1997c¢). Streptococcus thermophilus is aerobic, and its counts
would be expected to be reduced in the presence of ascorbic acid. In contrast, the viabil-
ity of Lb. delbrueckii subsp. bulgaricus, a micro-aerophilic to anaerobic species, would
be expected to improve with increasing concentration of ascorbic acid. The addition of
ascorbic acid also helps to improve the survival of Lb. acidophilus, but its oxygen-scav-
enging effect may not be sufficient to improve the viability of anaerobic Bifidobacterium
spp. (Dave & Shah, 1997¢).

4.11.8 The addition of cysteine

Media used for enumeration of bifidobacteria often contain L-cysteine (0.5-0.1g
100mL") in order to improve recovery. Cysteine, a sulphur-containing amino acid, pro-
vides amino nitrogen as a growth factor while reducing the redox potential, both of
which favour the growth of anaerobic bifidobacteria.
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Cysteine at 250 mg L' appears to improve survival of Lb. acidophilus and
Bifidobacterium spp. It should be noted that a low level of cysteine (50 mg L") would
promote the growth of Str. thermophilus and decrease incubation time, particularly in
ABT starter culture (Dave & Shah, 1997d). A slight decrease in redox potential is ben-
eficial for the survival of Str. thermophilus but, if the concentration of cysteine is
increased above 50 mg L', the reduced redox potential has a negative effect on growth.
The growth of Lb. delbrueckii subsp. bulgaricus would be improved with a low concen-
tration of cysteine, but would be suppressed at higher levels.

4.12 Future developments and overall conclusions

It is evident over the past three decades that there has been growing interest in the incor-
poration of probiotic micro-organisms into dairy products, which is mainly attributed to
the health-associative benefits of probiotics for consumers (see Chapter 8). This has
been reflected by the increased number of such products in different markets world-
wide, and also the increase in consumption of probiotic dairy products, in particular
fermented milks. Greater knowledge has been acquired regarding the growth and sur-
vival of probiotic strains, the discovery of new isolates of probiotic bacteria, and the
development in technologies required for the manufacture of different dairy products.

Although the possible application of probiotic bacteria in dairy products other than
fermented milks has been studied by many researchers, in fact the commercial realisation
of these products has had limited applications; two examples are cheeses and ice cream. In
the former product, it could be argued that in countries where hard and semi-hard cheeses
are widely used in food preparations, using these products as a vehicle to introduce probi-
otic strains into the human gut may have limited potential for the following reasons: (a)
consumers should be educated to consume ‘natural’ cheeses directly rather than using
them in cooking preparations, and (b) the reluctance of the cheese industry to use probiotic
bacteria that might affect flavour. Furthermore, the survival of probiotic bacteria in semi-
hard and hard cheeses should be monitored in products more than 6—9 months old, rather
than 1-2 months old as reported for an example study in Cheddar cheese.

According to Mattila-Sandholm ez al. (2002) and Saarella (2011), future technologi-
cal aspects that have to be considered or addressed in view of the ‘functionality’ of
probiotic micro-organisms may include the following: (a) fermentation and drying tech-
nologies; (b) microencapsulation; (c) strain characterisation including daily dosage, sta-
bility, viability and non-viability; (d) food matrix formulation and (e) use of prebiotics
together with probiotics. All these aspects have been studied extensively over the past
decade, and the knowledge acquired will help commercial developments of probiotic
dairy products in the future.

The dairy industry should work closely with regulatory agencies in different
countries and with the medical profession and researchers to substantiate the health
effects associated with probiotic bacteria in dairy products, the probiotic efficacy of
new isolates, and how best to responsibly communicate any proven health benefits
to consumers. These aspects will help to ensure the acceptability of probiotic dairy
products by the consumer and legislative bodies, and thus safeguard the future of
the industry.
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Over the coming years, however, possible areas requiring further attention may

include the following:

In some commercial probiotic dairy products labels (Raeisi et al., 2013; Tamime
et al., 2014), the nomenclature of the starter/probiotic cultures did not conform to
recommendations of the International Union of Microbiological Societies (IUMS).
In addition, many product labels do not provide the species name of the probiotic
bacteria. For example, Bifidobacterium spp. is used instead of Bif. animalis subsp.
lactis, probably to avoid the use of the word ‘animalis’.

Although labelling requirements normally state that the bacterial strain name should
appear on the package, the so-called name(s) given to certain bacterial strains, such
as ‘Bifidus’ (presumed to be Bif. animalis subsp. lactis Bifidus ActiRegularis), may
cause some confusion among scientists with the older nomenclature of Lactobacillus
bifidus. In research papers, the latest accepted nomenclature of probiotic bacteria
should be given in order to minimise the confusion in this field. To our knowledge,
only a few labels give counts of any probiotic strains used, but it would be more
informative if the minimum viable counts are given at the end of shelf-life.

More properly designed clinical trials and studies are required to establish the proper
health benefits to humans of newly isolated LAB of probiotic potential from tradi-
tional fermented milk products in different countries. Also, more in vitro and in vivo
studies should be performed to substantiate and provide supporting evidence regard-
ing the health benefits of certain dairy products, such as Kefir and related products.
Lastly, the naming and classification of the product skyr (i.e. fermented milk or soft
cheese) are somewhat puzzling — is it only confined to products made in Iceland or
universally produced in all Scandinavian countries? According to Gudmundsson &
Kiristbergsson (2016), the current commercially produced skyr in Iceland resembles con-
centrated yoghurt where the ‘traditional’ production method with two-stage fermenta-
tion is not widely used anymore. Similarly, kefir production has changed considerably:
instead of complex kefir grains, simple starter cultures are used. Thus, the trend seems to
be that although traditional complex fermented milks are not commonly produced indus-
trially, the original product name is still used even if the product is not the same anymore.
The issue of (re-)classification of these kinds of products should be considered.

Acknowledgement

One of us (AYT) gratefully acknowledges Dr V.V. Mistry for partly reproducing his
original contribution on probiotic cheeses that he reviewed in the first edition of
Probiotic Dairy Products.

References

Abd-Elhamid, A.M. (2010) Using cheese whey in the preparation of fermented beverage. Egyptian

Journal of Dairy Science, 38, 201-210.

Abd El-Salam, M.H., Hippen, A.R., Assem, FEM., El-Shafei, K., Tawfik, N.F. & El-Aassar, M.

(2011) Preparation and properties of probiotic cheese high in conjugated linoleic acid content.
International Journal of Dairy Technology, 64, 64—74.



Production and Viability of Probiotic Micro-organisms in Dairy Products 127

Abdou, S.M., El-Alfy, M.B., Hefny, A.A., & Nasr, W.I.A. (2003) Probiotic Ras cheese made from
concentrated milk by ultrafiltration or recombination techniques. Egyptian Journal of Dairy
Science, 31, 319-333.

Abdou, S.M., Shenana, M.E., Mansour, N.M. & Zakaria, M.K. (2015) Making bioyogurt using
newly isolated lactic acid bacteria with probiotic features. Egyptian Journal of Dairy Science
& Technology, 43(Suppl.) of 12 Egyptian Conference of Dairy Science & Technology, 1-15.

Abe, F., Tomita, S., Yaeshima, T. & Iwatsuki, K. (2009a) Effect of production conditions on the
stability of a human bifidobacterial species Bifidobacterium longum in yogurt. Letters in
Applied Microbiology, 49, 715-720.

Abe, F., Miyauchi, H., Uchijima, A., Yaeshima, T. & Iwatsuki, K. (2009b) Stability of bifidobacte-
ria in powdered formula. International Journal of Food Science and Technology, 44, 718-724.

Abou-Dawood, S.A. (2002) Survival of nonencapsulated and encapsulated Bifidobacterium bifi-
dum in probiotic Kareish cheese. Egyptian Journal of Dairy Science, 30, 43-52.

Aboulfazli, F. & Baba, A.S. (2015) Effect of vegetable milk on survival of probiotics in fermented ice
cream under gastrointestinal conditions. Food Science and Technology Research, 21, 391-397.
Aboulfazli, F,, Baba, A.S. & Misran, M. (2015) The rheology and physical properties of fermented
probiotic ice creams made with dairy alternatives. International Journal of Food Engineering,

11,493-504.

Aboulfazli, F., Baba, A.S. & Misran, M. (2016) Replacement of bovine milk with vegetable milk:
Effects on the survival of probiotics and rheological and physicochemical properties of frozen
fermented dessert. International Journal of Dairy Technology, 69, 71-80.

Acu, M., Yerlikaya, O. & Kinik, O. (2014) Microencapsulation in dairy technology. Akademik
Gida, 12(1), 97-107.

Adhikari, K., Mustapha, A., Griin, L.U. & Fernando, L. (2000) Viability of microencapsulated
bifidobacteria in set yogurt during refrigerated storage. Journal of Dairy Science, 83,
1946-1951.

Agil, R., Gaget, A., Gliwa, J., Avis, T.J., Willmore, W.G. & Hosseinian, F. (2013) Lentils enhance
probiotic growth in yogurt and provide added benefit of antioxidant protection. LTW - Food
Science and Technology, 50, 45-49.

Ahmadi, E., Mortazavian, A.M., Fazeli, M.R., Ezzatpanah, H. & Mohammadi, R. (2012) The
effects of inoculant variables on the physicochemical and organoleptic properties of doogh.
International Journal of Dairy Technology, 65, 274-281.

Ahmadi, M.A., Ebrahimi, M.T., Mehrabian, S., Tafvizi, F., Bahrami, H. & Dameshghian, M.
(2014) Antimutagenic and anticancer effects of lactic acid bacteria isolated from trahana through
ames test and phylogenetic analysis by 16S rDNA. Nutrition and Cancer, 66, 1406-1413.

Akalin, A.S., Unal, G., Dinkci, N. & Hayaloglu, A.A. (2012) Microstructural, textural, and sensory
characteristics of probiotic yogurts fortified with sodium calcium caseinate or whey protein
concentrate. Journal of Dairy Science, 95, 3617-3628.

Akin, M.S. (2005) Effects of inulin and different sugar levels on viability of probiotic bacteria and
the physical and sensory characteristics of probiotic fermented ice-cream. Milchwissenschaft,
60, 297-300.

Akpinar, S., Torunoglu, F.A., Yerlikaya, O., Kinik, O., Akbulut, N. & Uysal, H.R. (2015)
Fermented probiotic beverages produced with reconstituted whey and cow milk. Agro Food
Industry Hi-Tech, 26(4), 24-27.

Alamprese, C., Foschino, R., Rossi, M., Pompei, C. & Savani, L. (2002) Survival of Lactobacillus
Jjohnsonii Lal and influence of its addition in retail-manufactured ice cream produced with
different sugar and fat concentrations. International Dairy Journal, 12, 201-208.

Albenzio, A., Santillo, A., Caroprese, M., Marino, R., Trani, A. & Faccia, M. (2010) Biochemical
patterns in ovine cheese: Influence of probiotic strains. Journal of Dairy Science, 93, 3487-3496.

Albenzio, A., Santillo, A., Caroprese, M., Ruggieri, D., Napolitano, F. & Sevi, A. (2013a)
Physicochemical properties of Scamorza ewe milk cheese manufactured with different probi-
otic cultures. Journal of Dairy Science, 96, 2781-2791.



128 Probiotic Dairy Products

Albenzio, A., Santillo, A., Caroprese, M., Braghieri, A., Sevi, A. & Napolitano, F. (2013b)
Composition and sensory profiling of probiotic Scamorza ewe milk cheese. Journal of Dairy
Science, 96, 2792-2800.

Albenzio, M., Santillo, A., Marino, R., Malva, A.D., Caroprese, M. & Sevi, A. (2015) Identification
of peptides in functional Scamorza ovine milk cheese. Journal of Dairy Science, 98, 842-8432.

Alfano, A., Donnarumma, G., Cimini, D., Fusco, A., Marzaioli, I., de Rosa, M. & Schiraldi, C.
(2015) Lactobacillus plantarum: Microfiltration experiments for the production of probiotic
biomass to be used in food and nutraceutical preparations. DOI 10.1002/btpr.2037 (wileyon-
linelibrary.com).

Aljewicz, M. & Cichosz, G. (2015a) Protective effects of Lactobacillus cultures in Dutch-type
cheese-like products. LWT - Food Science and Technology, 63, 52-56.

Aljewicz, M. & Cichosz, G. (2015b) The effect of probiotic Lactobacillus rhamnosus HNOO1 on
the in vitro availability of minerals from cheeses and cheese-like products. LWT - Food Science
and Technology, 60, 841-847.

Aljewicz, M., Siemianowska, W., Cichosz, G. & Tonska, E. (2014) The effect of probiotics
(Lactobacillus rhamnosus HNOO1, Lactobacillus paracasei LPC-37, and Lactobacillus acido-
philus NCFM) on the availability of minerals from Dutch-type cheese. Journal of Dairy
Science, 97, 4824-4831.

Aljewicz, M., Cichosz, G., Nalepa, B. & Bielecka, M. (2016) The effect of milk fat substitution
with palm fat on lactic acid bacteria counts in cheese-like products. LWT - Food Science and
Technology, 66, 348-354.

Allgeyer, L.C., Miller, M.J. & Lee, S.-Y. (2010a) Sensory and microbiological quality of yogurt
drinks with prebiotics and probiotics. Journal of Dairy Science, 93, 4471-4479.

Allgeyer, L.C., Miller, M.J. & Lee, S.-Y. (2010b) Drivers of liking for yogurt drinks with prebiot-
ics and probiotics. Journal of Food Science, 75, S212-S219.

Almeida, K.E., Tamime A.Y. & Oliveira, M.N. (2008) Acidification rates of probiotic bacteria in
Minas frescal cheese whey. LTW - Food Science and Technology, 41, 311-316.

Almeida, K.E., Tamime A.Y. & Oliveira, M.N. (2009) Influence of total solids contents of milk
whey on the acidifying profile and viability of various lactic acid bacteria. LTW - Food Science
and Technology, 42, 672-678.

Al-Otaibi, M.M. (2012) Isolation and identification of lactic acid bacteria and yeasts from Sameel
milk; A Saudi traditional fermented milk. International Journal of Dairy Science, 7(4), 73-83.

Al-Otaibi, M.M., Saleha, F.A. & Al-Obaib, S. (2013) Effect of date syrup (dips) and survival of
probiotic bacteria in milk. International Journal of Dairy Science, 8(1), 12-20.

Al-Sheraji, S.H., Ismail, A., Manap, M.Y., Mustafa, S. & Yusof, R.M. (2012) Viability and activity
of bifidobacteria during refrigerated storage of yoghurt containing Mangifera pajang fibrous
polysaccharides. Journal of Food Science, 77, M624-M630.

Alves, L.L., Richards, N.S.P.S., Milani, L.I.G., Cruz, A.G. & Faria, J.A.F. (2013) Cream cheese
as a symbiotic food carrier using Bifidobacterium animalis Bb-12 and Lactobacillus acidophi-
lus La-5 and inulin. International Journal of Dairy Technology, 66, 63—69.

Alves, A TS.E, Antunes, A.E.C., Trento, EK.H.S., Zacarchenco, PB., Ormenese, R.C.S.C. &
Spadoti, L.M. (2016) Pasteurised, microfiltered and lactose hydrolysed skimmed milk with added
probiotics: Development and storage stability. International Journal of Dairy Technology, 69,
22-30.

Amer, E.S.N., Girgis, S.S., Taha, H. & Abed-El-Moeety, S.H. (1997) Effect of milk total solids
and type of starter on the quality of Labneh. Egyptian Journal of Dairy Science, 25, 179-192.

Andrade, C.R.G., Souza, M.R., Penna, C.F.A.M., Acurcio, L.B., Sant’Anna, FM., Castro, R.D. &
Oliveira, D.L.S. (2014) In vitro probiotic properties of Lactobacillus spp. isolated from Minas
artisanal cheese from Serra da Canastra - MG. Arquivo Brasileiro de Medicina Veterinaria e
Zootecnia, 66, 1592—1600.



Production and Viability of Probiotic Micro-organisms in Dairy Products 129

Anisimov, G.S., Anisimov, S.V., Ryabtseva, S.A., Evdokimov, [.A. & Ahmedova, V.R. (2013)
Bio-fermented ice-cream with functional properties. Molochnaya Promyshlennost, 8, 51-52.

Anjani, K. & Kailasapathy, K. (2004) Survival of co-encapsulated probiotics and prebiotics in
yoghurt. Milchwissenschaft, 59, 396-399.

Anonymous (1992) Yoghurt and probiotics. Choice, 11, 32-35.

Anonymous (2001) Choose life top. Dairy Industries International, 66(11), 45. Note to publisher -
one page only

Anonymous (2003) Short Life Dairy Products, Miiller Market Report 2003, Miiller Dairy (UK)
Ltd., Market Drayton.

Anonymous (2008) Nu-trish Technical Information, Revised Edition, Ch. Hansen A/S, Bgge Allé
10-12, DK 2970 Hgrsholm, Denmark.

Anonymous (2013) The science behind Bifidobacterium BB-12®, Technical Bulletin, Ch. Hansen
A/S, Bgge All¢€ 10-12, DK 2970 Hgrsholm, Denmark.

Anonymous (2016) American Type Culture Collection (ATCC) product sheet — Bifidobacterium
animalis subsp. animalis (ATCC 25527™). https:www.atcc.org/~/25527ashx. Accessed on 21%
April 2016.

Anton, D., Raudsepp, P., Roasto, M., Meremae, K., Kuusik, S., Toomik, P., Elias, P., Laikoja, K.,
Kaart, T., Lepiku, M. & Tonu Pussa, T. (2016) Comparative study of microbiological, chemical
and sensory properties of kefirs produced in Estonia, Latvia and Lithuania. Journal of Dairy
Research, 83, 89-95.

Antonsson, M., Ardo, Y., Nilsson, B.F. & Molin, G. (2002) Screening and selection of Lactobacillus
strains for use as adjunct cultures in production of semi-hard cheese. Journal of Dairy Research,
69, 457-472.

Antunes, A.E.C., Marasca, E.T.G., Moreno, L., Dourado, FM., Rodrigues, L.G. & Lerayer, A.L.S.
(2007) Development of a probiotic buttermilk. Ciencia e Tecnologia de Alimentos, 27, 83-90.

Antunes, A.E.C., Silva, E.R.A., van Dender, A.G.F., Marasca, E.T.G., Moreno, 1., Faria, E.V.,
Padula, M. & Lerayer, A.L.S. (2009) Probiotic buttermilk-like fermented milk product devel-
opment in a semi-industrial scale: Physicochemical, microbiological and sensory acceptability.
International Journal of Dairy Technology, 62, 556-563.

Arab, M., Mortazavian, M. A., Azadnia, E., Komeyli, R., Alimiri, T. & Najafi, M. (2016) Effects
of salt percentage (0.5 or 1%), combination (NaCl or NaCI/KCl) and stage of adding salt on
biochemical, microbiological and sensory characteristics of probiotic doogh. Iranian Journal
of Food Science and Technology, 13(55), 13-22.

Archer, A. C. & Halami, P.M. (2015) Probiotic attributes of Lactobacillus fermentum isolated from
human feces and dairy products. Applied Microbiology and Biotechnology, 99, 8113-8123.
Atallah, A.A. (2015a) Development of new functional beverages from milk permeate using some

probiotic bacteria and fruit pulp. Egyptian Journal of Dairy Science, 43, 25-39.

Atallah, A.A. (2015b) Preparation and properties of functional beverages based on probiotic milk
permeate with carrot or mango pulp. Egyptian Journal of Dairy Science, 43, 147-158.

Awaisheh, S.S. (2011) Development of probiotic soft cheese manufactured using goat’s milk with
the addition of thyme. Milchwissenschaft, 66, 51-54.

Awaisheh, S., Haddadin, M.S.Y. & Robinson, R.K. (2005) Incorporation of selected nutra-
ceuticals and probiotic bacteria into a fermented milk. International Dairy Journal, 15,
1184-1190.

Awaisheh, S., Al-Dmoor, H., Omar, S., Hawari, A. & Alroyli, M. (2012) Impact of selected nutra-
ceuticals on viability of probiotic strains in milk during refrigerated storage at 4 °C for 15 days.
International Journal of Dairy Technology, 65, 268-273.

Ayar, A. & Burucu, H. (2013) Effect of whey fractions on microbial and physicochemical prop-
erties of probiotic ayran (drinkable yogurt). International Food Research Journal, 20,
1409-1415.



130 Probiotic Dairy Products

Ayeni, F.A., Adeniyi, B.A., Ogunbanwo, S.T., Nader-Macias, M.E. & Ruas-Madiedo, P. (2011)
Survival of Weissella confusa and Lactobacillus paracasei strains in fermented milks under
cold storage and after freeze-drying. Milchwissenschaft, 66, 61-64.

Ayyad, K.M., Addul Ghaffar, I., Salem,A.S. & Ismail, M.M. (2015) Production of probiotic low
fat Labneh using exopolysaccharide-producing strains. Egyptian Journal of Dairy Science, 43,
41-51.

Ayyash, M.M., Sherkat, F. & Shah, N.P. (2012) The effect of NaCl substitution with KCl on
Akawi cheese: Chemical composition, proteolysis, angiotensin-converting enzyme-inhibitory
activity, probiotic survival, texture profile, and sensory properties. Journal of Dairy Science,
95, 4747-4759.

Baick, S.-C. & Kim, C.-H. (2015) Assessment of characteristics and functional properties of
Lactobacillus species isolated from Kimchi for dairy use. Korean Journal for Food Science of
Animal Resources, 35,339-349.

Baker, H.C., Tran, D.N. & Thomas, L.V. (2009) Health benefits of probiotics for the elderly: A
review. Journal of Foodservice, 20, 250-262.

Balakrishnan, G. & Agrawal, R. (2014) Antioxidant activity and fatty acid profile of fermented
milk prepared by Pediococcus pentosaceus. Journal of Food Science and Technology, 51,
4138-4142.

Banwo, K., Sanni, A. & Tan, H. (2013) Functional properties of Pediococcus species isolated
from traditional fermented cereal gruel and milk in Nigeria. Food Biotechnology, 27(1),
14-38.

Barbosa, J. Borges, S. & Teixeira, P. (2014) Selection of potential probiotic Enterococcus faecium
isolated from Portuguese fermented food. International Journal of Food Microbiology, 191,
144-148.

Baron, M., Roy, D., & Vuillemard, J.-C. (2000) Biochemical characteristics of fermented milk
produced by mixed-cultures of lactic starters and bifidobacteria. Lait, 80, 465—478.

Barouel, J., Karbassi, A., Ghodddusi, H.B., Mortazavi, A., Ramezani, R. & Mousssavi, M. (2011)
Impact of native Lactobacillus paracasei subsp. paracasei and Pediococcus spp. as adjunct
cultures on sensory quality of Iranian White brined cheese. International Journal of Dairy
Technology, 64, 526-535.

Barraquio, V.L., Militate, S.T., Gonzaga, J.O. & Emata, O.C. (2001) Fermented milk drink as
starter adjunct in the manufacture of probiotic white soft cheese. The Phillippine Agricultural
Scientist, 84, 382-387.

Basiony, M.M.M., Hamad, M.N.F. & Ismail, M.M. (2015) Effect of fortification with texturized
soy protein on the chemical, microbial and sensorial attributes of Labneh made for goat’s milk.
http://www.researchgate.net/publication/277716568. Accessed on 22" February 2016.

Batista, A.L.D., Silva, R., Cappato, L.P. Almada, C.N., Garcia, R.K.A., Silva, M.C., Raices,
R.S.L., Arellano, D.B., Sant’Ana, A.S., Junior, C.A.C., Freitas, M.Q. & Cruz, A.G. (2015)
Quality parameters of probiotic yogurt added to glucose oxidase compared to commercial
products through microbiological, physical-chemical and metabolic activity analyses. Food
Research International, 77, 627-635.

Beheshtipour, H., Mortazavian, A.M., Mohammadi, R., Sohrabvandi, S. & Khosravi-Darani, K.
(2013) Supplementation of Spirulina platensis and Chlorella vulgaris algae into probiotic fer-
mented milks. Comprehensive Reviews in Food Science and Food Safety, 12, 144—154.

Belem, M.A.F. (1999) Application of biotechnology in the product development of nutraceuticals
in Canada. Trends in Food Science & Technology, 10, 101-106.

Bergamini, C.V., Hynes, E.R., Quiberoni, A., Suarez, V. & Zalazar, C.A. (2005) Probiotic bacteria
as adjunct starters: Influence of the addition methodology on their survival in a semi-hard
Argentinean cheese. Food Research International, 38, 597-604.

Bergamini, C.V., Hynes, E. & Zalazar, C.A. (2006) Influence of probiotic bacteria on the prote-
olysis profile of a semi-hard cheese. International Dairy Journal, 16, 856—-866.



Production and Viability of Probiotic Micro-organisms in Dairy Products 131

Bergamini, C.V., Hynes, E.R., Candioti, M.C. & Zalazar, C.A. (2009) Multivariate analysis of
proteolysis patterns differentiated the impact of six strains of probiotic bacteria on a semi-hard
cheese. Journal of Dairy Science, 92, 2455-2467.

Bergamini, C., Hynes, E., Meinardi, C., Suarez, V., Quiberoni, A. & Zalazar C. (2010) Pategras
cheese as a suitable carrier for six probiotic cultures. Journal of Dairy Research, 77,
265-272.

Bernardeau, M., Vernoux, J.P., Henri-Dubernet, S. & Gueguen, M. (2008) Safety assessment of
dairy microorganisms: The Lactobacillus genus. International Journal of Food Microbiology,
126, 278-285.

Bertolami, M.C. & Farnworth, E.R. (2008) The properties of Enterococcus faecium and the fer-
mented milk product - Gaio®. Handbook of Fermented Functional Foods, (ed. E.R. Farnworth),
2" Edition, pp. 71-88, CRC Press (Taylor & Francis Group), Boca Raton.

Bezerra, T.K., de Araujo, A.R., do Nascimento, E.S., de Matos Paz, J.E., Gadelha, C.A., Gadelha,
T.S., Pacheco, M.T., do Egypto Queiroga Rde, C., de Oliveira, M.E. & Madruga, M.S. (2016)
Proteolysis in goat “Coalho” cheese supplemented with probiotic lactic acid bacteria. Food
Chemistry, 196, 359-366.

te Biesebeke, R. & de Vries, Y.P. (2009) Long-life probiotic food product. European Patent
Application, EP 2 103 226 A1.

Bisig, W., Eberhard, P., Collomb, M. & Rehberger, B. (2007) Influence of processing on the fatty
acid composition and the content of conjugated linoleic acid in organic and conventional dairy
products - A review. Le Lait, 87, 1-19.

Blanchette, L., Roy, D., Belanger, G. & Gauthier, S.F. (1996) Production of Cottage cheese using
dressing fermented by bifidobacteria. Journal of Dairy Science, 79, 8-15.

Bolla P.A., de los Angeles Serradell, M., Urraza P.J. & de Antoni, G.L. (2010) Effect of freeze-
drying on viability and in vitro probiotic properties of a mixture of lactic acid bacteria and
yeasts isolated from kefir. Journal of Dairy Research, 78, 15-22.

Bolla, P.A., Carasi, P.,, de los Angeles Serradell, M., & de Antoni, G.L. (2013) Kefir-isolated
Lactococcus lactis subsp. lactis inhibits the cytotoxic effect of Clostridium difficile in vitro.
Journal of Dairy Research, 80, 96-102.

Bosnea, L.A., Kourkoutas, Y., Albantaki, N., Tzia, C., Koutinas, A.A. & Kanellaki, M. (2009)
Functionality of freeze-dried L. casei cells immobilized on wheat grains. LWT - Food Science
and Technology, 42, 1696-1702.

Bosnea, L.A., Moschakis, T. & Biliaderis, C.G. (2014) Complex coacervation as a novel micro-
encapsulation technique to improve viability of probiotics under different stresses. Food and
Bioprocess Technology, 7, 2767-2781.

Botta, C., Bertolino, M., Zeppa, G. & Cocolin, L. (2015) Evaluation of Toma Piemontese PDO
cheese as a carrier of putative probiotics from table olive fermentations. Journal of Functional
Foods, 18(Part A), 106-116.

Bottazzi, V. (2002) Siamo e molto bravi in biochimica: Produciamo lo yoghurt (in Italian).
Industria del Latte, XXXVIII(1-2), 5-64.

Bourrie, B.C.T., Willing, B.P. & Cotter, P.D. (2016) The microbiota and health promoting charac-
teristics of the fermented beverage Kefir. Frontiers in Microbiology, 7, Article 647.

Boylston, T.D., Vinderola, C.G., Ghoddusi, H.B. & Reinheimer, J.A. (2004) Incorporation of bifi-
dobacteria into cheeses: challenges and rewards. International Dairy Journal, 14, 375-387.
Bozanic, R. & Tratnic, L. (2001) Quality of cow’s and goat’s fermented bifido milk during stor-

age. Food Technology and Biotechnology, 39, 109-114.

Bozanic, R., Tratnik, L., Herceg, Z. & Maric, O. (2004) The influence of milk powder, whey
protein concentrate and inulin on the quality of cow and goat acidophilus milk. Acta Alimentaria,
33, 337-346.

Burgain, J., Gaiani, C., Linder, M. & Scher, J. (2011) Encapsulation of probiotic living cells: from
laboratory scale to industrial applications. Journal of Food Engineering, 104, 467-483.



132 Probiotic Dairy Products

Buriti, FC.A. & Saad, S.M.I. (2014) Chilled milk-based desserts as emerging probiotic and prebi-
otic products. Critical Reviews in Food Science and Nutrition, 54, 139-150.

Buriti, F.C.A., da Rocha, J.S. & Saad, S.M.I. (2005a) Incorporation of Lactobacillus acidophilus
in Minas fresh cheese and its implications for textural and sensorial properties during storage.
International Dairy Journal, 15, 1279—-1288.

Buriti, FE.C.A., Rocha, J.S., Assis, E.G. & Saad, S.M.IL. (2005b) Probiotic potential of Minas fresh
cheese prepared with the addition of Lactobacillus paracasei. LWT - Food Science and
Technology, 38, 173-180.

Buriti, F.C.A., Freitas, S.C., Egito, A.S. & dos Santos, K.M.O. (2014) Effects of tropical fruit
pulps and partially hydrolysed galactomannan from Caesalpinia pulcherrima seeds on the
dietary fibre content, probiotic viability, texture and sensory features of goat dairy beverages.
LWT - Food Science and Technology, 59, 196-203.

Burns, P., Vinderola, G., Molinari, F. & Reinheimer, J. (2008) Suitability of whey and buttermilk
for the growth and frozen storage of probiotic lactobacilli. International Journal of Dairy
Technology, 61, 156—164.

Caggia, C., De Angelis, M., Pitino, I., Pino, A.& Randazzo, C.L. (2015) Probiotic features of
Lactobacillus strains isolated from Ragusano and Pecorino Siciliano cheeses. Food Microbiology,
50, 109-117.

Capra, M.L., Binetti, A.G., Mercanti, D.J., Quiberoni, A. & Reinheimer, J.A. (2009) Diversity
among Lactobacillus paracasei phages isolated from a probiotic dairy product plant. Journal
of Applied Microbiology, 107, 1350-1357.

Cardarelli, H.R., Aragon-Alegro, L.C., Alegro, J.H.A., de Castro, I.A. & Saad, S.M.I. (2008)
Effect of inulin and Lactobacillus paracasei on sensory and instrumental texture properties
of functional chocolate mousse. Journal of the Science of Food and Agriculture, 88,
1318-1324.

Cardenas, N., Calzada, J., Peirotén, A., Jimenez, E., Escudero, R., Rodriguez, J.M., Medina, M.
& Fernandez, L. (2014) Development of a potential probiotic fresh cheese using two
Lactobacillus salivarius strains isolated from human milk. BioMed Research International,
10.1155/2014/801918, Accessed on 1% of July 2014.

Casarotti, S.N., Carneiro, B.M. & Penna, A.L.B. (2014a) Evaluation of the effect of supplement-
ing fermented milk with quinoa flour on probiotic activity. Journal of Dairy Science, 97,
6027-6035.

Casarotti, S.N., Monteiro, D.A., Moretti, M.M.S., & Penna, A.L.B. (2014b) Influence of the com-
bination of probiotic cultures during fermentation and storage of fermented milk. Food
Research International, 59, 67-75.

Castro, W.F.,, Cruz, A.G., Bisinotto, M.S., Guerreiro, L.M.R., Faria, J.A.F., Bolini, HM.A. Cunha,
R.L. & Deliza, R. (2013a) Development of probiotic dairy beverages: rheological properties
and application of mathematical models in sensory evaluation. Journal of Dairy Science, 96,
16-25.

Castro, W.F,, Cruz, A.G., Rodrigues, D., Ghiselli, G., Oliveira, C.A.F., Faria, J.A.F. & Godoy,
H.T. (2013b) Short communication: Effects of different whey concentrations on physicochemi-
cal characteristics and viable counts of starter bacteria in dairy beverage supplemented with
probiotics. Journal of Dairy Science, 96, 96-100.

Castro, J.M., Tornadijo, M.E., Fresno, J.M. & Sandoval, H. (2015) Biocheese: A food probiotic
carrier. BioMed Research International, 2015, Article ID 723056, can be accessed at: https://
www.hindawi.com/journals/bmri/2015/723056/

de Castro, F.P., Cunha, T.M., Barreto, P.L.M., Amboni, R.D.de M.C. & Prudencio, E.S. (2009a)
Effect of oligofructose incorporation on the properties of fermented probiotic lactic beverages.
International Journal of Dairy Technology, 62, 68-74.

de Castro, F.P.,, Cunha, T.M., Ogliari, P.J., Teofilo, R.E,, Ferreira, M.M.C. Prudencio, E.S. (2009b)
Influence of different content of cheese whey and oligofructose on the properties of fermented



Production and Viability of Probiotic Micro-organisms in Dairy Products 133

lactic beverages: Study using response surface methodology. LWT - Food Science and Technology,
42, 993-997.

de Castro-Cislaghi, F.P.,, dos Silva, C.R.E., Fritzen-Freire, C.B., Lorenz, G. & J Sant’Anna, E.S.
& (2012) Bifidobacterium Bb-12 microencapsulated by spray drying with whey: Survival
under simulated gastrointestinal conditions, tolerance to NaCl, and viability during storage.
Journal of Food Engineering, 113, 186-193.

Celestin, S., Thorat, S.S., Desale, R.J. & Chavan, U.D. (2015) Effect of milk Supplementation
with fructooligosaccharides and inulin on viable counts of probiotic bacteria in goat and
cow milk yoghurts. Journal of Environmental Science, Toxicology and Food Technology,
9(7), 6-12.

Champagne, C.P. (2014) Development of fermented milk products containing probiotics. Dairy
Microbiology and Biochemistry: Recent Developments (eds, B. Ozer and G. Akdemir-
Evrendilek), pp. 214-244, CRC Press (Taylor & Francis Group), Boca Raton.

Champagne, C.P., Gardner, N.J. & Roy, D. (2005) Challenges in the Addition of Probiotic Cultures
toFoods. Critical Reviewsin FoodScienceandNutrition,45(1)DOI: 10.1080/10408690590900144

Champagne, C.P., Ross, R.P., Saarela, M., Hansen, K.F. & Charalampopoulos, D. (2011)
Recommendations for the viability assessment of probiotics as concentrated cultures and in
food matrices. International Journal of Food Microbiology, 149, 185-193.

Chan, E.S. & Zhang, Z. (2002) Encapsulation of probiotic bacterial Lactobacillus acidophilus by
direct compression. Trans IChemE, 80(C), 78-82.

Chandan, R.C. & O’Rell, K.R. (2008) Principle of yoghurt processing. Manufacturing Yogurt and
Fermented Milks (eds. R.C. Chandan and A. Kilara), 2" edition, pp. 195-210, John Wiley &
Sons, New York.

Chandan, R.C., Kilara, A & Shah.N.P. (2008) Dairy Processing & Quality Assurance. Wiley-
Blackwell, Ames.

Chandramouli, V., Kailasapathy, K., Peiris, P. & Jones, M. (2004) An improved method of micro-
encapsulation and its evaluation to protect Lactobacillus spp. in simulated gastric conditions.
Journal of Microbiological Methods, 56, 27-35.

Chap, J., Jackson, P, Siqueira, R., Gaspar, N., Quintas, C., Park, J., Osaili, T., Shaker, R., Jaradat,
Z., Hartantyo, S.H.P., Abdullah Sani, N., Estuningsih, S. & Forsythe, S.J. (2009) International
survey of Cronobacter sakazakii and other Cronobacter spp. in follow up formulas and infant
foods. International Journal of Food Microbiology, 136, 185-188.

Charteris, W.P., Kelly, PM., Morelli, L. & Collins, J.K. (2002) Edible table (bio) spread contain-
ing potentially probiotic Lactobacillus and Bifidobacterium species. International Journal of
Dairy Technology, 55, 44-56.

Chen, M.-J., Chen, K.-N. & Lin, C.-W. (2004) Development of a new probiotic dairy tofu with
glucono-delta-lactone. Journal of Food Science, 69, E344-E350.

Chen, M.-J., Chen, K.-N. & Lin, C.-W. (2006) Development and verification of an optimum com-
position model for a synbiotic fermented milk using sequential quadratic programming tech-
niques. Asian-Australasian Journal of Animal Sciences, 19, 1490-1495.

Chen, Y.P, Hsiao, P.J., Hong, W.S., Dai, T.Y. & Chen, M.J. (2012) Lactobacillus kefiranofaciens
M1 isolated from milk kefir grains ameliorates experimental colitis in vitro and in vivo. Journal
of Dairy Science, 95, 63-74.

Chen, Y.P.,, Lee, T.Y., Hong, W.S., Hsieh, H.H. & Chen, M.J. (2013) Effects Lactobacillus kefi-
ranofaciens M1 isolated from milk kefir grains on enterohemorrhagic Escherichia coli infec-
tion using mouse and intestinal cells models. Journal of Dairy Science, 96, 7467-7477.

Chen, C., Song, L.-J., Qi, P.-P,, Wang, M., Feng, S. Zhang, J. & Zhao, J. (2015) Review on the
probiotic properties of Lactobacillus casei in dairy products. Food and Fermentation Technology,
4,88-91.

ChienJung, H. (2000) (Studies on the manufacture of yoghurt by microentrapment of bifidobac-
teria — in Chinese). Journal of the Chinese Society of Animal Science, 29, 125-131.



134 Probiotic Dairy Products

Cho, Y.-H., Hong, S.-M. & Kim, C.-H. (2013) Isolation and characterization of lactic acid bacteria
from kimchi, Korean traditional fermented food to apply into fermented dairy products. Korean
Journal for Food Science of Animal Resources, 33, 75-82.

Choi, H.-J., Lee, N.-K. & Paik, H.-D. (2015) Health benefits of lactic acid bacteria isolated from kim-
chi, with respect to immunomodulatory effects. Food Science and Biotechnology, 24, 783-789.
Chouraqui, J.-P., van Egroo, L.D. & Ficot, M.C. (2004) Acidified milk formula supplemented
with Bifidobacterium lactis: impact on infant diarrhea in intestinal care settings. Journal of

Pediatric Gastroenterology and Nutrition, 38, 288-292.

Christiansen, P.S., Edelsten, D., Kristiansen, J.R. & Nielsen, E.W. (1996) Some properties of ice
cream containing Bifidobacterium bifidum and Lactobacillus acidophilus. Milchwissenschaft,
51, 502-504.

Clark, P.A. & Martin, J.H. (1994) Selection of bifidobacteria for use as dietary adjuncts in cul-
tured dairy foods: III - Tolerance to simulated bile concentrations of human small intestines.
Cultured Dairy Products Journal, 29(3), 18-21.

Clark, P.A., Cotton, L.N. & Martin, J.H. (1993) Selection of bifidobacteria for use as dietary
adjuncts in cultured dairy foods: II - tolerance to simulated pH of human stomachs. Cultured
Dairy Products Journal, 28(4), 11-14.

Cocolin, L., Valente, A., Alessandria, V. & Zeppa, G. (2010) Probiotic bacteria in fresh cheese:
technological characterization and vitality. Industrie Alimentari, 49(498), 11-15.

Collins, J.K. (2001) Demonstration of functional properties of probiotic lactic acid bacteria.
Industria del Latte, XXXVII(1-2), 33-60.

Collins, J.K., Thornton, G. & Sullivan, G.O. (1998) Selection of probiotic strains for human appli-
cations. International Dairy Journal, 8, 487—490.

Corbo, M.R., Albenzio, M., de-Angelis, M., Sevi, A., Gobbetti, M. & de-Angelis, M. (2001)
Microbiological and biochemical properties of Canestrato Pugliese hard cheese supplemented
with bifidobacteria. Journal of Dairy Science, 84, 551-561.

Costa, H.H.S., Souza, M.R., Acurcio, L., Cunha, A.F.,, Resende, M.E.S. & Nunes, A.C. (2013)
Probiotic potential of lactic acid bacteria isolated from Minas artisanal cheese from Serra da
Canastra, MG. Arquivo Brasileiro de Medicina Veterinaria e Zootecnia, 65, 1858—1866.

Costa, M.P., Balthazar, C.F., Franco, R.M., Marsico, E.T., Cruz, A.G. & Junior, C.A.C. (2014)
Changes on expected taste perception of probiotic and conventional yogurts made from goat
milk after rapidly repeated exposure. Journal of Dairy Science, 97, 2610-2618.

Costa, M.P,, Frasao, B.S., Silva, A.C.O., Freitas, M.Q., Franco, R.M. & Conte-Junior, C.A. (2015)
Cupuassu (Theobroma grandiflorum) pulp, probiotic, and prebiotic: Influence on color, appar-
ent viscosity, and texture of goat milk yogurts. Journal of Dairy Science, 98, 5995-6003.

da Cruz, A.G., Buriti, FC.A., de Souza, C.H.B., Faria, J A.F & Saad, S.M.IL. (2009) Review -
Probiotic cheese: health benefits, technological and stability aspects. Trends in Food Science &
Technology, 20, 344-354.

Cruz, A.G., Cadena, R.S., Faria, J.A.F., Bolini, H.M.A., Dantas, C., Ferreira, HM.C. & Deliza, R.
(2010a) PARAFAC: adjustment for modelling consumer study covering probiotic and conven-
tional yogurt. Food Research International, 45, 211-215.

Cruz, A.G., Faria, J.A.F., Walter, E.H.M., Andrade, R.R., Cavalcanti, R.N., Oliveira, CA.F. &
Granato, D. (2010b) Optimization of the processing of probiotic yogurt added with glucose
oxidase using response surface methodology. Journal of Dairy Science, 93, 5059-5068.

Cruz, A.G., Walter, EH.M., Cadena, R.S., Faria, J.A.F., Bolini, HM.A., Pinherio, H.P. &
Santa’Ana, A.S. (2010c) Survival analysis methodology to predict the shelf-life of probiotic
flavoured yoghurt. Food Research International, 43, 1444—1448.

Cruz, A.G., Cadena, R.S., Faria, J.A.F., Oliveira, C.A.F., Cavalcanti, R.N., Bona, E., Bolini,
H.M.A. & da Silva, A.A.P. (2011) Consumer acceptability and purchase intent of probiotic
yoghurt with added glucose oxidase using sensometrics, artificial neural networks and logistic
regression. International Journal of Dairy Technology, 64, 549-556.



Production and Viability of Probiotic Micro-organisms in Dairy Products 135

Cruz, A.G., Castro, W.F., Faria, J.A.F., Lollo, P.C.B., Amaya-Farfan, J., Freitas, M.Q., Rodrigues,
D., Oliveira, C.A.F. & Godoy, H.T. (2012) Probiotic yogurts manufactured with increased
glucose oxidase levels: Postacidification, proteolytic patterns, survival of probiotic microor-
ganisms, production of organic acid and aroma compounds. Journal of Dairy Science, 95,
2261-2269.

Dabiza, N. & El-Deib, K. (2007) Biochemical evaluation and microbial quality of Ras cheese
supplemented with probiotic strains. Polish Journal of Food and Nutrition Sciences, 57,
295-300.

Dabiza, N.M.A., Effat, B.A. & Sharaf, O.M. (2006) Antibacterial effect of probiotic bacteria
isolated from dairy products. Deutsche Lebensmittel-Rundschau, 102(3), 114-121.

Daigle, A., Roy, D. & Vuillemard, J.C. (1998) Growth response and metabolic activity of
Bifidobacterium infantis ATCC 27920G in creams enriched with native phosphocaseinate
retentate. Milchwissenschaft, 53, 625-629.

Daigle, A., Roy, D., Belanger, G. & Vuillemard, J.C. (1999) Production of probiotic cheese
(Cheddar-like cheese) using enriched cream fermented by Bifidobacterium infantis. Journal of
Dairy Science, 82, 1081-1901.

Damin, M.R., Minowa, E., Alcantara, M.R., Oliveira, M.N. (2006) Chemical and viability changes
during fermentation and cold storage of fermented milk manufactured using yogurt and probi-
otic bacteria. 10.1051/TUFoST:20060635. Accessed 15" March 2016.

Daneshi, M., Ehsani, M.E., Razavi, S.H., Labbafi, M. & Rezaee, M.S. (2012) Effect of cold storage
on viability of probiotic bacteria in carrot fortified milk. Journal of Nutrition & Food Sciences,
2(9). http://www.omicsonline.org/nutrition-food-sciences.php Accessed on 17 March 2016.

Danova, S., Petrov,K., Pavlov, P. & Petrova, P. (2005) Isolation and characterization of Lactobacillus
strains involved in koumiss fermentation. International Journal of Dairy Technology, 58,
100-105.

Dantas, A.B., Jesus, V|F, Silva, R., Almada, C.N., Esmerino, E.A., Cappato, L.P., Silva, M.C.,
Raices, R.S.L., Cavalcanti, R.N., Carvalho, C.C., Sant’Ana, A.S., Bolini, H.M.A., Freitas,
M.Q. & Adriano G. Cruz, A.G. (2016) Manufacture of probiotic Minas Frescal cheese with
Lactobacillus casei Zhang. Journal of Dairy Science, 99, 18-30.

Darehabi, H.K. & Nikmaram, P. (2011) Assessment of the growth and survival of Escherichia coli
0157:H7 during the manufacture and storage of Iranian White cheese and probiotic cheese.
Global Veterinaria, 6, 228-232.

Dave, R.I. & Shah, N.P. (1997a) Effect of level of starter culture on viability of yoghurt and pro-
biotic bacteria in yoghurts. Food Australia, 49, 164—168.

Dave, R.I. & Shah, N.P. (1997b) Viability of yoghurt and probiotic bacteria in yoghurts made
from commercial starter cultures. International Dairy Journal, 7, 31-41.

Dave, R.I. & Shah, N.P. (1997¢) Effectiveness of ascorbic acid as an oxygen scavenger in improving
viability of probiotic bacteria in yoghurts made with commercial starter cultures. International
Dairy Journal, 7, 435-443.

Dave, R.I. & Shah, N.P. (1997d) Effectiveness of cysteine as redox potential reducing agent in
improving viability of probiotic bacteria in yoghurts made with commercial starter cultures.
International Dairy Journal, 7, 537-545.

Dave, R.I. & Shah, N.P. (1998) Ingredient supplementation effects on viability of probiotic bacte-
ria in yoghurt. Journal of Dairy Science, 81, 2804-2816.

Davidson, R.H., Duncan, S.E., Hackney, C.R., Eigel, W.N. & Boling, J.W. (2000) Probiotic cul-
tures survival and implications in fermented frozen yogurt characteristics. Journal of Dairy
Science, 83, 666—673.

Davis, C. (2014) Enumeration of probiotic strains: Review of culture-dependent and alternative
techniques to quantify viable bacteria. Journal of Microbiological Methods, 103, 9-17.

Deeb, AM.M. & Ahmed, H.F. (2010) Effect of potassium sorbate and/or probiotic bacteria on
spoilage bacteria during cold storage of soft cheese. Global Veterinaria, 4, 483—488.



136 Probiotic Dairy Products

Delaney, A.-G.O. (1977) Factory-scale experiments on the production of ymer by ultrafiltration.
Milchwissenschaft, 32, 651-653.

Desai, A.R., Powell, I.B. & Shah, N.P. (2004) Survival and activity of probiotic lactobacilli in
skim milk containing prebiotics. Journal of Food Science, 69, FMS57-FMS60.

Desfosses-Foucault, E., Dussault-Lepage, V., Le Boucher, C., Savard, P., LaPointe, G. & Roy, D. (2012)
Assessment of probiotic viability during Cheddar cheese manufacture and ripening using propidium
monoazide-PCR quantification. Frontiers in Microbiology, 3, Article 350-1, doi: 10.3389/
fmicb.2012.00350, can be obtain on-line (www.frontiersin.org). Accessed on 7" August 2016.

Desmond, C., Stanton, C., Fitzgerald, G.F., Collins, K. & Ross, R.P. (2001) Environmental adap-
tation of probiotic lactobacilli towards improvement of performance during spray drying.
International Dairy Journal, 11, 801-808.

Desmond, C., Ross, R.P., O’Callaghan, E., Fitzgerald, G. & Stanton, C. (2002) Improved survival
of Lactobacillus paracasei NFBC 338 in spray-dried powders containing gum acacia. Journal
of Applied Microbiology, 93, 1003—1011.

Dhewa, T., Pant, S. & Mishra, V. (2014) Development of freeze dried synbiotic formulation
using a probiotic strain of Lactobacillus plantarum. Journal of Food Science and Technology,
51(1), 83-89.

de Dias, M.L.L.A., Salgado, S.M., Guerra, N.B., Livera, A.V.S., Andrade, S.A.C. & da Ximenes,
G.N.C. (2013) Physicochemical, sensory, and microbiological evaluation and development of
symbiotic fermented drink. Ciencia e Tecnologia de Alimentos, 33, 805-811.

Dias, S., Oliveira, M., Semedo-Lemsaddek, T. & Fernando Bernardo, F. (2014) Probiotic poten-
tial of autochthone microbiota from Sao Jorge and Parmigiano-Reggiano cheeses. Food and
Nutrition Sciences, 5, 1793-1799.

Dimitrellou, D., Kandylis, P., Sidira, M., Koutinas, A.A. & Kourkoutas, Y. (2014) Free and immo-
bilized Lactobacillus casei ATCC 393 on whey protein as starter cultures for probiotic Feta-
type cheese production. Journal of Dairy Science, 97, 4675-4685.

Dinakar, P. & Mistry, V.V. (1994) Growth and viability of Bifidobacterium bifidum in Cheddar
cheese. Journal of Dairy Science, 77, 2854-2864.

Diosma, G., Romanin, D.E, Rey-Burusco M. F., Londero, A. & Garrote, G.L. (2003) Yeasts from
kefir grains: Isolation, identification, and probiotic characterization. World Journal of
Microbiology & Biotechnology, 30, 43-53.

Dos Santos, K.M., Vieira, A.D., Salles, H.O., Oliveira, J.S., Rocha, C.R., Borges Mde, F., Bruno,
L.M., Franco, B.D. & Todorov, S.D. (2015) Safety, beneficial and technological properties of
Enterococcus faecium isolated from Brazilian cheeses. Brazilian Journal of Microbiology, 46,
237-249.

Drakoularakou, A.P., Kehagias, C., Karakanas, P.N., Koulouris, S. & Timbis, D. (2003) A study
of the growth of Lactobacillus acidophilus in bovine, ovine and caprine milk. International
Journal of Dairy Technology, 56, 59-61.

Ebel, B., Martin, F,, Le, L.D.T., Gervais, P. & Cachon, R. (2011) Use of gases to improve survival
of Bifidobacterium bifidum by modifying redox potential in fermented milk. Journal of Dairy
Science, 94, 2185-2191.

Edwards, C.A., Parrett, A.M., Stephen, A.M., Henry, C. J. Marks, J. & Shortt, C. (2002) Intestinal
flora during the first months of life: new perspectives. British Journal of Nutrition, 88(Suppl. 1),
S11-S18.

Ehsani, A. & Mahmoudi, R. (2013) Effects of Mentha longifolia L. essential oil and Lactobacillus
casei on the organoleptic properties and on the growth of Staphylococcus aureus and Listeria
monocytogenes during manufacturing, ripening and storage of Iranian white-brined cheese.
International Journal of Dairy Technology, 66, 70-76.

Ekinci, Y., Okur, O.D., Ertekin, B. & Guzel-Seydim, Z. (2008) Effects of probiotic bacteria and
oils on fatty acid profiles of cultured cream. European Journal of Lipid Science and Technology,
110, 216-224.



Production and Viability of Probiotic Micro-organisms in Dairy Products 137

El-Kholy, W.L., El-Shafei, K. & Sadek, Z.1. (2003) The use of immobilized Lactobacillus metabo-
lites as a preservative in soft cheese. Arab Universities Journal of Agricultural Sciences, 11,
607-622.

El-Kholy, A.M., El-Shinawy, S.H., Meshref, A.M.S. & Korany, A.M. (2014) Microbiological qual-
ity of domiati cheese and the influence of probiotics on the behavior of Staphylococcus aureus
and Escherichia coli 0157:H7 in Domiati cheese. Journal of Food Safety, 34, 396-406.

El-Rahman, A.E.R.M.A. (2000) Survival of probiotic bacteria in yoghurt and their antimicrobial
effect. Alexandria Journal of Agricultural Research, 45, 63-80.

El-Samragy, Y.A. (1997) Labneh or yoghurt-cheese: a review. Egyptian Journal of Dairy Science,
25, 165-178.

El-Shafei, K. (2003) Production of cultured buttermilk using mixed cultures containing polysac-
charide producing Leuconostoc mesenteroides. Egyptian Journal of Dairy Science, 31, 43-60.

Elshaghabee, EM.M. (2016) Viability of Bifidobacterium longum encapsulated in different capsule
materials under simulated gastrointestinal tract conditions. Egyptian Journal of Dairy Science,
44, 37-43.

El-Shazly, A., El Tahra, M.A.A. & Abo-Sera, M.M. (2004) Effect of different methods for the
manufacture of frozen yogurt on its properties. 9" Egyptian Conference for Dairy Science and
Technology — Cairo 9—11 October 2004, Research Papers I, 183—194.

El-Shibiny, S., Metwally, M.M., Abd-El-Gani, S., Abd-El-Fattah, A.M. & Okda, A.Y.M. (2005)
Manufacture of some probiotic dairy products from ultrafiltered milk retentate. Egyptian
Journal of Dairy Science, 33, 215-2217.

El Tahra, M.A.A., El Shazley, A. & Abo-Sera, M.M. (2004a) Effect of fat content on the proper-
ties of fresh and stored frozen yoghurt. 9" Egyptian Conference for Dairy Science and
Technology — Cairo 9—11 October 2004, Research Papers I, 195-207.

El Tahra, M.A.A., El Shazley, A. & Abo-Sera, M.M. (2004b) Effect of fat content and probiotic
cultures on the properties of frozen yoghurt. 9" Egyptian Conference for Dairy Science and
Technology — Cairo 9—11 October 2004, Research Papers I, 209-225.

El-Zahar, K.M., Alam, R.T.M. & Shalaby, H.S. (2015) Effect of feeding probiotic Ras cheeses on
some metabolic and histopathologic parameters of hypercholestrolemic rats. Egyptian Journal
of Dairy Science, 43, 77-89.

El-Zainy, A.R.M., El-Zamzamy FM. & Mostafa, M.Y.A. (2012) Manufacture and evaluation of four
novel wheat fermented milks beverages. International Journal of Dairy Science, 7(4), 84-94.
Emami, H., Rabbani, M. & Majid Bouzari, M. (2014) Probiotic characteristics of lactobacilli
isolated from various native yoghurts made by local and traditional dairy producers of Isfahan,

Iran. Journal of Pure and Applied Microbiology, 8, 797-806.

Ephraim, E., Schultz, R.D. & Safdar, N. (2013) Lactobacillus rhamnosus GG protects cells from
Clostridium difficile toxins. British Microbiology Research Journal, 3, 165-175.

Ersan, S.E., Gultekin-Ozguven, M., Berktas, L., Erdem, O., Tuna, H.E., Gunes, G. & Ozcelik, B.
(2016) Use of Bacillus indicus BU36 as a probiotic culture in set-type, recombined nonfat yoghurt
production and its effect on quality. International Journal of Dairy Technology, 69, 81-88.

Ershidat, O.T.M. & Mazahreh, A.S. (2009) Probiotics bacteria in fermented dairy products.
Pakistan Journal of Nutrition, 8, 1107-1113.

Escobar, M.C., van Tassell, M.L., Martinez-Bustos, F., Singh, M., Castano-Tostado, E., Amaya-
Llano, S.L. & Miller, M.J. (2012) Characterization of a Panela cheese with added probiotics
and fava bean starch. Journal of Dairy Science, 95, 2779-2787.

Esmerino, E.A., Cruz, A.G., Pereira, E.P.R., Rodrigues, J.B., Faria, J.A.F. & Bolini, HM.A.
(2013) The influence of sweeteners in probiotic Petit Suisse cheese in concentrations equiva-
lent to that of sucrose. Journal of Dairy Science, 96, 5512-5521.

Esmerino, E.A., Paixao, J.A., Cruz, A.G., Garitta, L., Hough, G. & H.M.A. Bolini, HM.A. (2015)
Survival analysis: A consumer-friendly method to estimate the optimum sucrose level in pro-
biotic petit Suisse. Journal of Dairy Science, 98, 7544-7551.



138 Probiotic Dairy Products

do Espirito Santo, A.P., Cartolano, N.S., Silva, T.F., Soares, F.A.S.M., Gioielli, L.A., Perego, P.,
Converti, A. & Oliveira, M.N. (2012a) Fibers from fruit by-products enhance probiotic viabil-
ity and fatty acid profile and increase CLA content in yoghurts. International Journal of Food
Microbiology, 154(3), 135-144.

do Espirito Santo, A.P., Perego, P., Converti, A. & Oliveira, M.N. (2012b) Influence of milk type
and addition of passion fruit peel powder on fermentation kinetics, texture profile and bacterial
viability in probiotic yoghurts. LWT - Food Science and Technology, 47, 393-399.

FAO/WHO (2001) Evaluation of Health and Nutritional Properties of Probiotics in Food
Including Powder Milk with Live Lactic Acid Bacteria, Report of a Joint FAO/WHO Expert
Consultation, Food and Agriculture Organization of the United Nations, Rome.

FAO/WHO (2002) Guidelines for the Evaluation of Probiotics in Food, Report of a Joint FAO/
WHO Working Group on Drafting Guidelines for the Evaluation of Probiotics in Food, London
Ontario in Canada, Food and Agriculture Organization of the United Nations, Rome.

FAO/WHO (2006) Probiotics in Food: Health and Nutritional Properties and Guidelines for
Evaluation, Food and Nutrition Paper No. 85, Food and Agriculture Organization of the United
Nations, Rome.

Farhadi, Sh., Darani K.K., Mashayekh, M. Mortazavian, A.M., Mohammadi, A. & Shahraz, F.
(2013) Study of the microbiological characteristics of fermented dairy probiotic beverage con-
taining propionic acid after fermentation and during cold storage. Iranian Journal of Food
Science and Technology, 9(37), 147-155.

Farnworth, E.R. & Mainville, I. (2008) Kefir: A fermented milk product. Handbook of Fermented
Functional Foods, (ed. E.R. Farnworth), 2™ Edition, pp. 89-127, CRC Press (Taylor & Francis
Group), Boca Raton.

Farooq, U., Liu. X., Masud, T. & Zhang, H. (2013) Probiotic potential of Lactobacillus acidophi-
lus strains isolated from dahi, a traditional fermented milk product. Journal of Pure and
Applied Microbiology, T, 927-931.

Favaro-Trindade, C.S., Bernardi, S., Bodini, R.B., de Carvalho Balieiro, J.C. & de Almeida, E. (2006)
Sensory acceptability and stability of probiotic microorganisms and vitamin C in fermented
acerola (Malpighia emarginata DC) ice cream. Journal of Food Science, 71, S492-S495.

Felicio, T.L., Esmerino, E.A., Vidal, V.A.S., Cappato, L.P., Garcia, R K.A., Cavalcanti, R.N.,
Freitas, M.Q., Conte Jr., C.A., Padilha, M.C., Silva, M.C., Raices, R.S.L., Arellano, D.B.,
Bollini, H.M.A., Pollonio, M.A.R. & Cruz, A.G. (2016) Physico-chemical changes during stor-
age and sensory acceptance of low sodium probiotic Minas cheese added with arginine. Food
Chemistry, 196, 628-637.

Ferrari, I.S., de Souza, J.V., Ramos, C.L., da Costa, M.M., Schwan, R.F. & Dias, ES. (2016)
Selection of autochthonous lactic acid bacteria from goat dairies and their addition to evaluate
the inhibition of Salmonella typhi in artisanal cheese. Food Microbiology, 60, 29-38.

Feucht, A. & Kwak, H.-S. (2013) Microencapsulation of lactic acid bacteria (LAB). Korean
Journal for Food Science of Animal Resources, 33, 229-238.

Flockerzie, M., Fischbein, O., Jakobi, S., Blattert, I., Samtlebe, M. & Hinrichs, J. (2014) Propearls:
fruit pearls enclosed in milk protein-encapsulated probiotics. DMW - Die Milchwirtschaft,
5(8), 298-301.

Florence, A.C.R., Beal, C., Silva, R.C., Bogsan, C.S.B., Pilleggi, A.L.O.S., Gioielli, L.A. &
Oliveira, M.N. (2012) Fatty acid profile, trans-octadecenoic, a-linolenic and conjugated lin-
oleic acid contents differing in certified organic and conventional probiotic fermented milks.
Food Chemistry, 135, 2207-2214.

Florence, A.C.R.D., Beal, C., Roberta Claro da Silva, R.C. & Oliveira, M.N. (2013) Survival of
three Bifidobacterium animalis subsp. lactis strains is related to trans-vaccenic and a-linolenic
acids contents in organic fermented milks. LWT - Food Science and Technology, 46, 1-6.

Foligne, B., Parayre, S., Cheddani, R., Famelart, M.-H., Madec, M.-N., Ple, C., Breton, J., Dewulf,
J., Jan, G. & Deutsch, S.-M. (2016) Immunomodulation properties of multi-species fermented
milks. Food Microbiology, 53, 60—69.



Production and Viability of Probiotic Micro-organisms in Dairy Products 139

Fonden, R., Saarela, M., Mitto, J. & Mattila-Sandholm, T. (2003) Lactic acid bacteria (LAB) in
functional dairy products. Functional Dairy Products, (eds. T. Mattila-Sandholm & M.
Saarela), pp. 244-262, Woodhead Publishing Ltd., Cambridge.

Fornelli, A.R., Bandiera, N.S., de Costa, M.R., de Souza, C.H.B., de Santana, E.H.W., Sivieri, K.
& Aragon-Alegro, L.C. (2014) Effect of inulin and oligofructose on the physicochemical,
microbiological and sensory characteristics of symbiotic dairy beverages. Semina: Ciencias
Agrarias, 35, 3099-3112.

Franz, C.M.A.P,, Huch, M., Abriouel, H., Holzapfel, W. & Galvez, A. (2011) Enterococci as pro-
biotics and their implications in food safety. International Journal of Food Microbiology, 151,
125-140.

Franz, C.M.A.P,, Huch, M., Mathara, J.M., Abriouel, H., Benomar, N., Reid, G., Galvez, A. &
Holzapfel, W.H. (2014) African fermented foods and probiotics. International Journal of Food
Microbiology, 190, 84-96.

de Freitas, R., Chuat, V., Madec, M.N., Nero, L.A., Thierry, A., Valence, F. & de Carvalho, A.F.
(2015) Biodiversity of dairy Propionibacterium isolated from dairy farms in Minas Gerais,
Brazil. International Journal of Food Microbiology, 203, 70-77.

Gagnaire, V., Jardin, J., Rabah, H., Briard-Bion, V. & Jan, G. (2015) Emmental cheese envi-
ronment enhances Propionibacterium freudenreichii stress tolerance. PLoS ONE, 10,
1932-6203.

Gandhi, A., Cui, Y., Zhou, M. & Shah, N.P. (2014) Effect of KCl substitution on bacterial viability
of Escherichia coli (ATCC 25922) and selected probiotics. Journal of Dairy Science, 97,
5939-5951.

Ganesan, B., Weimer, B.C., Pinzon, J., Dao Kong, N., Rompato, G., Brothersen, C. & McMahon,
D.J. (2014) Probiotic bacteria survive in Cheddar cheese and modify populations of other lactic
acid bacteria. Journal of Applied Microbiology, 116, 1642—1656.

Garcia, L.A., Cardador,A. del Campo, S.T.M., Arvizu, S.M. Tostado, E.C. Gonzalez, C.R.
Almendarez, B.G. & Llano, S.L.A. (2013) Influence of probiotic strains added to cottage
cheese on generation of potentially antioxidant peptides, anti-listerial activity, and survival
of probiotic microorganisms in simulated gastrointestinal conditions. International Dairy
Journal, 33, 191-197.

Gardiner, G.E., Ross, R.P., Collins, J.K., Fitzgerald, G. & Stanton, C. (1998) Development of a
probiotic Cheddar cheese containing human-derived Lactobacillus paracasei strains. Applied
and Environmental Microbiology, 64, 2192-2199.

Gardiner, G.E., Stanton, C., Lynch, P.B., Collins, J.K., Fitzgerald, G. & Ross, R.P. (1999a)
Evaluation of Cheddar cheese as a food carrier for delivery of a probiotic strain to the gastro-
intestinal tract. Journal of Dairy Science, 82, 1379-1387.

Gardiner, G.E., Ross, R.P., Wallace, J.M., Scanlan, F.P., Jagers, P.P.J.M., Fitzgerald, G.F., Collins,
J.K. & Stanton, C. (1999b) Influence of a probiotic adjunct culture of Enterococcus faecium on
the quality of Cheddar cheese. Journal Agriculture and Food Chemistry, 47, 4907-4916.

Gardiner, G.E., O’Sullivan, E., Kelly, J., Auty, M.A.E., Fitzgerald, G.F., Collins, J.K., Ross, R.P.
& Stanton, C. (2000) Comparative survival rates of human-derived probiotic Lactobacillus
paracasei and Lactobacillus salivarius strains during heat treatment and spray drying. Applied
and Environmental Microbiology, 66, 2605-2616.

Gardiner, G.E., Ross, R.P,, Kelly, PM. & Stanton, C. (2002a) Microbiology of therapeutic milks.
Dairy Microbiology Handbook, (ed. R.K. Robinson), 3" edn. pp. 431-478, John Wiley & Sons
Inc., New York.

Gardiner, G.E., Bouchier, P., O’Sullivan, E., Kelly, J., Collins, J.K., Fitzgerald, G., Ross, R.P. &
Stanton, C. (2002b) A spray-dried culture for probiotic cheese manufacture. International
Dairy Journal, 12, 749-756.

Gardini, F., Lanciotti, R.M., Guerzoni, M.E. & Torriani, S. (1999) Evaluation of aroma produc-
tion and survival of Streptococcus thermophilus, Lactobacillus delbrueckii subsp. bulgaricus
and Lactobacillus acidophilus in fermented milks. International Dairy Journal, 9, 125-143.



140 Probiotic Dairy Products

Garrotte, G.L., Abraham, A.G. & De Antoni G.L. (2001) Chemical and microbiological charac-
terisation of kefir grains. Journal of Dairy Research, 68, 639-652.

Gebara, C., Ribeiro, M.C.E., Chaves, K.S., Gandara, A.L.N. & Gigante, M.L. (2015) Effectiveness
of different methodologies for the selective enumeration of Lactobacillus acidophilus La-5
from yoghurt and Prato cheese. LWT - Food Science and Technology, 64, 508-513.

Georgieva, R, Iliev, 1., Haertle, T., Chobert, J.-M., Ivanova, I. & Danova, S. (2009) Technological
properties of candidate probiotic Lactobacillus plantarum strains. International Dairy Journal,
19, 696-702.

Ghoddusi, H.B. & Robinson, R.K. (1996) The test of time. Dairy Industries International, 63(7),
25-28.

Gilliland, S.E. (2001) Probiotics and prebiotics. Applied Dairy Microbiology (eds. E.H. Marth &
J.L. Steele), 2™ Edition, pp. 327-344, Marcel Dekker, New York.

Gilliland, S.E., Morelli, L. & Reid, G. (2001) Health and nutritional properties of probiotics in
food including powder milk with live lactic acid bacteria. Evaluation of Health and Nutritional
Properties of Probiotics in Food Including Powder Milk with Live Lactic Acid Bacteria - Report
of joint FAO/WHO of expert consultation, pp. 1-34, Food and Agriculture Organization of the
United Nations, Rome. http://www.fao.org/es/ESN/probio/report.pdf

Gil-Rodriguez, A.M., Carrascosa, A.V. & Requena, T. (2015) Yeasts in foods and beverages:
In vitro characterisation of probiotic traits. LWT - Food Science and Technology, 64,
1156-1162.

Giraffa, G. (2012) Selection and design of lactic acid bacteria probiotic cultures. Engineering in
Life Sciences, 12(4), 391-398.

Guaraldi, F. & Salvatori, G. (2012) Effect of breast and formula feeding on gut microbiota shap-
ing in newborns. Frontiers in Cellular and Infection Microbiology, 2, 94. (published online doi:
10.3389/fcimb.2012.00094). Accessed 25" August 2016.

Gobbetti, M., Corsetti, A., Smacchi, E., Zocchetti, A. & de Angelis, M. (1998) Production of
Crescenza cheese by incorporation of bifidobacteria. Journal of Dairy Science, 81, 37-47.

Gobbetti, M., Cagno, R.D. & De Angelis, M. (2010) Functional microorganisms for functional
food quality. Critical Reviews in Food Science and Nutrition, 50, 716-727.

Godward, G. & Kailasapathy, K. (2000) Viability and survival of free, encapsulated and co-encap-
sulated probiotic bacteria in ice cream. Milchwissenschaft, 58, 161-164.

Godward, G. & Kailasapathy, K. (2003a) Viability and survival of free and encapsulated probiotic
bacteria in Cheddar cheese. Milchwissenscaft, 58, 624—627.

Godward, G. & Kailasapathy, K. (2003b) Viability and survival of free, encapsulated and co-
encapsulated probiotic bacteria in ice cream. Milchwissenscaft, 58, 161-164.

Godward, G. & Kailasapathy, K. (2003c) Viability and survival of free, encapsulated and co-
encapsulated probiotic bacteria in yoghurt. Milchwissenscaft, 58, 396-399.

Godward, G., Sultana, K., Kailasapathy, K., Peiris, P., Arumugaswamy, R. & Reynolds, N. (2000)
The importance of strain selection on the viability and survival or probiotic bacteria in dairy
foods. Milchwissenschaft, 55, 441-445.

Golowczyc, M.A., Silva, J., Teixeira, P., de Antoni, G.L., Abraham, A.G. (2011) Cellular injuries
of spray-dried Lactobacillus spp. isolated from kefir and their impact on probiotic properties.
International Journal of Food Microbiology, 144, 556-560.

Gomes, A.M.P. & Malcata, F.X. (1998) Development of probiotic cheese manufactured from goat
milk: response surface analysis via technological manipulation. Journal of Dairy Science, 81,
1492-1507.

Gomes, A.M.P. & Malcata, FX. (1999) Bifidobacterium spp. and Lactobacillus acidophilus: bio-
logical, biochemical, technological and therapeutical properties relevant for use as probiotics.
Trends in Food Science & Technology, 10, 139-157.

Gomes, A.M.P., Malcata, F.X. & Klaver, FA.M. (1995) Growth enhancement of Bifidobacterium
lactis Bo and Lactobacillus acidophilus Ki by milk hydrolysate. Journal of Dairy Science, 81,
2811-2825.



Production and Viability of Probiotic Micro-organisms in Dairy Products 141

Gomes, A.M.P., Malcata, F.X., Klaver, FA.M. & Grande, H.J. (1998) Incorporation and survival
of Bifidobacterium spp. strain Bo and Lactobacillus acidophilus strain Ki in a cheese product.
Netherlands Milk and Dairy Journal, 49, 71-95.

Gomes, A.A., Braga, S.P., Cruz, A.G., Cadena, R.S., Lollo, P.C.B., Carvalho, C., Amaya-Farfan,
J., Faria, J.A.F. & Bolini, H.M.A. (2011) Effect of the inoculation level of Lactobacillus acido-
philus in probiotic cheese on the physicochemical features and sensory performance compared
with commercial cheeses. Journal of Dairy Science, 94, 4777-4786.

Goni-Cambrodon, I. & Gudiel-Urbano, M. (2001) Oligosaccharide supplementation in infant for-
mula: natural prebiotics. Alimentaria, 38, 77-81.

Gonzalez-Sanchez, F., Azaola, A., Gutierrez-Lopez, G.F. & Hernandez-Sanchez, H. (2010)
Viability of microencapsulated Bifidobacterium animalis subsp. lactis BB-12 in kefir during
refrigerated storage. International Journal of Dairy Technology, 63,431-436.

Granato, D., Branco, G.F., Gomes-Cruz, A., de Fonseca Faria, J.A. Shah, N.P. (2010) Probiotic
dairy products as functional foods. Comprehensive Reviews in Food Science and Food Safety,
9, 455-470.

Gudmundsson, B. (1987) Skyr. Scandinavian Dairy Industry, 1, 240-242.

Gudmundsson, G & Kristbergsson, K. (2016) Modernization of Skyr processing: Icelandic acid-
curd soft cheese. Modernization of Traditional Food Processes and Products (eds. A. McElhatton
and M.M. El Idrissi), pp. 45-53, Springer, New York.

Guler-Akin, M.B. & Akin, M.S. (2007) Effects of cysteine and different incubation temperatures
on the microflora, chemical composition and sensory characteristics of bio-yogurt made from
goat’s milk. Food Chemistry, 100, 788—793.

Gunenc, A., Khoury, C., Legault, C., Mirrashed, H., Rijke, J. & Hosseinian, F. (2016) Seabuckthorn
as a novel prebiotic source improves probiotic viability in yogurt. LWT - Food Science and
Technology, 66, 490—495.

Guo, J.-F,, Zhang, S., Yuan, Y.-H., Yue, T.-L. & Li, J.-Y. (2015) Comparison of lactobacilli iso-
lated from Chinese suan-tsai and koumiss for their probiotic and functional properties. Journal
of Functional Foods, 12, 294-302.

Gursoy, O., Gokce, R., Con, A.H. & Kinik, O. (2014) Survival of Bifidobacterium longum and its
effect on physicochemical properties and sensorial attributes of white brined cheese.
International Journal of Food Sciences and Nutrition, 65, 816-820.

Hagen, M. & Narvhus, J.A. (1999) Production of ice cream containing probiotic bacteria.
Milchwissenschaft, 54, 265-268.

Halpin-Dohnalek, M.I., Hilty, M.D. & Bynum, D.G. (1999) Method and formula for the preven-
tion of diarrhea. United States of America Patent Application 5 902 578.

Hamed, A.L., Zedan, M.A., Salem, O.M., Moussa, A.M. & Yousef, E.T.A. (2004) Impact of frozen
yoghurt ingredients on its quality and survival of bifidobacteria: III Effect of milk solids not fat
sources. 9" Egyptian Conference for Dairy Science and Technology — Cairo 9-11 October
2004, Research Papers I, 227-241.

Hansen, S.L. (1997) Protective cultures for cheese. Meieriposten, 86, 261-262.

Hansen, L.T., Allan-Wojtas, PM., Jin, Y.-L. & Paulson, A.T. (2002) Survival of Ca-alginate
microencapsulated Bifidobacterium spp. in milk and simulated gastrointestinal conditions.
Journal of Food Microbiology, 19, 35-45.

Harzallah, D. & Belhadj, H. (2013) Lactic acid bacteria as probiotics: Characteristics, selection
criteria and role in immunomodulation of human GI muccosal barrier. Lactic Acid Bacteria - R
& D for Food, Health and Livestock Purposes (ed. J. Marcelino Kongo (Ed.), InTech, DOI:
10.5772/50732. Available from: http://www.intechopen.com/books/lactic-acid-bacteria-r-d-
for-food-health-and-livestock-purposes/lactic-acid-bacteria-as-probiotics-characteristics-
selection-criteria-and-role-in-immunomodulation-o. Accessed on 5" August 2016.

Hashemi, M., Gheisar, H.R. & Shekarforoush, S. (2015) Preparation and evaluation of low-calorie
functional ice cream containing inulin, lactulaose and Bifidobacterium lactis. International
Journal of Dairy Technology, 68, 183—189.



142 Probiotic Dairy Products

Hassan, O., Abughazaleh, A.A., Ibrahim, S.A., Isikhuemhen, O.S., Awaisheh, S.S. & Tahergrabi,
R. (2014) Viability of a- and B-galactosidase activity of Bifidobacterium breve and Lactobacillus
reuteri in yoghurt products supplemented with shiitake mushroom extract during refrigerated
storage. International Journal of Dairy Technology, 67, 570-576.

Hati, S., Mandal, S. & Prajapati, J.B. (2013) Novel starters for value added fermented dairy
products. Current Research in Nutrition and Food Science, 1, 83-91.

Hawrelak, J. (2002) Probiotics: Are supplements really better than yoghurt? Journal of the
Australian Traditional-Medicine, 8, 11-23.

Hayes, M., Coakley, M., O’Sullivan, L., Stanton, C., Hill, C., Fitzgerald, G.F., Murphy, J.J. &
Ross, R.P. (2006) Cheese as a delivery vehicle for probiotics and biogenic substances. The
Australian Journal of Dairy Technology, 61, 132—-141.

Haynes, I.N. & Playne, M.J. (2002) Survival of probiotic cultures in low-fat ice-cream. Australian
Journal of Dairy Technology, 57, 10-14.

Heidarpour, M., Mokhtari, F. & Heidarzadeh, M. (2013) Safety and properties of bifidobacteria
isolated from traditional dairy products from Iran. Journal of Pure and Applied Microbiology,
7,2205-2211.

Heimbach, J.T. (2012) Generally Recognized as Safe (GRAS) Determination for the Use of
Lactobacillus casei Strain Shirota as a Food Ingredient, GRAS Notice No. 000429. Yakult
Honsha Co., Japan.

Hekmat, S. & McMahon, D.J. (1992) Survival of Lactobacillus acidophilus and Bifidobacterium
bifidum in ice cream for use as a probiotic food. Journal of Dairy Science, 75, 1415-1422.
Hekmat, S. & Reid, G. (2007) Survival of Lactobacillus reuteri RC-14 and Lactobacillus rham-

nosus GR-1 in milk. International Journal of Food Science and Technology, 42, 615-619.

Hekmat, S., Soltani, H. & Reid, G. (2009) Growth and survival of Lactobacillus reuteri RC-14
and Lactobacillus rhamnosus GR-1 in yogurt for use as a functional food. Innovative Food
Science and Emerging Technologies, 10, 293-296.

Helland, M.H., Wicklund, T. & Narvhus, J.A. (2004) Growth and metabolism of selected strains
of probiotic bacteria in milk- and water-based cereal puddings. International Dairy Journal,
14, 957-965.

Heller, K.J. (2001) Probiotic bacteria in fermented foods: product characteristics and starter
organisms. American Journal of Clinical Nutrition, 73(S supplement), 374S-379S.

Heller, K.J., Bockelmann, W., Schrezenmeir, J. & de Vrese, M. (2003) Cheese and its Potential as a
Probiotic Food. Handbook of Fermented Functional Foods, (ed. E.R. Farnworth), pp. 203-225,
CRC Press, Boca Roton.

Hernandez-Mendoza, A., Robles, V.J., Angulo, J.O., de la Cruz, J. & Garcia, H.S. (2008)
Preparation of a whey-based probiotic product with Lactobacillus reuteri and Bifidobacterium
bifidum. Food Technology and Biotechnology, 45 27-31.

Hill, C., Guarner, F., Reid, G., Gibson, G.R., Merenstein, D.J., Pot, B., Morelli, L., Canani, R.B.,
Flint, H.J., Salminen, S., Calder, P.C. & Sanders, M.E. (2014) The International Scientific
Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use
of the term probiotic. Gastroenterology & Hepatology, 11, 506-514.

Holm, F. (2003) Gut health and diet: the benefits of probiotic and prebiotics on human health. The
World of Ingredients, 2, 52-55.

Homayouni, A., Payahoo, L. & Azizi, A. (2012a) Effects of probiotics on lipid profile: A review.
American Journal of Food Technology, 7, 251-265.

Homayouni, A., Alizadeh, M., Alikhah, H. & Zijah, V. (2012b) Functional dairy probiotic food
development: Trends, concepts, and products. Probiotics (ed. E.C. Rigobelo), pp. 197-212,
InTechOpen.

Hsiao, H.-C., Lian, W.-C. & Chou, C.-C. (2004) Effect of packaging conditions and temperature
on viability of microencapsulated bifidobacteria during storage. Journal of the Science of Food
and Agriculture, 84, 134—139.



Production and Viability of Probiotic Micro-organisms in Dairy Products 143

Hughes, D.B. & Hoover, D.G. (1991) Bifidobacteria: Their potential for use in American dairy
products. Food Technology, 45(4), 74-75, 78-80, 83.

HungChi, H., WenChian, L. & ChengChun, C. (2004) Effect of packaging conditions and tem-
perature on viability of microencapsulated bifidobacteria during storage, Journal of the Science
of Food and Agriculture, 84, 134—139.

Hug, T., Khan, A., Khan, R.A., Riedl, B. & Lacroix, M. (2013) Encapsulation of probiotic bacte-
ria in biopolymeric system. Critical Reviews in Food Science and Nutrition, 53, 909-916.

Hussain, S.A., Patil, G.R., Yadav, V., Singh, R.R.B. & A K. (2016) Ingredient formulation effects
on physico-chemical, sensory, textural properties and probiotic count of Aloe vera probiotic
dahi. LWT - Food Science and Technology, 65, 371-380.

Hussein, G.A.M. & Abo-El-Fetoh, S.M. (2010) Production of functional dairy and non-dairy
vanilla and chocolate whipped cream enriched with viable probiotic or traditional starter cul-
tures. Egyptian Journal of Dairy Science, 38, 253-265.

Hussein, G.A.M., Desouky, M.M. & Soryal, K.A. (2013) Preparation and properties of fermented
goat’s and camel’s milk beverages. Egyptian Journal of Dairy Science, 41, 45-57.

Hutt, P., Songisepp, E., Ratsep, M., Mahlapuu, R., Kilk, K. & Mikelsaar, M. (2015) Impact of
probiotic Lactobacillus plantarum TENSIA in different dairy products on anthropometric and
blood biochemical indices of healthy adults. Beneficial Microbes, 6, 233-243.

Ibrahim, F., Ruvio, S., Granlund, L., Salminen, S., Viitanen, M. & Ouwehand, A.C. (2010)
Probiotics and immunosenescence: cheese as a carrier. FEMS Immunology & Medical
Microbiology, 59, 53-59.

IDF (2015) World Dairy Situation 2015, Document No. 481, International Dairy Federation,
Brussels.

[lupapalayam, V.V., Smith, S.C. & Gamlath, S. (2014) Consumer acceptability and antioxidant
potential of probiotic-yogurt with spices. LWT - Food Science and Technology, 55, 255-262.

Iranmanesh, M., Ezzatpanah, H. & Mojgani, N. (2014) Antibacterial activity and cholesterol
assimilation of lactic acid bacteria isolated from traditional Iranian dairy products. LWT - Food
Science and Technology, 58, 355-359.

Islam, M.A. Yun, C.-H., Choi, Y.-J. & Cho, C.-S. (2010) Microencapsulation of live probiotic
bacteria. Journal of Microbiology and Biotechnology, 20, 1367-1377.

Iwana, H., Masuda, H., Fujisawa, T., Suzuki, H. & Mitsuoka, T. (1993) Isolation and identifica-
tion of Bifidobacterium spp. in commercial yoghurts sold in Europe. Bifidobacteria Microflora,
12, 39-45.

Jan, G., Leverrier, P., Proudy, I. & Roland, N. (2002) Survival and beneficial effects of propioni-
bacteria in the human gut: in vivo and in vitro investigations. Lait, 82, 131-144.

Jardim, F.B.B., Santos, E.N.F., Rossi, D.A., de Melo, R.T., Miguel, D.P,, Rossi, E.A. & de Sylos,
C.M. (2012) Development of potential probiotic carbonated dairy beverages: Physico-chemical,
microbiological and sensory characteristics. Alimentos e Nutricao, 23, 275-286.

Jia, R., H., Chen, H. & Ding, W. (2016) Effects of fermentation with Lactobacillus rhamnosus
GG on product quality and fatty acids of goat milk yogurt. Journal of Dairy Science, 99,
221-227.

Jiang, T., Mustapha, A. & Saviano, D.A. (1996) Improvement of lactose digestion in humans by
ingestion of unfermented milk containing Bifidobacterium longum. Journal of Dairy Science,
79, 750-757.

John, S.M. & Deeseenthum, S. (2015) Properties and benefits of kefir - A review. Songklanakarin
Journal of Science and Technology, 37, 275-282.

Joshi, V.K. (2015) Indigenous (ed. V.K. Joshi), pp. 1-67, CRC Press (Taylor & Francis Group)
Boca Raton.

Jung, J.-K., Kil, J.-H., Kim, S.-K., Jeon, J.-T. & Park, K.-Y. (2007) Survival of double-micro-
encapsulated Bifidobacterium breve in milk in simulated gastric and small intestinal conditions.
Journal of Food Science and Nutrition, 12, 58-63.



144 Probiotic Dairy Products

Kailasapathy, K. (2002) Microencapsulation of probiotic bacteria: technology and potential appli-
cations. Current Issues in Intestinal Microbiology, 3(2), 39-48.

Kailasapathy, K. & Rybka, S. (1997) L. acidophilus and Bifidobacterium spp. — Their therapeutic
potential and survival in yogurt. Australian Journal of Dairy Technology, 52, 28-35.

Kailasapathy, K. & Sultana, K. (2003) Survival of -D-galactosidase activity of encapsulated and
free Lactobacillus acidophilus and Bifidobacterium lactis in ice-cream. Australian Journal of
Dairy Technology, 58, 223-2217.

Kakisu, E., Irigoyen, A., Torre, P., de Antoni, G.L. & Abraham, A.G. (2010) Physicochemical,
microbiological and sensory profiles of fermented milk containing probiotic strains isolated
from kefir. Journal of Dairy Research, 78, 456-463.

Kandylis, P, Pissaridi, K., Bekatorou, A., Kanellaki, M. & Koutinas, A.A. (2016) Dairy and non-
dairy probiotic beverages. Current Opinion in Food Science, 7, 58-63.

Kaneko, T. (1999) A novel bifidogenic growth stimulator produced by Propionibacterium
freudenreichii. Bioscience and Microflora, 18, 73-80.

Karimi, R., Mortazavian, A.M. & da Cruz, A.G. (2011) Viability of probiotic microorganisms in
cheese during production and storage: A review. Dairy Science & Technology, 91, 283-308.
Karimi, R., Sohrabvandi, S. & Mortazavian, A.M. (2012) Review article: Sensory characteristics
of probiotic cheese. Comprehensive Reviews in Food Science and Food Safety, 11, 437-452.
Kasimoglu, A., Goncuoglu, M. & Akgun, S. (2004) Probiotic white cheese with Lactobacillus

acidophilus. International dairy Journal, 14, 1067-1073.

Katla, A.K., Kruse, H. Johnsen, G. & Herikstad, H. (2001) Antimicrobial susceptibility of starter
culture bacteria used in Norwegian dairy products. International Journal of Food Microbiology,
67, 147-152.

Kaur, L.P., Chopra, K. & Saini, A. (2002) Probiotics: potential pharmaceutical applications,
European Journal of Pharmaceutical Sciences, 15(1), 1-9.

Kavaz, A. & Bakirci, 1. (2014) Influence of inulin and demineralised whey powder addition on the
organic acid profiles of probiotic yoghurts. International Journal of Dairy Technology, 67,
577-583.

Kearney, N., Stanton, C., Desmond, C., Coakley, M., Collins, J.K., Fitzgerald, G. & Ross, R.P.
(2008) Challenges associated with the development of probiotic-containing functional foods.
Handbook of Fermented Functional Foods (ed. E.R. Farnworth), 2" Edition, pp. 25-70, CRC
Press (Taylor & Francis Group), Boca Raton.

Kebary, K.M.K., Hussein, S.A. & Badawi, R.M. (1998) Improving the viability of bifidobacteria
and their effect on frozen ice milk. Egyptian Journal of Dairy Science, 26, 319-337.

Kebary, K.M.K, Hamed, A.L., Salem, O.M. & Yousef, E.T.A. (2004) Impact of frozen yoghurt
ingredients on its quality and survival of bifidobacteria:- I Effect of sweeteners. 9" Egyptian
Conference for Dairy Science and Technology — Cairo 9—11 October 2004, Research Papers 1,
163-165.

Khan, S.U. (2014) Probiotics in dairy foods: A review. Nutrition and Food Science, 44, 71-88.

Khan, I. & Kang, S.C. (2016) Probiotic potential of nutritionally improved Lactobacillus plan-
tarum DGK-17 isolated from Kimchi - a traditional Korean fermented food. Food Control,
60, 88-94.

Kheadr, E.E., Dabour, N., Petit, G. & Vuillemard, J.C. (2011) Probiotic-delivering capacity of
dairy products: in vitro assessment using a gastro-intestinal dynamic model. International
Journal of Probiotics and Prebiotics, 6(2) 73-80.

Khosrokhavar, R. & Mortazavian, A.M. (2010) Effects probiotic-containing microcapsules on
viscosity, phase separation and sensory attributes of drink based on fermented milk.
Milchwissenschaft, 65, 177-179.

Kilic, G.B., Kuleasan, H., Eralp, I. & Karahan, A.G. (2009) Manufacture of Turkish Beyaz cheese
added with probiotic strains. LWT - Food Science and Technology, 42, 1003—-1008.



Production and Viability of Probiotic Micro-organisms in Dairy Products 145

Kimoto-Nira, H., Yamasaki, S., Sasaki, K., Moriya, N., Takenaka, A. & Suzuki, C. (2015) New
lactic acid bacterial strains from traditional Mongolian fermented milk products have altered
adhesion to porcine gastric mucin depending on the carbon source. Animal Science Journal,
86, 325-332.

Kitamura, Y., Itoh, H., Echizen, H. & Satake, T. (2009) Experimental vacuum spray drying of
probiotic foods included with lactic acid bacteria. Journal of Food Processing and Preservation,
33, 714-726.

Klaver, FA.M., Kingma, F. & Weerkamp, A.H. (1993) Growth and survival of bifidobacteria in
milk. Netherlands Milk and Dairy Journal, 47, 151-164.

Kok-Tas, T. & Guzel-Seydim, Z. (2010) Determination of effects of using fat replacers and probi-
otic on Ayran quality. Gida, 35, 105-111.

Kolakowski, P. & Pawlikowski, K. (2012) Kefir as a probiotic vehicle. Milchwissenschaft, 67,
159-162.

Kongo, J.M. & Malcata, F.X. (2016) Acidophilus milk. Encyclopedia of Food and Health (eds. B.
Caballero, P.M. Finglas and F. Toldra), Vol. A-Che, pp. 6—14, Elsevier, London.

Kosin, B. & Rakshit, S.K. (2006) Microbial and processing criteria for production of probiotics:
A review. Food Technology & Biotechnology, 44, 371-379.

Krasaekoopt, W., Bhandari, B. & Deeth, H. (2003) Evaluation of encapsulation techniques of
probiotics for yoghurt. International Dairy Journal, 13, 3—13.

Krasaekoopt, W., Bhandari, B. & Deeth, H. (2004) The influence of coating materials on some
properties of alginate beads and survival of microencapsulated probiotic bacteria. International
Dairy Journal, 14, 737-743.

Krishnakumar, V. & Gordon, I.R. (2001) Probiotics: challenges and opportunities. Dairy
Industries International, 66(2), 38—40.

Kiristo, E., Biliaderis, C.G & Tzanetakis, N. (2003) Modelling of rheological, microbiological
and acidification properties of a fermented milk product containing a probiotic strain of
Lactobacillus paracasei. International Dairy Journal, 13, 517-528.

Kuda, T., Sarengaole, H., Takahashi, H. & Kimura, B. (2016) Alcohol-brewing properties of acid-
and bile-tolerant yeasts co-cultured with lactic acid bacteria isolated from traditional hand-
made domestic dairy products from inner Mongolia. LWT - Food Science and Technology, 65,
62-69.

Kumar, B.V., Vijayendra, S.V.N. & Reddy, O.V.S. (2015) Trends in dairy and non-dairy probiotic
products - A review. Journal of Food Science and Technology, 52, 6112—-6124.

Kunova, G., Bohacenko, 1., Pechacova, M., Pinkrova, J. & Peroutkova, J. (2013) Development of
synbiotic milk-based fermented beverages and yogurts. Mlekarske Listy, 24(137 - Suppl. Veda
Vyzkum), V-X.

Kunz, C. & Rudolff, S. (2002) Health benefits of milk-derived carbohydrates. Fresh Perspectives on
Bioactive Dairy Products, Document No. 375, pp. 72-79, International Dairy Federation, Brussels.

Kurmann, J.A., Rasi¢, J.Lj. & Kroger, M. (1992) Encyclopedia of Fermented Milk Products. Van
Nostrand Reinhold, New York.

Kushugulova, A., Kozhakhmetov, S., Supiyev, A., Shakhabayeva, G., Sadukhasova, S., Sabitkyzy,
S., Gulayev, A., Nurgozhin, T., Zhumadilov, Zh. & Sharman, A. (2013) Isolation and charac-
terization of lactobacilli from traditional Kazakh dairy products. International Journal of
Probiotics and Prebiotics, 8(2-3), 95-100.

Lahtinen, S., Ouwenhand, A.C., Salminen, S. & von Wright, A. (eds.) (2012) Lactic Acid Bacteria,
Microbiological and Functional Aspects, 4" Edition, CRC Press (Taylor & Francis Group),
Boca Raton.

Lankaputhra, W.E.V. & Shah, N.P. (1995) Survival of Lactobacillus acidophilus and
Bifidobacterium spp. in the presence of acid and bile salts. Cultured Dairy Products Journal,
30(3), 2-7.



146 Probiotic Dairy Products

Lankaputhra, WE.V. & Shah, N.P. (1996) A simple method for selective enumeration of
Lactobacillus acidophilus in yogurt supplemented with L. acidophilus and Bifidobacterium
spp. Milchwissenschaft, 51, 446-451.

Lankaputhra, W.E.V. & Shah, N.P. (1997) Improving viability of L. acidophilus and bifidobacte-
ria in yoghurt using two step fermentation and neutralized mix. Food Australia, 49, 363-369.

La Torre, L., Tamime, A.Y. & Muir, D.D. (2003) Rheology and sensory profiling of set-type fer-
mented milks made with different commercial probiotic and yoghurt starter cultures. International
Journal of Dairy Technology, 56, 163—170.

Lebos Pavunc, A., Turk, J., Beganovic, J., Frece, J. Mahnet, S., Kirin, S. & Suskovic, J. (2009)
Production of fermented probiotic beverages from milk permeate enriched with whey retentate
and identification of present lactic acid bacteria. Mljekarstvo, 59(1), 11-19.

Lee, Y.L. & Salminen, S. (1996) The coming of age of probiotics. Trends in Food Science and
Technology, 6, 24-21.

Lee, N.-K., Han, K.-J., Son, S.-H., Eom, S.-J., Lee, S.-K. & Paik, H.-D. (2015) Multifunctional
effect of probiotic Lactococcus lactis KC24 isolated from kimchi. LWT - Food Science and
Technology, 64, 1036-1041.

Leite, A.M.O., Miguel, M.A L., Peixoto, R.S., Ruas-Madiedo, P., Paschoalin, V.M.F., Mayo, B. &
Delgado, S. (2015) Probiotic potential of selected lactic acid bacteria strains isolated from
Brazilian kefir grains. Journal of Dairy Science, 98, 3622-3632.

Le Marechal, C., Peton, V., Ple, C., Vroland, C., Jardin, J., Briard-Bion, V., Durant, G., Chuat, V.,
Loux, V., Foligne, B., Deutsch, S.M., Falentin, H. & Jan, G. (2015) Surface proteins of
Propionibacterium freudenreichii are involved in its anti-inflammatory properties. Journal of
Proteomics, 113, 447-461.

di Lena, M., Quero, G.M., Santovito, E. Verran, J., de Angelis, M. & Fusco, V. (2015) A selective
medium for isolation and accurate enumeration of Lactobacillus casei-group members in pro-
biotic milks and dairy products. International Dairy Journal, 47, 27-36.

Leporanta, K. (2001) The world of fermented milks - 1: Drinking type products originating from
Finland and Russia. LGG Action, 2, 10-12.

Leporanta, K. (2003) The world of fermented milks - 4: Viili and Léngfil — exotic fermented
products from Scandinavia. Valio Foods & Functionals, 2, 3-5.

Leroy, F. & de Vuyst, L. (2004) Lactic acid bacteria as functional starter cultures for the food
fermentation industry. Trends in Food Science & Technology, 15, 67-78.

Li, J., Wang, X., Gao, P--F., Yao, G.-Q., Zhao, J., Wang, X.-W., Zhao, X.-Y., Menhebilige, W. &
Zhang, H.-P. (2013) Probiotics in the yogurt productive process to control the pollution of yeast
and mold. China Dairy Industry, 41(9), 21-24.

Li, S., Ma, C., Gong, G., Liu, Z., Chang, C. & Xu, Z. (2016) The impact of onion juice on milk
fermentation by Lactobacillus acidophilus. LWT - Food Science and Technology, 65, 545-548.

Lian, W.-C., Hsiao, H.-C. & Chou, C.-C. (2002) Survival of bifidobacteria after spray-drying.
International Journal of Food Microbiology, 74, 79-86.

Linares, D.M., Ross, P. & Stanton, C. (2016) Beneficial microbes: The pharmacy in the gut.
Bioengineered, 7, 11-20.

Liu, W.J., Chen, Y.F., Kwok, L.Y., Li, M.H., Sun, T., Sun, C.L., Wang, X.N., Dan, T., Menghebilige,
T., Zhang, H.P. & Sun, T.S. (2013) Preliminary selection for potential probiotic Bifidobacterium
isolated from subjects of different Chinese ethnic groups and evaluation of their fermentation
and storage characteristics in bovine milk. Journal of Dairy Science, 96, 6807-6817.

Liu, L., Li, X., Bi, W., Zhang, L., Ma, L., Ren, H. & Li, M. (2015a) Isomaltooligosaccharide
increases the Lactobacillus rhamnosus viable count in Cheddar cheese. International Journal
of Dairy Technology, 68, 389-398.

Liu, Y., Yu, Y., Duan, W., Qu, Q., Zhang, Q., Zhao, M. & Zhu, Q. (2015b) Home storage signifi-
cantly impairs bifidobacteria survival in powered formula for infants and young children in the
Chinese market. International Journal of Dairy Technology, 68, 495-502.



Production and Viability of Probiotic Micro-organisms in Dairy Products 147

Ljubic, A., Juric, A. & Jakopovic, K.L. (2015) Effect of high intensity ultrasound on the milk
fermentation by bifidobacteria. Mljekarstvo, 65, 71-80.

Lollo, P.C.B., Cruz, A.G., Morato, PN., Moura, C.S., Carvalho-Silva, L.B., Oliveira, C.A.F,,
Faria, J.A.F. & Amaya-Farfan, J. (2012) Probiotic cheese attenuates exercise-induced immune
suppression in Wistar rats. Journal of Dairy Science, 95, 3549-3558.

Lonnerdal, B. (2003) Breast milk and breastfed infants: implications for improving infant for-
mula. American Journal of Clinical Nutrition, 77, 1537S—-1543S.

Losio, M.N., Bozzo, G., Galuppini, E., Martella, V., Bertasi, B., Pavoni, E. & Finazzi, G. (2015)
Silter cheese, a traditional Italian dairy product: A source of feasible probiotic strains. International
Journal of Food Properties, 26, 218-230.

Lourens-Hattingh, A. & Viljoen, B.C. (2001a) Yogurt as probiotic carrier food. International
Dairy Journal, 11, 1-17.

Lourens-Hattingh, A. & Viljoen, B.C. (2001b) Growth and survival of a probiotic yeast in dairy
products. Food Research International, 34, 791-796.

Lourens-Hattingh, A. & Viljoen, B.C. (2002) Survival of probiotic bacteria in South African com-
mercial bio-yogurt. South African Journal of Science, 98, 298-300.

Lucas, A., Sodini, 1., Monnet, C., Jolivet, P. & Corrieu, G. (2004) Probiotic cell counts and
acidification in fermented milks supplemented with milk protein hydrolysates. International
Dairy Journal, 14, 47-53.

Ma, G. (1995) An ice cream containing Lactobacillus bifidus. Journal of Food Industry, 1,
15-16.

Madureira, A.R., Soares, J.C., Pintado, M.E., Gomes, A.M.P., Freitas, A.C. & Malcata, FX.
(2008) Sweet whey cheese matrices inoculated with the probiotic strain Lactobacillus paraca-
sei LAFTI® L26. Dairy Science and Technology, 88, 649-665.

Madureira, A.R., Pintado, M.E., Gomes, A.M.P. & Malcata, F.X. (2011a) Incorporation of probi-
otic bacteria in whey cheese: Decreasing the risk of microbial contamination. Journal of Food
Protection, 74, 1194—1199.

Madureira, A.R., Pintado, A.I., Gomes, A.M., Pintado, M.E. & Malcata, F.X. (2011b) Rheological,
textural and microstructural features of probiotic whey cheese. LWT - Food Science and
Technology, 44, 75-81.

Madureira, A.R., Soares, J.C., Amorim, M., Tavares, T., Gomes, A.M., Pintado, M.M. & Malcata,
FE.X. (2013) Bioactivity of probiotic whey cheese: characterization of the content of peptides
and organic acids. Journal of the Science of Food and Agriculture, 93, 1458—1465.

Magarinos, H., Cartes, P., Fraser, B., Selaive, S., Costa, M., Figuerola, F. & Pizarro, O. (2008)
Viability of probiotic micro-organisms (Lactobacillus casei Shirota and Bifidobacterium
animalis subsp. lactis) in a milk-based dessert with cranberry sauce. International Journal of
Dairy Technology, 61, 96-101.

Mahdi, H.A., Tamime, A.Y. & Davies, G. (1990) Some aspects of the production of “Labneh”
by ultrafiltration using cow’s, sheep’s and goat’s milk. Egyptian Journal of Dairy Science,
18, 345-367.

Mahmoudi, M., Asl, A.K. & Zomorodi, S. (2012) The influence or probiotic bacteria on the prop-
erties of Iranian White cheese. International Journal of Dairy Technology, 65, 561-567.

Mahmoudi, R., Tajik, H., Ehsani, A., Farshid, A.A., Zare, P. & Hadian, M. (2013) Effects of
Mentha longifolia L. essential oil on viability and cellular ultrastructure of Lactobacillus
casei during ripening of probiotic Feta cheese. International Journal of Dairy Technology,
66, 77-82.

Maiocchi, G. (2001) YOMO ABC: Functional food for consumers well-being and satisfaction.
Industria del Latte, XXXVII(1-2), 94-98.

Maity, T.K., Kumar, R. & Misra, A.K. (2008) Development of healthy whey drink with
Lactobacillus rhamnosus, Bifidobacterium bifidum and Propionibacterium freudenreichii
subsp. shermanii. Mljekarstvo, 58, 315-325.



148 Probiotic Dairy Products

Makino, S., Sato, A., Goto, A., Nakamura, M., Ogawa, M., Chiba, Y., Hemmi, J., Kano, H. Takeda,
K., Okumura, K. & Asami, Y. (2016) Enhanced natural killer cell activation by exopolysac-
charides derived from yogurt fermented with Lactobacillus delbrueckii ssp. bulgaricus
OLL1073R-1. Journal of Dairy Science, 99, 915-923.

Malcata, FE.X., Gomes, A.M. & Pintado, M.E. (2005) Functional dairy foods - An overview.
Egyptian Journal of Dairy Science, 33, 1-12.

Mani-Lopez, E., Palou, E. & Lopez-Malo, A. (2014) Probiotic viability and storage stability of
yogurts and fermented milks prepared with several mixtures of lactic acid bacteria. Journal of
Dairy Science, 97, 2578-2590.

Mantere-Alhonen, S. (1995) Propionibacteria used as probiotics — a review. Lait, 75, 447-452.

Mantere-Alhonen, S. & Forsen, R. (1990) Microbes in fermented milk products. Microbes in Milk
and Milk Products (in Finnish), (ed. S. Mantere-Alhonen), pp. 129-148, VAPK-Kustannus,
Helsinki.

Marafon, A.P., Sumi, A., Granato, D., Alcantara, M.R., Tamime, A.Y. & de Oliveira, M.N. (2011a)
Effects of partially replacing skimmed milk powder with dairy ingredients on rheology, sen-
sory profiling, and microstructure of probiotic stirred-type yogurt during cold storage. Journal
of Dairy Science, 94, 5330-5340.

Marafon, A.P., Sumi, A., Alcantara, M.R., Tamime, A.Y. & de Oliveira, M.N. (201 1b) Optimization
of the rheological properties of probiotic yoghurt supplemented with milk proteins. LWT -
Food Science and Technology, 44, 511-519.

Maragkoudakis, P.A., Miaris, C., Rojez, P., Manalis, N., Magkanari, F., Kalantzopoulos, G. &
Tsakalidou, E. (2006a) Production of traditional Greek yoghurt using Lactobacillus strains
with probiotic potential as starter adjuncts. International Dairy Journal, 16, 52—60.

Maragkoudakis, P.A., Zoumpopoulou, G., Miaris, C., Kalantzopoulos, G., Pot, B. & Tsakalidou,
E. (2006b) Probiotic potential of Lactobacillus strains isolated from dairy products.
International Dairy Journal, 16, 189—-199.

Marhamatizadeh, M.H., Ehsandoost, E., Gholami, P., Moshiri, H. & Nazemi, M. (2012a) Effect of
permeate on growth and survival of Lactobacillus acidophilus and Bifidobacterium bifidum for
production of probiotic nutritive beverages. World Applied Sciences Journal, 18, 1389-1393.

Marhamatizadeh, M.H., Nikbakht, M., Rezazadeh, S., Marhamati, Z., Hosseini, M. & Yakarim,
M. (2012b) Effect of oregano on the growth of Lactobacillus acidophilus and Bifidobacterium
bifidum in probiotic dairy products. World Applied Sciences Journal, 18, 1394-1399.

Marhamatizadeh, M.H., Mohammadi, M., Rezazadeh, S. & Jafari, F. (2012c) Effects of garlic on
the growth of Lactobacillus acidophilus and Bifidobacterium bifidum in probiotic milk and
yoghurt. Middle-East Journal of Scientific Research, 11(7), 894-899.

Marhamatizadeh, M.H., Ehsandoost, E. & Gholami, P. (2013) The influence of green tea (Camellia
sinensis L.) extract on characteristic of probiotic bacteria in milk and yoghurt during fermentation
and refrigerated storage. International Journal of Farming and Allied Sciences, 2(17), 599-606.

Marhamatizadeh, M.H., Ehsandoost, E. & Gholami, P. (2014) The effect of coffee extract on the
growth and viability of Lactobacillus acidophilus and Bifidobacterium bifidum in probiotic
milk and yoghurt. Journal of Food Biosciences and Technology, 4(1), 37-48.

Marsh, A.J., O’Sullivan, O., Hill, C., Ross R.P. & Cotter, P.D. (2013) Sequencing-based analysis
of the bacterial and fungal composition of Kefir grains and milks from multiple sources. PLOS
One, 8, e69371.

Marshall, V.M. (1987) Fermented milks and their future trends - I. microbiological aspects.
Journal of Dairy Research, 54, 559-574.

Marshall, VM.E. & Tamime, A.Y. (1997) Physiology and biochemistry of fermented milks.
Microbiology and Biochemistry of Cheese and Fermented Milk, (ed. B.A. Law), 2™ edn.,
pp. 153-192, Blackie Academic & Professional, London.

Martin-Diana, A.B., Janer, C., Pelaez, C. & Requena, T. (2003) Development of a fermented
goat’s milk containing probiotic bacteria. International Dairy Journal, 13, 827-833.



Production and Viability of Probiotic Micro-organisms in Dairy Products 149

Martinez-Villaluenga, C., Frias, J., Gomez, R. & Vidal-Valverde, C. (2006) Influence of addition
of raffinose family oligosaccharides on probiotic survival in fermented milk during refrigerated
storage. International Dairy Journal, 16, 768-774.

Maruyama, L.Y., Cardarelli, H.R., Buriti, FC.A. & Saad, S.M.I. (2006) Textura instrumental de
queigo Petit-Suisse potencialmente probiotico: Influéncia de differentes combinacdes de
gomas. Ciencia e Tecnologia de Alimentos, 26, 386-393.

Masco, L., Ventura, M., Zink, R., Huys, G. & Swings, J. (2004) Polyphasic taxonomic analysis of
Bifidobacterium animalis and Bifidobacterium lactis reveals relatedness at the subspecies
level: reclassification Bifidobacterium animalis as Bifidobacterium animalis subsp. animalis
subsp. nov. and Bifidobacterium lactis as Bifidobacterium animalis subsp. lactis subsp. nov.
International Journal of Systematic and Evolutionary Microbiology, 54, 1137-1143.

Masco, L., Huys, G., de Brandt, E., Temmerman, R. & Swings, J. (2005) Culture-dependent and
culture-independent qualitative analysis of probiotic products claimed to contain bifidobacte-
ria. International Journal of Food Microbiology, 102, 221-230.

Massoud, R., Massoudi, R., Khosravi-Darani, K. & Reza, N. H. (2015) Improving the viability of
probiotic bacteria in yoghurt by homogenization. Journal of Food Processing and Preservation,
39, 2984-2990.

Masuda, T., Ohkawa, Y., Kaneko, D., Umezu, S. & Itoh, T. (2005) Trial production of fermented
goat milk containing probiotic Lactobacillus acidophilus. Journal of the Japanese Society for
Food Science and Technology (Nippon Shokuhin Kagaku Kogaku Kaishi), 52(3), 131-134.

Matias, N.S., Bedani, R., Castro, I.A. & Saad, S.M.I. (2014) A probiotic soy-based innova-
tive product as an alternative to petit-suisse cheese. LWT - Food Science and Technology,
59, 411-417.

Matijevic, B., Lisak, K., Bozanic, R. & Tratnik, L. (2008) The influence of the different initial
probiotic bacteria concentration on sweet whey fermentation. Mljekarstvo, 58, 387—401.

Matijevic, B., Lisak, K., Bozanic, R. & Tratnik, L. (2011) Impact of enzymatic hydrolyzed lactose
on fermentation and growth of probiotic bacteria in whey. Mljekarstvo, 61, 154—160.

Mattarelli, P., Bonaparte, C., Pot, B. & Biavati, B. (2008) Proposal to reclassify the three bio-
types of Bifidobacterium longum as three subspecies: Bifidobacterium longum subsp. longum
subsp. nov., Bifidobacterium longum subsp. infantis comb. nov. and Bifidobacterium longum
subsp. suis comb. nov. International Journal of Systematic and Evolutionary Microbiology,
58, 767-772.

Mattila-Sandholm, T., Myllarinen, P., Crittenden, R., Mogensen, G., Fonden, R. & Saarela, M.
(2002) Technological challenges for future probiotic foods. International Dairy Journal, 12,
173-182.

Matto, J., Malinen, E., Suihko, M.-L., Alander, M., Palva, A. & Saarela, M. (2004) Genetic
heterogeneity and technological properties of intestinal bifidobacteria. Journal of Applied
Microbiology, 97, 459-470.

Mayo, B., Ammor, M.S., Delgado, S. & Alegria, A. (2010) Fermented Milk Products. Fermented
Foods and Beverages of the World (Eds. J.P. Tamang & K. Kailasapathy), pp. 263-289, CRC
Press (Taylor & Francis Group), Boca Raton.

McBrearty, S., Ross, R.P., Fitzgerald, G.F., Collins, J.K., Wallace, J.M. & Stanton, C. (2001)
Influence of two commercially available bifidobacteria cultures on Cheddar cheese quality.
International Dairy Journal, 11, 599-610.

de Medeiros, A.C.L., Thomazini, M., Urbano, A., Correia, R.T.P. & Favaro-Trindade, C.S. (2014)
Structural characterisation and cell viability of a spray dried probiotic yoghurt produced with
goats’ milk and Bifidobacterium animalis subsp. lactis (BI-07). International Dairy Journal,
39, 71-717.

de Medeiros Burkert, J.F., dos Santos da Fonseca, R.A., Oliveira de Moraes, J., Sganzerla, J.,
Kalil, S. J. & Veiga Burkert, C.A. (2012) Sensory acceptance of potentially symbiotic dairy
beverages. Brazilian Journal of Food Technology, 15, 325-332.



150 Probiotic Dairy Products

Mehanna, N.S., Sharaf, O.M., Ibrahim, G.A. & Tawfik, N.F. (2002) Incorporation and viability of
some probiotic bacteria in functional dairy food — 1. Soft cheese. Egyptian Journal of Dairy
Science, 30, 217-229.

Meile, L., le Blay, G. & Thierry, A. (2008) Safety assessment of dairy microorganisms:
Propionibacterium and Bifidobacterium. International Journal of Food Microbiology, 126,
316-320.

de Menezes, C.R., Barin, J.S., Chicoski, A.J., Zepka, L.Q., Jacob-Lopes, E., Fries, LL.M. &
Terra, N.N. (2013) Microencapsulation of probiotics: progress and prospects. Ciencia Rural,
43, 1309-1316.

Meng, X.C., Stanton,C., Fitzgerald, G.F,, Daly, C. & Ross, R.P. (2008) Anhydrobiotics: The chal-
lenges of drying probiotic cultures. Food Chemistry, 106, 1406-1416.

Mercanti, D.J., Rousseau, G.M., Capra, M.L., Quiberoni, A., Tremblay, D.M., Labrie, S.J. &
Moineau, S. (2015) Genomic diversity of phages infecting probiotic strains of Lactobacillus
paracasei. Applied and Environmental Microbiology, doi:10.1128/AEM.02723-15. Accessed
2 July 2016.

Mercenier, M.A., Prioult, G. & Nutten, S. (2012a) Drinking yoghurt preparations containing non-
replicating probiotic micro-organisms. European Patent Application, EP 2 449 891 A1.

Mercenier, A., Nutten, S. & Prioult, G. (2012b) Dry whole milk preparations containing probiotic
microorganisms. European Patent Application, EP 2 429 551 A1.

Mercenier, A. Prioult, G. & Nutten, S. (2013) Drinking yoghurt preparations containing non-
replicating probiotic micro-organisms. European Patent Application, EP 2 635 139 A1.

Milanvic, S.D., Panic, M.D. & Caric, M.D. (2004) Quality of quarg produced by probiotics appli-
cation. Acta Periodica Technologica, 35, 37-48.

Minelli, E.B., Benini, A, Marzotto, M., Sbarbati, A., Ruzzenete, O., Ferrario, R., Hendriks, H. &
Dellaglio, F. (2004) Assessment of a novel probiotic Lactobacillus casei strain for production
of functional dairy foods. International Dairy Journal, 14, 723-736.

Minervini, F., Siragusa, S., Faccia, M., Dal Bello, F., Gobbetti, M. & de Angelis, M. (2012)
Manufacture of Fior di Latte cheese by incorporation of probiotic lactobacilli. Journal of Dairy
Science, 95, 508-520.

Milesi, M.M., Vinderola, C.G., Sabbag, N., Meinardi, C.A. & Hynes, E. (2009) Influence on
cheese proteolysis and sensory characteristics of non-starter lactobacilli strains with probiotic
potential. Food Res International, 42, 1186—1196.

Mirlohi, M., Soleimanian-Zad, S., Dokhani, S. & Sheikh-Zeinodin, M. (2014) Microbial and
physicochemical changes in yoghurts containing different Lactobacillus delbrueckii subsp.
bulgaricus strains in association with Lactobacillus plantarum as an adjunct culture.
International Journal of Dairy Technology, 67, 246-254.

Mituniewicz-Malek, A., Ziarno, M. & Dmytrow, 1. (2014) Incorporation of inulin and transglu-
taminase in fermented goat milk containing probiotic bacteria. Journal of Dairy Science, 97,
3332-3338.

Miyazaki, K & Matsuzaki, T. (2008) Health properties of milk fermented with Lactobacillus casei
strain Shirota (LcS). Handbook of Fermented Functional Foods (ed. E.R. Farnworth), 2™
Edition, pp. 165-208, CRC Press (Taylor & Francis Group), Boca Raton.

Modzelewska-Kapitula, M., Klebukowska, L. & Kornacki, K. (2008) Evaluation of the possible
use of potentially probiotic Lactobacillus strains in dairy products. International Journal of
Dairy Technology, 61, 165-169.

Moeller, C. & de Vrese, M. (2004) Review: Probiotic effects of selected lactic acid bacteria.
Milchwissenschaft, 59, 597-601.

Mogensen, G. (1980) Production and properties of yoghurt and ymer made from ultrafiltrated
milk. Desalination, 35, 213-222.

Mohammadi, R., Mortazavian, A.M., Khosrokhavar, R. & da Cruz, A.G. (2011) Probiotic ice cream:
viability of probiotic bacteria and sensory properties. Annals of Microbiology, 61, 411-424.



Production and Viability of Probiotic Micro-organisms in Dairy Products 151

Mohd Redzwan, S., Abd Mutalib, M.S., Wang, J.-S., Ahmad, Z., Kang, M.-S., Abdul Rahman,
N.A., Nikbakht Nasrabadi, E. & Jamaluddin, R. (2016) Effect of supplementation of fermented
milk drink containing probiotic Lactobacillus casei Shirota on the concentrations of aflatoxin
biomarkers among employees of Universiti Putra Malaysia: A randomised,double-blind, cross-
over, placebo-controlled study. British Journal of Nutrition, 115, 39-54.

Mocanu, G.D., Botez, E., Nistor, O.V. & Andronoiu, D.G. (2011) Characterization of probiotic
yoghurt obtained with medicinal plant extracts and modelling of bacteria cell growth during its
production. Journal of Agroalimentary Processes and Technologies, 17, 65-71.

Moeller, C. & de Vrese, M. (2004) Review: Probiotic effects of selected acid bacteria.
Milchwissenschaft, 89, 11-12.

Morelli, L. (2000) In vitro selection of probiotic lactobacilli: A critical appraisal. Current Issues
in Intestinal Microbiology, 1, 59-67.

Mortazavian, A.M., Ehsani, M.R., Azizi, A., Razavi, S.H., Mousavi, S.M. & Reinheimer, J.A.
(2008a) Effect of microencapsulation of probiotic bacteria with calcium alginate on cell stabil-
ity during the refrigerated storage period in the Iranian yogurt drink (doogh). Milchwissenschafft,
63, 262-265.

Mortazavian, A.M., Azizi, A., Ehsani, M.R., Razavi, S.H., Mousavi, S.M., Sohrabvandi, S. &
Reinheimer, J.A. (2008b) Survival of encapsulated probiotic bacteria in Iranian yogurt drink
(doogh) after the product exposure to simulated gastrointestinal conditions. Milchwissenschafft,
63, 427-429.

Mortazavian, A.M., Khosrokhavar, R., Rastegar, H. & Mortazaei, G.R. (2010) Effects of dry matter
standardization order on biochemical and microbiological characteristics of freshly made pro-
biotic doogh (Iranian fermented milk drink). Italian Journal of Food Science, 22, 98—104.

Mpofu, A., Linnemann, A.R., Sybesma, W., Kort, R., Nout, M.J.R. & Smid, E.J. (2014)
Development of a locally sustainable functional food based on mutandabota, a traditional food
in Southern Africa. Journal of Dairy Science, 97, 2591-2599.

Mpofu, A., Anita R.L., Nout, M.J.R., Zwietering, M.H., Smid, E. J. & den Besten, H.M.W. (2016)
Inactivation of bacterial pathogens in yoba mutandabota, a dairy product fermented with the
probiotic Lactobacillus rhamnosus strain Yoba. International Journal of Food Microbiology,
217, 42-48.

Muir, D.D., Tamime, A.Y. & Wszolek, M. (1999) Comparison of the sensory profiles of kefir,
buttermilk and yogurt. International Journal of Dairy Technology, 52, 129-134.

Murad, H.A., Sadek, Z.I. & Fathy, F.A. (1998) Production of bifidus Kariesh cheese. Deutsche
Lebensmittle-Rhudschau, 94, 409-412.

Muramalla, T. & Aryana, K.J. (2011) Some low homogenization pressures improve certain probi-
otic characteristics of yogurt culture bacteria and Lactobacillus acidophilus LA-K. Journal of
Dairy Science, 94, 3725-3738.

Mushtaq, M., Gani, A., Masoodi, FA. & Ahmad, M. (2016) Himalayan cheese (Kalari/
Kradi) — Effect of different probiotic strains on oxidative stability, microbiological, sensory
and nutraceutical properties during storage. LWT - Food Science and Technology, 67, 74-81.

Naeemi, H., Mortazavi, S.A., Milani, E. & Koochaki, A. (2013) The influence of adding inulin
and encapsulation on survivability Lactobacillus casei storage of synbiotic yoghurt. Iranian
Journal of Food Science and Technology, 10(40), 27-36.

Nalbantoglu, U., Cakar, A., Dogan, H., Abaci, N., Ustek, D., Sayood, K. & Can, H. (2014).
Metagenomic analysis of the microbial community in kefir grains. Food Microbiology,
41, 42-51.

Nemeckova, 1., Kejmarova, M., Chramostova, J., Zikan, V., Laknerova, I. & Hartman, 1. (2013)
Fermented dairy products with addition of malts. Mlekarske Listy, 24(129 - Suppl. Veda
Vyzkum), V=-VIIL

Nielsen, B., Gurakan, G.C. & Unlu, G. (2014) Kefir: A multifaceted fermented dairy product.
Probiotics and Antimicrobial Proteins, 6(3-4), 123-135.



152 Probiotic Dairy Products

van den Nieuwboer, M., van de Burgwal, L.H.M. & Claassen, E. (2016) A quantitative key-opinion-
leader analysis of innovation barriers in probiotic research and development: valorisation and
improving the tech transfer cycle. Pharma Nutrition, 4, 9—18.

Ng, E.W,, Yeung, M. & Tong, P.S. (2011) Effects of yogurt starter cultures on the survival of
Lactobacillus acidophilus. International Journal of Food Microbiology, 145, 169-175.

Nemeckova, 1., Kejmarova, M., Chramostova, J., Zikan, V., Laknerova, I. Hartman, 1. (2013)
Fermented dairy products with addition of malts. Mlekarske Listy, 24(129, Supplement Veda,
Vyzkum), V-VIIL

Nguyen, H.T.H., Ong, L., Lefevre, C., Kentish, S.E. & Gras, S.L. (2014) The microstructure and
physicochemical properties of probiotic buffalo yoghurt during fermentation and storage: A
comparison with bovine yoghurt. Food and Bioprocess Technology, 7, 937-953.

van den Nieuwboer, M., van Hemert, S., Claassen, E. & de Vos, W.M. (2016) Lactobacillus plan-
tarum WCFS1 and its host interaction: A dozen years after the genome. Microbial Biotechnology,
9, 452-465.

Nielsen, B., Gurakan, G.C. & Unlu, G. (2014) Kefir: a multifaceted fermented dairy product.
Probiotics and Antimicrobial Proteins, 6(3-4), 123—-135.

Nose, A., Nozaki, D., Ishikawa, F., Mizusawa, S. & Akahoshi, R. (2007) Novel bacterium belong-
ing to the genus Bifidobacterium and utilization of the same. PCT International Patent
Application, WO 010977 A1.

Nousia, F.G., Androulakis, PI. & Fletouris, D.J. (2011) Survival of Lactobacillus acidophilus
LMGP-21381 in probiotic ice cream and its influence on sensory acceptability. International
Journal of Dairy Technology, 64, 130-136.

Oberg, C.J., Moyes, L.V., Domek, M.J., Brothersen, C. & McMahon, D.J. (2011) Survival of
probiotic adjunct cultures in cheese and challenges in their enumeration using selective media.
Journal of Dairy Science, 94, 2220-2230.

Oberman, H. & Libudzisk, Z. (1998) Fermented milks. Microbiology of Fermented Products, (ed.
B.J.B. Wood), Vol. 1, 2" Edition, pp. 308-350, Blackie Academic & Professional, London.
Oh, N.S., Joung, J.Y., Lee, J.Y., Kim, S.H. & Kim, Y. (2016) Characterization of the microbial
diversity and chemical composition of Gouda cheese made by potential probiotic strains as an

adjunct starter culture. Journal of Agriculture and Food Chemistry, 64, 7357-7366.

Olivares, M. & Xaus, J. (2007) Probiotics for the XXI’s century: It’s time for breast milk probiot-
ics. Innovations in Food Technology, 35, 71-73.

Oliviera, M.N. & Damin, M.R. (2003) Efeito do teor de solidos e da concentr¢do de sacarose na
acidificaca, fermeza e viabilidade de bactérias do iogurte e probidticas em leite fermentado.
Ciéncia e Technologia de Alimentos, 23 (Supplement), 172—176.

Oliveira, R.P.de S., Florence, A.C.R., Silva, R.C., Perego, P., Converti, A., Gioielli, L.A. &
Oliveira, M.N. (2009) Effect of different prebiotics on the fermentation kinetics, probiotic
survival and fatty acids profiles in nonfat symbiotic fermented milk. International Journal of
Food Microbiology, 128, 467-472.

Oliveira, R.P.deS., Florence, A.C.R., Perego, P., de Oliveira, M.N. & Converti, A. (2011a) Use of
lactulose as prebiotic and its influence on the growth, acidification profile and viable counts
of different probiotics in fermented skim milk. International Journal of Food Microbiology,
145, 22-27.

Oliveira, R.P.deS., Perego, P., de Oliveira, M.N. & Converti, A. (2011b) Effect of inulin as a prebi-
otic to improve growth and counts of a probiotic cocktail in fermented skim milk. LWT — Food
Science and Technology, 45, 358-363.

Oliveira, R.P.deS., Perego, P., de Oliveira, M.N. & Converti, A. (2011c) Effect of inulin as prebi-
otic and synbiotic interactions between probiotics to improve fermented milk firmness. Journal
of Food Engineering, 107, 36—40.

Oliveira, R.P.deS., Perego, P., de Oliveira, M.N. & Converti, A. (2012) Effect of inulin on the
growth and metabolism of a probiotic strain of Lactobacillus rhamnosus in co-culture with
Streptococcus thermophilus. LWT — Food Science and Technology, 44, 520-523.



Production and Viability of Probiotic Micro-organisms in Dairy Products 153

de Oliveira Gaino, V., Voltarelli, V.P., de Rensis, C.M.V.B. & Vianna, P.C.B. (2012) Probiotic
“requeijao cremoso”: evaluation of Lactobacillus casei viability, physical-chemical composi-
tion and sensory acceptance. Semina: Ciencias Agrarias, 33(Suppl. 2), 3133-3142.

de Oliveira, M.E.G., Garcia, E.F.,, de Oliveira, C.E.V., Gomes, A.M.P., Pintado, M.M.E.,
Madureira, A.R.M.F., da Conceicao, M.L., do EgyptoQueiroga, R. de C. R. & de Souza, E.L.
(2014) Addition of probiotic bacteria in a semi-hard goat cheese (coalho): Survival to simu-
lated gastrointestinal conditions and inhibitory effect against pathogenic bacteria. Food
Research International, 64, 241-247.

Ong, L. & Shah, N.P. (2009) Probiotic Cheddar cheese: Influence of ripening temperatures on
survival of probiotic microorganisms, cheese composition and organic acid profiles. LWT — Food
Science and Technology, 42, 1260-1268.

Ong, L., Henriksson, A. & Shah, N.P. (2007) Proteolytic pattern and organic acid profiles of pro-
biotic Cheddar cheese as influenced by probiotic strains of Lactobacillus acidophilus, Lb.
paracasei, Lb. casei or Bifidobacterium sp. International Dairy Journal, 17, 67-78.

Ordonez, G.A., Fung, D.Y.C. & Jeon, 1.J. (2000a) Effect of Oxyrase™ on the metabolic process
of lactic acid bacteria in frozen yogurt mix. Journal of Rapid Methods and Automation in
Microbiology, 8, 71-81.

Ordonez, G.A., Jeon, L.J. & Roberts, H.A. (2000b) Manufacture of frozen yogurt with ultrafiltered milk
and probiotic lactic acid bacteria. Journal of Food Processing and Preservation, 24, 163-176.

O’Riordan, K. & Fitzgerald, G.F. (1998) Evaluation of bifidobacteria for the production of
antimicrobial compounds and assessment of performance in Cottage cheese at refrigerated
temperature. Journal of Applied Microbiology, 85, 103—114.

Ortakci, F., Broadbent, J.R., McManus, W.R. & McMahon, D.J. (2012) Survival of microencap-
sulated probiotic Lactobacillus paracasei LBC-1e during manufacture of Mozzarella cheese
and simulated gastric digestion. Journal of Dairy Science, 95, 6274-6281.

Ortu, S., Felis, G.E., Marzotto, M., Deriu, A., Molicotti, P., Sechi, L.A., Dellaglio, F. & Zanetti, S.
(2007) Identification and functional characterization of Lactobacillus strains isolated from
milk and Gioddu, a traditional Sardinian fermented milk. International Dairy Journal, 17,
1312-1320.

Osman, M.M., & Abbas, FE.M. (2001) Fate of Lactobacillus acidophilus La-5 and Bifidobacterium
lactis Bb-12 in ‘probiotic’ Ras cheese. 8" Egyptian Conference for Dairy Science and
Technology — Cairo 3—-5 November 2001, Research Papers 11, 653—-664.

Ostlie, H.M., Helland, M.H. & Narvhus, J.A. (2003) Growth and metabolism of selected strains
of probiotic bacteria in milk. International Journal of Food Microbiology, 87, 17-217.

O’Sullivan, A., Farver, M. & Smilowitz, J.T. (2015) The influence of early infant-feeding prac-
tices on the intestinal microbiome and body composition in infants. Nutrition and Metabolic
Insight, 8(suppl. 1), 1-9. doi: 10.4137/NMI.S29530

O’Sullivan, D.J., McSweeney, P.L.H., Cotter, P.D., Giblin, L. & Jeremiah J. Sheehan, J.J. (2016)
Compromised Lactobacillus helveticus starter activity in the presence of facultative heterofer-
mentative Lactobacillus casei DPC6987 results in atypical eye formation in Swiss-type cheese.
Journal of Dairy Science, 99, 2625-2640.

Ouwehand, A.C., Isolauri, E., Kirjavainen, P.V., Tolkko, S. & Salminen, S.J. (2000) The mucus
binding of Bifidobacterium lactis Bb12 is enhanced in the presence of Lactobacillus GG and
Lactobacillus delbrueckii subsp. bulgaricus. Letters in Applied Microbiology, 30, 10-13.

Ozer, B. & Kirmaci, H.S. (2010) Functional milks and dairy beverages. International Journal of
Dairy Technology, 63, 1-15.

Ozer, B. & Tamime, A.Y. (2013) Membrane processing of fermented milks. Membrane
Processing — Dairy and Beverage Applications (ed. A.Y. Tamime), pp. 143-175, Wiley-
Blackwell, Oxford.

Ozer, B., Uzun, Y.S. & Kirmaci, H.S. (2008) Effect of microencapsulation on viability of
Lactobacillus acidophilus LA-5 and Bifidobacterium bifidum BB-12 during Kasar cheese
ripening. International Journal of Dairy Technology, 61,237-244.



154 Probiotic Dairy Products

Ozer, B., Kirmaci, H.A., Ebru Senel, H., Atamer, M. & Hayaloglu, A. (2009) Improving the via-
bility of Bifidobacterium bifidum BB-12 and Lactobacillus acidophilus LA-5 in white-brined
cheese by microencapsulation. International Dairy Journal, 19, 22-29.

Paez, R. Lavari, L., Audero, G., Cuatrin, A., Zaritzky, N., Reinheimer, J. & Vinderola, G. (2013)
Study of the effects of spray-drying on the functionality of probiotic lactobacilli. International
Journal of Dairy Technology, 66, 155-161.

Papadimitriou, K., Alegria, A., Bron, P.A., de Angelis, M., Gobbetti, M., Kleerebezem, M.,
Lemos, J.A., Linares, D.M., Ross, P., Stanton, C., Turroni, F., van Sinderen, D., Varmanen, P,
Ventura, M., Zuniga, M., Tsakalidou, E. & Kok, J. (2016) Stress physiology of lactic acid bac-
teria. Microbiology and Molecular Biology Reviews, 80, 837-890.

Parsa, P., Alizadeh, M., Bari, M.R. & Moghar, A.A. (2015) Optimisation of probiotic yoghurt
enriched with phytosterols. International Journal of Dairy Technology, 68, 557-564.

Patrignani, F., Serrazanetti, D.I., Mathara, J.M., Siroli, L., Gardini, F., Holzapfel, W.H. &
Lanciotti, R. (2016) Use of homogenisation pressure to improve quality and functionality of
probiotic fermented milk containing Lactobacillus rhamnosus BFE 5264. International
Journal of Dairy Technology, 69, 262-271.

Pavlovic, H., Hardi, J., Slacanac, V., Halt, M. & Kocevski, D. (2006) Inhibitory effect of goat and
cow milk fermented by Bifidobacterium longum on Serratia marcescens and Campylobacter
Jjejuni. Czech Journal of Food Sciences, 24(4), 164-171.

Peneva, D. & Aleksandrov, N. (2013) Probiotics for dietary dairy product. United States of
America Patent Application, 0236600 A1.

Peneva, D. & Aleksandrov, N. (2015) Probiotics for dietary dairy product. United States of
America Patent Application, 9 131 708 B2.

Penhasi, A. (2013a) Probiotic liquid food products. United States of America Patent Application,
0136826 A.

Penhasi, A. (2013b) Heat resistant probiotic compositions and healthy food comprising them.
United States of America Patent Application Publication, 0115334 A1.

Penna, A.L.B, Subbarao-Gurram, A. & Barbosa-Canovas, G.V. (2007) High hydrostatic pressure pro-
cessing on microstructure of probiotic low-fat yogurt. Food Research International, 40, 510-519.

Pereira, E.P.R., Cavalcanti, R.N., Esmerino, E.A., Silva, R., Guerreiro, L.R.M., Cunha, R.L.,
Bolini, HM.A., Meireles, M.A., Faria, J.A.F. & Cruz, A.G. (2016) Effect of incorporation of
antioxidants on the chemical, rheological, and sensory properties of probiotic petit suisse
cheese. Journal of Dairy Science, 99, 1762—-1772.

Perko, B., Matijasic, B.B. & Rogelj, I. (2002) Production of probiotic cheese with addition of
Lactobacillus gasseri LF221 (Rif") and K7 (Rif"). Kmetijstvo, Zootehnika, 80, 61-70.

Perotti, M.C., Mercanti, D.J., Bernal, S.M. & Zalazar, C.A. (2009) Characterization of the free
fatty acids profile of Pategras cheese during ripening. International Journal of Dairy Technology,
62, 331-338.

Phillips, M., Kailasapathy, K. & Tran, L. (2006) Viability of commercial probiotic cultures (L.
acidophilus, Bifidobacterium sp., L. casei, L. paracasei and L. rhamnosus) in cheddar cheese.
International Journal of Food Microbiology, 108, 276-280.

Picot, A. & Lacroix, C. (2003) Optimization of dynamic loop mixer operating conditions for
production of o/w emulsion for cell microencapsulation. Lait, 83, 237-250.

Picot, A. & Lacroix, C. (2004) Encapsulation of bifidobacteria in whey protein-based microcap-
sules and survival in simulated gastrointestinal conditions and in yoghurt. International Dairy
Journal, 14, 505-515.

Pinto Kempka, A., Leticia Krueger, R., Valduga, E., di Luccio, M., Treichel, H., Cansian, R. & de
Oliveira, D. (2009) Formulation of a peach-flavored dairy drink using alternative substrates
and probiotic culture. Ciencia e Tecnologia de Alimentos, 28(Suppl.), 170-177.

Pisano, M.B., Patrignani, F., Cosentino, S., Guerzoni, M.E., Franz, C.M.A.P. & Holzapfel, W.H.
(2011) Diversity and functional properties Lactobacillus plantarum-group strains isolated
from Italian cheese products. Dairy Science & Technology, 91, 65-76.



Production and Viability of Probiotic Micro-organisms in Dairy Products 155

Playne, M.J., Bennet, L.E. & Smithers, G.W. (2003) Functional dairy foods and ingredients.
Australian Journal of Dairy Technology, 58, 242-264.

Plessas, S., Bosnea, L., Alexopoulos, A. & Bezirtzoglou, E. (2012) Potential effects of probiotics
in cheese and yogurt production: A review. Engineering in Life Sciences, 12, 433-440.

Prado, M.R., Blandon, L.M., Vandenberghe, L.P.S., Rodrigues, C., Castro, G.R., Thomaz-Soccol,
V. & Soccol, C.R. (2015) Milk kefir: Composition, microbial cultures, biological activities, and
related products. Frontiers in Microbiology, 6, 1-10.

Prajapati, J.B., Shah, R.K. & Dave, J.M. (1986) Nutritional and therapeutic benefits of a blended
spray dried acidophilus preparation. Australian Journal of Dairy Technology, 42, 17-21.

Prasanna, P.H.P., Grandison, A.S. & Charalampopoulos, D. (2014) Bifidobacteria in milk products:
An overview of physiological and biochemical properties, exopolysaccharide production, selec-
tion criteria of milk products and health benefits. Food Research International, 55, 247-262.

de Prisco, A., Maresca, D., Ongeng, D. & Mauriello, G. (2015) Microencapsulation by vibrating
technology of the probiotic strain Lactobacillus reuteri DSM 17938 to enhance its survival in
foods and in gastrointestinal environment. LWT - Food Science and Technology, 61, 452—462.

Psomas, E., Andrighetto, C., Litopoulou-Tzanetaki, E., Lombardi, A. & Tzanetakis, N. (2001)
Some probiotic properties of yeast isolates from infant faeces and Feta cheese. International
Journal of Food Microbiology, 69, 125-133.

Raeisi, S.N., Ouoba, L.I.I.,, Farahmand, N. Sutherland, J. & Ghoddusi, H.B. (2013) Variation, via-
bility and validity of bifidobacteria in fermented milk products. Food Control, 34, 691-697.
Rajkowska, K. & Kunicka-Styczynska, A. (2009) Phenotypic and genotypic characterization of

probiotic yeasts. Biotechnology & Biotechnological Equipment, 23, 662—665.

Ramakrishnan, V., Goveas, L.C., Prakash, M., Halami, P.M. & Narayan, B. (2014) Optimization of
conditions for probiotic curd formulation by Enterococcus faecium MTCC 5695 with probiotic
properties using response surface methodology. Journal of Food Science and Technology, 51,
3050-3060.

Rao, H.G.R. & Prakash, A.S. (2004) Development of probiotic kulfi (Indian ice cream). Indian
Dairyman, 56(6), 57-64.

Rao, A.V., Shivnarain, N. & Mabharaj, I. (1989) Survival of microencapsulated Bifidobacterium
pseudolongum in simulated gastric and intestinal juices. Journal of Canadian Institute of Food
Science and Technology, 22, 345-349.

Rasic, J.Li. & Kurmann, J.A. (1978) Yoghurt — Scientific Grounds, Technology, Manufacture and
Preparations, pp. 117-119, Technical Dairy Publishing House, Copenhagen.

Rasic, J.Li. & Kurmann, J.A. (1983) Bifidobacteria and their Role, Experienta Supplementum
Vol. 39, pp. 102-133, Birkhduser Verlag, Basel.

Ravula, R.R., & Shah, N.P. (1998) Viability of probiotic bacteria in fermented frozen dairy desserts.
Food Australia, 50, 136—139.

Real, E., Ortega, O., Reyneri, P., Garcias, H. & Gonzalez, J. (2005) Coagulated fermented milk
product made with Streptococcus thermophilus, Bifidobacterium bifidum, and Lactobacillus
casei. Alimentaria, 361, 65-67.

Reid, G. (2015) The growth potential for dairy probiotics. International Dairy Journal, 49, 16-22.

Riaz, Q.U.A. & Masud, T. (2013) Recent trends and applications of encapsulating materials for
probiotic stability. Critical Reviews in Food Science and Nutrition, 53, 231-244.

Ristagno, D., Hannon, J.A., Beresford, T.P. & McSweeney, P.L.H. (2012) Effect of bacteriocins-
producing strain of Lactobacillus paracasei on the nonstarter microflora of Cheddar cheese.
International Journal of Dairy Technology, 65, 523-530.

Robinson, R.K., Tamime, A.Y. & Wszolek, M. (2002) Microbiology of fermented milks. Dairy
Microbiology Handbook (ed. R.K. Robinson), 3™ Edition, The Microbiology of Milk and Milk
Products, pp. 367-430. John Wiley & Sons, New York.

Rodriguez-Alcala, L.M., Braga, T., Malcata, E.X., Gomes, A. & Fontecha, J. (2011) Quantitative
and qualitative determination of CLA produced by Bifidobacterium and lactic acid bacteria by
combining spectrophotometric and Ag* HPLC techniques. Food Chemistry, 125, 1373-1378.



156 Probiotic Dairy Products

Rodrigues, F., Sarmento, B., Andrade, J. & Oliveira, B. (2012) Review: Can microencapsulation
be a means to increase survival of probiotics in cheese? International Journal of Probiotics &
Prebiotics, 7(2), 65-79.

Rogelj, I., Matijasic, B.B., Majhenic, A.C. & Stojkovic, S. (2002) The survival and persistence of
Lactobacillus acidophilus LF221 in different ecosystems. International Journal of Food
Microbiology, 76, 83-91.

Ross, R.P,, Fitzgerald, G., Collins, K., Stanton, C., Deeth, H.C., Smithers, G.W. & Hourigan, J.
(2002) Cheese delivering biocultures — probiotic cheese. Australian Journal of Dairy
Technology, 57, 71-78.

Rothschild, P. (1995) Internal defences. Dairy Industries International, 60(2), 24-25.

Roy, D. (2005) Technological aspects related to the use of bifidobacteria in dairy products. Lait,
85, 39-56.

Roy, D., Mainville, I. & Mondou, F. (1997) Selective enumeration of bifidobacteria for use under
cheesemaking condition. Milchwissenschaft, 50, 139142.

Ruas-Madiedo, P. Gueimonde, M. Reyes-Gavilan, C. G. de los & Salminen, S. (2006) Short com-
munication: effect of exopolysaccharide isolated from “viili” on the adhesion of probiotics and
pathogens to intestinal mucus. Journal of Dairy Science, 89, 2355-2358.

Ryan, PM., Burdikova, Z., Beresford, T., Auty, M.A.E., Fitzgerald, G.F., Ross, R.P., Sheehan, J.J
& Stanton, C. (2015) Reduced-fat Cheddar and Swiss-type cheeses harboring exopolysaccha-
ride-producing probiotic Lactobacillus mucosae DPC 6426. Journal of Dairy Science, 98,
8531-8544.

Ryhanen, E.L., Pihlanto-Leppala, A. & Pahkala, E. (2001) A new type of ripened, low-fat cheese
with bioactive properties. International Dairy Journal, 11, 441-447.

Saad, N., Delattre, C., Urdaci, M., Schmitter, J.M. & Bressollier, P. (2013) An overview of the last
advances in probiotic and prebiotic field. LWT - Food Science and Technology, 50, 1-16.

Saarela, M.H. (2011) Probiotic functional foods. Functional foods: Concept to Product (ed.
M. Saarela), pp. 425-448, Woodhead Publishing, Campbridge.

Saarela, M., Mogensen, G., Fonden, G., Matto, J. & Mattila-Sandholm, T. (2000) Probiotic bac-
teria: safety, functional and technological properties. Journal of Biotechnology, 84, 197-215.

Saavedra, J.M., Abi-Hanna, A., Moore, N. & Yolken, R.H. (2004) Long term consumption of
infant formulas containing live probiotic bacteria: tolerance and safety. Americam Journal of
Clinical Nutritiun, 79, 261-267.

Sabikhi, L. & Mathur, B.N. (2000) Selection of suitable strain of Bifidobacterium bifidum for the
manufacture of probiotic Edam cheese. Indian Journal of Dairy Science, 53, 112-122.

Sabikhi, L. & Mathur, B.N. (2002) Technology and quality attributes of probiotic Edam cheese
containing Bifidobacterium bifidum. Indian Journal of Dairy Science, 55, 331-337.

Sabikhi, L., Kumar, M.H. & Mathur, B.N. (2014) Bifidobacterium bifidum in probiotic
Edam cheese: Influence on cheese ripening. Journal of Food Science and Technology, 51,
3902-3909.

Sabir, F., Beyatli, Y., Cokmus, C. & Onal-Darilmaz, D. (2010) Assessment of potential properties
of Lactobacillus spp., Lactococcus spp. and Pediococcus spp. strains isolated from kefir.
Journal of Food Science, 75, M568-M573.

Saccaro, D.M., Tamime, A.Y., Pilleggi, A.L.O.P.S. & Oliveira, M. N. (2009) The viability of three
probiotic organisms grown with yoghurt starter cultures during storage for 21 days at 4°C.
International Journal of Dairy Technology, 62, 397-404.

Sadek, Z.1., Fathi, FA. & Salem, M.M.E. (2006) Incidence, survival and biocontrol of psychro-
trophic Bacillus cereus and its potential for toxin production in milk and Tallaga cheese. Polish
Journal of Food and Nutrition Sciences, 15/56, 419-425.

Sah, B.N.P, Vasiljevic, T., McKechnie, S. & O.N. Donkor, O.N. (2015) Effect of refrigerated storage
on probiotic viability and the production and stability of antimutagenic and antioxidant peptides
in yogurt supplemented with pineapple peel. Journal of Dairy Science, 98, 5905-5916.



Production and Viability of Probiotic Micro-organisms in Dairy Products 157

Sah, B.N.P,, Vasiljevic, T., McKechnie, S. & Donkor, O.N. (2016) Physicochemical, textural and
rheological properties of probiotic yogurt fortified with fibre-rich pineapple peel powder dur-
ing refrigerated storage. LWT — Food Science and Technology, 65, 978-986.

Saito, T. (2004) Selection of useful probiotic lactic acid bacteria from Lactobacillus acidophilus
group and their application to functional foods. Animal Science Journal, 75, 1-13.

Salama, FM.M. (2002) Production of therapeutic and diabetic stirred yoghurt-like fermented
milk products. Egyptian Journal of Dairy Science, 30, 177-190.

Salem, A.S., Gafour, W.A. & Eassawy, E.A.Y. (2006) Probiotic milk beverage fortified with anti-
oxidants as functional ingredients. Egyptian Journal of Dairy Science, 34, 23-32.

Salji, J. (1992) Acidophilus milk products: foods with a third dimension. Food Science and
Technology Today, 6, 142—147.

Salva, S., Nunez, M., Villena, J., Ramon, A., Font, G. & Alvarez, S. (2011) Development of a
fermented goats’ milk containing Lactobacillus rhamnosus: in vivo study of health benefits.
Journal of the Science of Food and Agriculture, 91, 2355-2362.

Sanchez, B., de los Reyes-Gavilan, C.G., Margolles, A. & Gueimonde, M. (2009) Probiotic fer-
mented milks: Present and future. International Journal of Dairy Technology, 62, 472—483.
Santiago-Lopez, L., Hernandez-Mendoza, A., Garcia, H.S., Mata-Haro, V., Vallejo-Cordoba, B. &
Gonzalez-Cordova, A.F. (2015) The effects of consuming probiotic-fermented milk on the
immune system: A review of scientific evidence. International Journal of Dairy Technology,

68, 153-165.

Santillo, A. & Albenzio, M. (2008) Influence of lamb rennet paste containing probiotic on
proteolysis and rheological properties of Pecorino cheese. Journal of Dairy Science, 91,
1733-1742.

Santillo, A., Albenzio, M., Bevilacqua, A., Corbo, M.R. & Sevi, A. (2012) Encapsulation of pro-
biotic bacteria in lamb rennet paste: Effects on the quality of Pecorino cheese. Journal of Dairy
Science, 95, 3489-3500.

Santos, A., San Mauro, M., Sanchez, A., Torres, J.M. & Marquina, D. (2003) The antimicrobial
properties of different strains of Lactobacillus spp. isolated from kefir. Systematic and Applied
Microbiology, 26, 434-437.

Savoie, S., Champagne, C.P., Chiasson, S. & P. Audet (2007) Media and process parameters affect-
ing the growth, strain ratios and specific acidifying activities of a mixed lactic starter containing
aroma-producing and probiotic strains. Journal of Applied Microbiology, 103, 163-174.

Saxelin, M., Grenov, B., Svensson, U., Fonden, R., Reniero, R. & Mattila-Sandholm, T. (1999)
The technology of probiotics. Trends in Food Science and Technology, 10, 387-392.

Schillinger, U. (1999) Isolation and Identification of lactobacilli from novel-type probiotic and
mild yoghurts and their stability during refrigerated storage. International Journal of Food
Microbiology, 47, 79-87.

Schoevers, A. & Britz, T.J. (2003) Influence of different culturing conditions on kefir grains
increase. International Journal of Dairy Technology, 56, 183-187.

Schoina, V., Terpou, A., Angelika-lIoanna, G., Koutinas, A., Kanellaki, M. & Bosnea, L. (2015)
Use of Pistacia terebinthus resin as immobilization support for Lactobacillus casei cells and
application in selected dairy products. Journal of Food Science and Technology, 52,
5700-5708.

Seleet, F.L., El-Kholy, W.I. & Abd-Rabou, N.S. (2011) Evaluation of milk drinks fermented by
probiotic bacteria and fortified with zinc salts. Polish Journal of Food and Nutrition Sciences,
61, 55-60.

Seyhan, E., Yaman, H. & Ozer, B. (2016) Production of a whey-based functional beverage sup-
plemented with soy isoflavones and phytosterols. International Journal of Dairy Technology,
69, 114-121.

Shah, N.P. (2000) Probiotic bacteria: Selective enumeration and survival in dairy foods. Journal
of Dairy Science, 83, 894-907.



158 Probiotic Dairy Products

Shah, N.P. (2004) Probiotics and prebiotics. Agro Food Industry Hi-Tech, 15, 13-16.

Shah, N.P. (2007) Functional cultures and health benefits. International Dairy Journal, 17,
1262-1277.

Shah, N.P. & Ravula, R. (2000a) Influence of water activity on fermentation, organic acids pro-
duction and viability of yoghurt and probiotic bacteria. Australian Journal of Dairy Technology,
55, 127-131.

Shah, N.P. & Ravula, R. (2000b) Microencapsulation of probiotic bacteria and their survival in
frozen fermented dairy desserts. Australian Journal of Dairy Technology, 55, 139-144.

Shah, N.P. & Ravula, R. (2004) Selling the cells in desserts. Dairy Industries International,
69(1), 31-32.

Shah, N. P,, Lankaputhra, W. E. V., Britz, M. L. & Kyle, W.S.A. (1995) Survival of Lactobacillus
acidophilus and Bifidobacterium bifidum in commercial yoghurt during refrigerated storage.
International Dairy Journal, 5, 515-521.

Shahabbaspour, Z., Mortazavian, A.M., Pourahmad, R., Moghimi, A. & Sohrabvandi, S. (2013)
The effects of ratio of cow’s milk to soymilk, probiotic strain and fruit concentrate on qualita-
tive aspects of probiotic flavoured fermented drinks. International Journal of Dairy Technology,
66, 135-144.

Sharafi, H., Derakhshan, V., Paknejad, M., Alidoust, L., Tohidi, A., Pornour, M., Hajfarajollah, H.,
Shahbani Zahiri, H., Akbari Noghabi, K. (2015) Lactobacillus crustorum KH: novel prospec-
tive probiotic strain isolated from Iranian traditional dairy products. Applied Biochemistry and
Biotechnology, 175, 2178-2194.

Sharma, M. & Devi, M. (2014) Probiotics: A comprehensive approach toward health foods.
Critical Reviews in Food Science and Nutrition, 54, 537-552.

Sharma, G. & Ghosh, B.C. (2006) Probiotic dairy foods and prebiotics for health benefit. Indian
Food Industry, 25(1), 68-73.

Sharma, P., Tomar, S.K., Goswami, P., Sangwan, V. & Singh, R. (2014) Antibiotic resistance
among commercially available probiotics. Food Research International, 57, 176-195.

Shehata, A.E., El-Nawawy, M.A., El-Kenany, Y.M. & Aumara, I.LE.M. (2001) Production of soft
cheese with health benefits. 8" Egyptian Conference for Dairy Science and Technology — Cairo
3-5 November 2001, Research Papers 11, 635-651.

Shehata, A.E., El-Nawawy, M.A., El-Kenany, Y.M. & Aumara, [.LE.M. (2004a) Use of bifidobac-
teria in Ras cheese production: I Chemical and organoleptic properties. 9 Egyptian Conference
for Dairy Science and Technology — Cairo 9-11 October 2004, Research Papers 11, 533-562.

Shehata, A.E., El-Nawawy, M.A., El-Kenany, Y.M. & Aumara, [.LE.M. (2004b) Use of bifidobac-
teria in Ras cheese production: II Microbiological properties. 9" Egyptian Conference for
Dairy Science and Technology — Cairo 9-11 October 2004, Research Papers 11, 563-585.

Shehata, A.E., El-Nawawy, M.A., El-Kenany, Y.M. & Aumara, [.LE.M. (2004c) Use of bifidobac-
teria in Ras cheese production: III Changes in protein and microstructure during ripening. 9%
Egyptian Conference for Dairy Science and Technology — Cairo 9-11 October 2004, Research
Papers 11, 587-594.

Sheu, T.Y. & Marshall, R.T. (1993) Microentrapment of lactobacilli in calcium alginate gels.
Journal of Food Science, 54, 557-561.

Shewale, R.N., Sawale, P.D., Khedkar, C.D. & Singh, A. (2014) Selection criteria for probiotics:
A review. International Journal of Probiotics and Prebiotics, 9(1/2), 17-22.

Shiby, V.K. & Mishra, H.N. (2013) Fermented milks and milk products as functional foods - A
review. Critical Reviews in Food Science and Nutrition, 53, 482—496.

Shihata, A. & Shah, N.P. (2000) Proteolytic profiles of yoghurt and probiotic bacteria. International
Dairy Journal, 10, 401-408.

Shihata, A. & Shah, N.P. (2002) Influence of addition of proteolytic strains of Lactobacillus
delbrueckii subsp. bulgaricus to commercial ABT starter cultures on texture of yoghurt,
exopolysaccharides production and survival of bacteria. International Dairy Journal, 12,
765-772.



Production and Viability of Probiotic Micro-organisms in Dairy Products 159

Shortt, C. (1999) The probiotic century: Historical and current prospective. Trends in Food
Science & Technology, 10, 411-417.

Shu, G., Wang, S., Chen, Z., Chen, H., Wang, C. & Ma, Y. (2015) Effect of bacteria proportion
on the fermentation of goat yoghurt with probiotic culture. Acta Scientarum Polonorum
Technologia Alimentaria, 14, 407-414.

da Silveira, E.O., Neto, J.H.L., Silva, L.A., da Raposo, A.E.S., Magnani, M. & Cardarelli, H.R.
(2015) The effects of inulin combined with oligofructose and goat cheese whey on the physico-
chemical properties and sensory acceptance of a probiotic chocolate goat dairy beverage.
LWT - Food Science and Technology, 62, 445-451.

Simova, E., Beshkova, D., Angelov, A., Hristozova, T., Frengova, G. & Spasov, Z. (2002) Lactic
acid bacteria and yeasts in kefir grains and kefir made from them. Journal of Industrial
Microbiology and Biotechnology, 28, 1-6.

Simunek, M. & Evacic, S. (2009) Effect of inulin on the growth and survival of Bifidobacterium
longum BB536 in fermented goat’s and cow’s milk. Mljekarstvo, 59, 209-216.

Skrzypczak, K. & Gustaw, W. (2012) Effect of prebiotics and whey proteins on physicochemical
properties of bio-yoghurt. Zywnosc, 19(5), 155-165.

Soccol, C.R., Porto de Souza Vandenberghe, L., Rigon Spier, M., Bianchi Pedroni Medeiros, A.,
Yamaguishi, C.T., de Dea Lindner, J., Pandey, A. & Thomaz-Soccol, V. (2010) The potential of
probiotics: A review. Food Technology and Biotechnology, 48, 413-434.

Sodini, I., Lucas, A., Oliveira, M.N., Remeuf, F. & Corrieu, G. (2002) Effect of milk base and
starter culture on acidification, texture, and probiotic cell counts in fermented milk processing.
Journal of Dairy Science, 85, 2479-2488.

Songisepp, E., Mikelsaar, M., Ratsep, M., Zilmer, M., Hutt, P., Utt, M., Zilmer, K., Uksti, J. &
Kojalg, S. (2009) Isolated microorganism strain Lactobacillus plantarum Tensia DSM 21380
as antimicrobial and antihypertensive probiotic, food product and composition comprising said
microorganism and use of said microorganism for preparation of antihypertensive medicine
and method for suppressing pathogens and non-starter lactobacilli in food product. PCT
International Patent Application, WO 138091 A2.

Songisepp, E., Mikelsaar, M., Ratsep, M., Zilmer, M., Hutt, P., Utt, M., Zilmer, K., Uksti, J. &
Kojalg, S. (2014) Antimicrobial and antihypertensive probiotic composition, food product and
dietary supplement comprising microorganism strain Lactobacillus plantarum Tensia DSM
21380 and method for suppressing contaminating microbes in a food product. United States of
America Patent Application, 0328814 A1.

Soukoulis, C., Lyroni, E. & Tzia, C. (2010) Sensory profiling and hedonic judgement of probiotic
ice cream as a function of hydrocolloids, yogurt and milk fat content. LWT - Food Science and
Technology, 43, 1351-1358.

Sparo, M.D., Corso, A., Gagetti, P., Delpech, G., Ceci, M., Confalonieri, A., Urbizu, L. & Bruni,
S.ES. (2012) Enterococcus faecalis CECT712: Biopreservation of crafted goat cheese.
International Journal of Probiotics and Prebiotics, 7(3-4), 145-152.

Sridar, R., Nguyen, M. & Kailasapathy, K. (2003) Studies on the effect of encapsulation on the
survival of probiotic microorganisms under high acid and bile conditions. Journal of Food
Science and Technology (Mysore), 40, 458—460.

Srisuvor, N., Chinprahast, N., Prakitchaiwattana, C. & Subhimaros, S. (2013) Effects of inulin
and polydextrose on physicochemical and sensory properties of low-fat set yoghurt with probi-
otic-cultured banana purée. LWT - Food Science and Technology, 51, 30-36.

Staliano, C.D., Martinez, R.C.R. & Saad, S.M.I. (2015) Beneficial microorganisms viability and
sensory acceptance of a potentially synbiotic dairy-based tomato spread. LWT - Food Science
and Technology, 62 (1 — Part 2), 682—688.

Stanton, C., Gardiner, G., Lynch, P.B., Collins, J.K., Fitzgerald, G. & Ross, R.P. (1998) Probiotic
cheese. International Dairy Journal, 8, 491-496.

Stanton, C., Coakley, M., Murphy, J.J., Fitzgerald, G.F., Devery, R. & Ross, R.P. (2002)
Development of dairy-based functional foods. Sciences des Aliments, 22, 439-447.



160 Probiotic Dairy Products

Stroehlein, J.R. (2004) Treatment of Clostridium difficile infection. Current Treatment Options in
Gastroenterology, 7, 235-239.

Strohmaier, W. (1997) Lactulose, an innovative food ingredient — physiological aspects.
Proceedings of Food Ingredients Europe Conference, pp. 69—72, Porte de Versailles, Paris.
Su, L.-C., Lin, C.-W. & Chen, M.-J. (2005) Studies of the microbial and physical properties of
oriental style dairy product kou woan lao with probiotics. Asian-Australasian Journal of

Animal Sciences, 18, 409-413.

Su, L.-C., Lin, C.-W. & Chen, M.-J. (2007) Development of an Oriental-style dairy product coag-
ulated by microcapsules containing probiotics and filtrates from fermented rice. International
Journal of Dairy Technology, 60, 49-54.

Suarez-Solis, V., Cardoso, F., Nunez de Villavicencio, M., Fernandez, M. & Fargoso, L. (2002)
Probiotic fresh cheese. Alimentaria 39, 83-86.

Surawicz, C.M. (2003) Probiotics, antibiotic-associated diarrhoea and Clostridium difficile diar-
rhoea in humans. Best Practice and Research in Clinical Gastroenterology, 17, 775-83.

Sultana, K., Godward, G., Reynolds, N., Arumugaswamy, R., Peiris, P. & Kailasapathy, K.
(2000) Encapsulation of probiotic bacteria with alginate-starch and evaluation of survival in
simulated gastrointestinal conditions and yoghurt. International Journal of Food Microbiology,
62, 47-55.

Taha, S.H., Girgis, E.S., Amer, S.N. & Abed-El-Moeety, S.H. (1997) Effect of milk fat substitu-
tion with vegetable oils on the quality attributes of Labneh. Egyptian Journal of Dairy Science,
25, 193-203.

Taha, S.H., Abd-El-Fattah, A.M., El-Dairy, S.Y., Assous, M.T. & Attalla, N.R. (2007) Antioxidant
activity of flavoured stirred yoghurt like products. Egyptian Journal of Dairy Science, 35, 31-44.

Takahashi, N., Xiao, J.-Z., Miyaji, K., Yaeshiima, T., Hiramatsu, A., Iwatsuki, K., Kokubo, S. &
Hosono, A. (2004) Selection of acid tolerant bifdobacteria and evidence of a low-pH-inducible
acid tolerance response in Bifidobacterium longum. Journal of Dairy Research, 71, 340-345.

Takeda, S., Yamasaki, K., Takeshita, M., Kikuchi, Y., Tsend-Ayush, C., Dashnyam, B., Ahhmed,
A.M., Kawahara, S. & Muguruma, M. (2011) The investigation of probiotic potential of lactic
acid bacteria isolated from traditional Mongolian dairy products. Animal Science Journal, 82,
571-579.

Takeda, S., Takeshita, M., Matsusaki, T., Kikuchi, Y., Tsend-Ayush, C., Oyunsuren, T., Miyata,
M., Maeda, K., Yasuda, S., Aiba, Y., Koga, Y. & Igoshi, K. (2015) In vitro and in vivo anti-
Helicobacter pylori activity of probiotics isolated from Mongolian dairy products. Food
Science and Technology Research, 21, 3, 399-406.

Talwalkar, A. & Kailasapathy, K. (2003a) Effect of microencapsulation on oxygen toxicity in
probiotic bacteria. Australian Journal of Dairy Technology, 58, 36-39.

Talwalkar, A. & Kailasapathy, K. (2003b) Metabolic and biochemical responses of probiotic bac-
teria to oxygen. Journal of Dairy Science, 86, 2537-2546.

Talwalkar, A. & Kailasapathy, K. (2004) The role of oxygen in the viability of probiotic bacteria
with reference to L. acidophilus and Bifidobacterium spp. Current Issues in Intestinal
Microbiology, 5, 1-8.

Talwalker, A., Miller, C.W., Kailasapathy, K. &Nguyen, M.H. (2004) Effect of packaging materi-
als and dissolved oxygen on the survival of probiotic bacteria in yoghurt. International Journal
of Food Science & Technology, 39, 605-611.

Tamime, A. Y. (2002) Fermented milks: a historical food with modern applications — a review.
European Journal of Clinical Nutrition, 56, S2-S15.

Tamime, A.Y. (ed.) (2006a) Fermented Milks, Blackwell Publishing, Oxford.

Tamime, A.Y. (ed.) (2006b) Brined Chesses, Blackwell Publishing, Oxford.

Tamime, A.Y. & Marshall, V.M.E. (1997) Microbiology and technology of fermented milks.
Microbiology and Biochemistry of Cheese and Fermented Milk, (ed. B.A. Law), 2™ edn.,
pp. 57-152, Blackie Academic & Professional, London.



Production and Viability of Probiotic Micro-organisms in Dairy Products 161

Tamime, A.Y. & Robinson, R.K. (1999) Yoghurt, Science and Technology. Woodhead Publishing
Ltd., Cambridge.

Tamime, A.Y. & Robinson, R.K. (2007) Fermented milks popular in Europe and North America.
Handbook of Food Products Manufacturing (ed. Y.H. Hui), pp. 411-429, J. Wiley & Sons,
Hoboken.

Tamime, A.Y., Kalab, M. & Davies, G. (1984) Microstructure of set-style yoghurt manufactured
from cow’s milk fortified by different methods. Food Microstructure, 3, 83-92.

Tamime, A.Y., Marshall, VM.E. & Robinson, R.K. (1995) Microbiological and technological
aspects of fermented milks by bifidobacteria. Journal of Dairy Research, 62, 151-187.

Tamime, A.Y., Skriver, A. & Nilsson, L.-E. (2006) Starter cultures. Fermented Milks, (ed. A.Y.
Tamime), pp. 11-52, Blackwell Publishing, Oxford.

Tamime, A.Y., Hickey, M. & Muir, D.D. (2014) Strained fermented milks - A review of existing
legislative provisions, survey of nutritional labelling of commercial products in selected mar-
kets and terminology of products in some selected countries. International Journal of Dairy
Technology, 67, 305-333.

Tawfek, M.A., El-Deeb, A.M. & Hassan, N.S.Y. (2016) Production of reduced calorie frozen
yoghurt-like product supplemented soy milk fermented by bifidobacteria. Egyptian Journal of
Dairy Science, 44, 55-65.

Thakur, N., Rokana, N. & Panwar, H. (2016) Probiotics: Selection criteria, safety and role in
health and disease. Journal of Innovative Biology, 3, 259-270.

Tharmaraj, N. & Shah, N.P. (2004) Survival of Lactobacillus acidophilus, Lactobacillus paraca-
sei subsp. paracasei, Lactobacillus rhamnosus, Bifidobacteria animalis and Propionibacterium
in cheese-based dips and the suitability of dips as effective carriers of probiotic bacteria.
International Dairy Journal, 14, 1055-1066.

Thorball, J., Skolling, O. & Casas, I.A. (2001) Dispensing tube. Patent Cooperation Treaty (PCT)
/ World Intellectual Property Organization, WO 01/15985 A1.

Tratnik, L., Suskovic, J., Bozanic, R. & Kos, B. (2000) Creamed Cottage cheese enriched with
Lactobacillus GG. Mljekarstvo, 50, 113-123.

Tropcheva, R., Georgieva, R., Paskov, V., Karsheva, M. & Danova, S. (2014) Sensory properties
of Bulgarian yogurts, supplemented with lactobacilli as probiotic adjuncts. Journal of Texture
Studies, 45(3), 187-194.

Trujillo-de Santiago, G., Saenz-Collins, C.P. & Rojias-de Gante, C. (2012) Elaboration of a pro-
biotic oblea from whey fermented using Lactobacillus acidophilus or Bifidobacterium infantis.
Journal of Dairy Science, 95, 6897-6904.

Tungjaroenchai, W., White, C.H., Holmes, W.E. & Drake, M.A. (2004) Influence of adjunct cul-
tures on volatile free fatty acids in reduced-fat edam cheeses. Journal of Dairy Science, 87,
3224-3234.

Tunick, M.H. & van Hekken, D.L. (2015) Dairy products and health: Recent insights. Journal of
Agricultural and Food Chemistry, 63, 9381-9388.

Ulrich, P. (1980) Manufacture of ymer by means of ultrafiltration (UF) (in Danish). Maelkeritidende,
93, 67-73.

Underwood, M.A., Bruce German, J., Lebrilla, C.B. & David A. Mills, D.A. (2015) Bifidobacterium
longum subspecies infantis: champion colonizer of the infant gut. Pediatr Resarch, 77,229-235.
doi:10.1038/pr.2014.156.

Unno, T., Choi, J.-H., Hur, H.-G., Sadowsky, M.J., Ahn, Y.-T., Huh, C.-S., Kim, G.-B. & Cha, C.-J.
(2015) Changes in human gut microbiota influenced by probiotic fermented milk ingestion.
Journal of Dairy Science, 98, 3568-3576.

Urkek, B., Sengul, M. & Erkaya, T. (2014) Use of Saccharomyces boulardii in fermented dairy
products. Akademik Gida, 12(2), 108-113.

Uysal-Pala, C., Karagul-Yuceer, Y., Pala, A. & Savas, T. (2006) Sensory properties of drinkable
yoghurt made from milk of different goat breeds. Journal of Sensory Studies, 21, 520-533.



162 Probiotic Dairy Products

van Brandt, L., Coudijzer, K., Herman, L., Michiels, C., Hendrickx, M. & Vlaemynck, G. (2011)
Survival of Mycobacterium avium ssp. paratuberculosis in yoghurt and in commercial fermented
milk products containing probiotic cultures. Journal of Applied Microbiology, 110, 1252-1261.

Van de Water, J. (2003) Yogurt and immunity: The health benefits of fermented milk products that
contain lactic acid bacteria. Handbook of Fermented Functional Foods, (ed. E.R. Farnworth),
pp. 113-144, CRC Press LLC, Boca Raton.

Varga, L., Szigeti, J. & Csengeri, E. (2003) Effect of oligofructose on the microflora of an ABT-
type fermented milk during refrigerated storage. Milchwissenschaft, 58, 55-58.

Varga, L., Sule, J. & Nagy, P. (2014a) Viability of culture organisms in honey enriched
Acidophilus — Bifidus - Thermophilus (ABT) - type fermented camel milk. Journal of Dairy
Science, 97, 6814-6818.

Varga, L. Sule, J. & Nagy, P. (2014b) Survival of the characteristic microbiota in probiotic
fermented camel, cow, goat, and sheep milks during refrigerated storage. Journal of Dairy
Science, 97, 2039-2044.

Vasiljevic, T. & Shah, N.P. (2008) Probiotics - from Metchnikoff to bioactives. International
Dairy Journal, 18, 714-728.

Vijayendra, S.V.N. & Gupta, R.C. (2014) Performance evaluation of bulk freeze dried starter
cultures of dahi and yoghurt along with probiotic strains in standardized milk of cow and buf-
falo. Journal of Food Science and Technology, 51, 4114-4119.

Vinderola, C.G, Bailo, N. & Reinheimer, J.A. (2000a) Survival of probiotic microflora in
Argentinian yoghurts during refrigerated storage. Food Research International, 33, 97-102.
Vinderola, C.G., Prosello, W., Ghiberto, D. & Reinheimer, J.A. (2000b) Viability of probiotic
(Bifidobacterium spp., Lactobacillus acidophilus and Lactobacillus casei) and nonprobiotic

microflora in Argentinian Fresco cheese. Journal of Dairy Science, 83, 1905-1911.

Vinderola, C.G., Mocchiutti, P. & Reinheimer, J.A. (2002) Interactions among lactic acid starter and
probiotic bacteria used for fermented dairy products. Journal of Dairy Science, 85, 721-729.
Vinderola, G., Prosello, W., Molinari, F., Ghiberto, D. & Reinheimer, J. (2009) Growth of
Lactobacillus paracasei A13 in Argentinian probiotic cheese and its impact on the characteris-

tics of the product. International Journal of Food Microbiology, 135, 171-174.

de Vos, P., Faas, M.M., Spasojevic, M. & Sikkema, J. (2010) Encapsulation for preservation of
functionality and targeted delivery of bioactive food components. International Dairy Journal,
20, 292-302.

Walsh, H., Cheng, J. & Guo, M. (2014) Effects of carbonation on probiotic survivability, physico-
chemical, and sensory properties of milk-based symbiotic beverages. Journal of Food Science,
79, M604-M613.

Wang, L.-Q. (2014) Study on the formula of the function milk beverage of yacon and probiotic.
Storage and Process, 14(3), 33-36.

Wang, J., Guo, Z., Zhang, Q., Yan, L., Chen, W., Liu, X.M. & Zhang, H.P. (2009) Fermentation
characteristics and transit tolerance of probiotic Lactobacillus casei Zhang in soymilk and
bovine milk during storage. Journal of Dairy Science, 92, 2468-2476.

Wang, J., Guo, Z., Zhang, Q., Yan, L., Chen, Y., Chen, X., Liu, X.-M., Chen, W. & Zhang, H.-P.
(2010) Effect of probiotic Lactobacillus casei Zhang on fermentation characteristics of set
yoghurt. International Journal of Dairy Technology, 63 105-112.

Wang, J.-C., Guo, Z., Qi, M.G.S.D., Zhang, H.-P. & Meng, H.B.L.G. (2013) Effects of probiotic
Lactobacillus casei Zhang on sensory properties of set fermented milk. Scientia Agricultura
Sinica, 46, 575-585.

Wang, X.-P,, Lv, J.-L., Yan, Y.-M., Lt, W.-J. & Du, B. (2015a) Research on probiotic properties
and lipid-lowering capability of five strains of Lactobacillus. China Dairy Industry, 43(9),
11-14.

Wang, G., Xiong, Y., Xu, Q.,Yin, J. & Hao, Y. (2015b) Complete genome sequence of Lactobacillus
paracasei CAUH35, a new strain isolated from traditional dairy product koumiss in China.
Journal of Biotechnology, 214, 75-76.



Production and Viability of Probiotic Micro-organisms in Dairy Products 163

Weinrichter, B., Ginzinger, W., Sollberger, H. & Rohm, H. (2004a) Production of Emmental cheese
with adjunct starters with varying degree of autolysis. Milchwissenschaft, 59, 515-519.

Weinrichter, B., Sollberger, H., Ginzinger, W., Jaros, D. & Rohm, H. (2004b) Adjunct starter
properties affect characteristic features of Swiss-type cheeses. Nahrung, 48, 73-79.

Weizman, Z. & Alsheikh, A. (2006) Safety and tolerance of a probiotic formula in early infancy
comparing two probiotic agents: A pilot study. Journal of the American College of Nutrition,
25(5) 415-4109.

Weizman, Z., Asli, G. & Alsheikh, A. (2005) Effect of a probiotic infant formula on infections in
child care centers: Comparison of two probiotic agents. Pediatrics, 115, 5-9.

WenChian, L., HungChi, H. & ChengChun, C. (2003) Viability of microencapsulated bifidobacteria
in simulated gastric and bile solution. International Journal of Food Microbiology, 86, 293-301.

WenRong, S. & Griffiths, M.W. (2000) Survival of bifidobacteria in yogurt and simulated gastric
juice following immobilization in gellan-xanthan beads. International Journal of Food
Microbiology, 61, 17-25.

Witthuhn, R.C., Schoeman, T. & Britz, T.J. (2004) Isolation and characterization of the microbial
population of different South African kefir grains. International Journal of Dairy Technology,
57, 33-37.

Wolpert, V.M. (1988) Skyr and skyrwhey. Dairy Industries International, 90(3), 29. (Note to
publisher - one page only).

Woo, S.I., Kim, J.Y., Lee, Y.J., Kim, N.S. & Hahn, Y.S. (2010) Effect of Lactobacillus sakei sup-
plementation in children with atopic eczema-dermatitis syndrome. Annals of Allergy, Asthma,
and Immunology, 104, 343-348.

Wszolek, M., Tamime, A.Y., Muir, D.D. & Barclay, M.N.I. (2001) Properties of kefir made in
Scotland and Poland using bovine, caprine and ovine milk with different starter cultures.
Lebensmittel-Wissenschaft und —Technologie, 34, 251-261.

Wszolek, M., Kupiec-Tehan, B., Skov Guldager, H. & Tamime, A.Y. (2006) Production of kefir,
koumiss and other related products. Fermented Milks (ed. A.Y. Tamime), pp. 174-216,
Blackwell Publishing, Oxford.

Wu, R., Sun, Z., Wu, J., Meng, H. & Zhang, H. (2010) Effect of bile salts stress on protein syn-
thesis of Lactobacillus casei Zhang revealed by 2-dimensional gel electrophoresis. Journal of
Dairy Science, 93, 3858-3868.

Xanthopoulos, V., Hatzikamari, M., Adamidis, T., Tsakalidou, E., Tzanetakis, N. & Litopoulou-
Tzanetaki, E. (2000) Heterogeneity of Lactobacillus plantarum isolates from Feta cheese
throughout ripening. Journal of Applied Microbiology, 88, 1056-1064.

Xie, N., Zhou, T. & Li, B. (2012) Kefir yeasts enhance probiotic potential of Lactobacillus casei
HO: The positive effects of co-aggregation between the two strains. Food Research International,
45, 394-401.

Yadav, R. & Shukla, P. (2015) An overview of advanced technologies for selection of probiotics and
their expediency: A review. Critical Reviews in Food Science and Nutrition, 55, 3233-3242.

Yamani, M.1., Al-Nabulsi, A.A., Haddadin, M.S. & Robinson, R.K. (1998) The isolation of salt
tolerant lactic acid bacteria from ovine and bovine milks for use in the production of Nabulsi
cheese. International Journal of Dairy Technology, 51, 86—89.

Yang, Y., An, H., Zhai, Z., Wang, G., Li, J. & Hao, Y. (2016) Complete genomic sequence of
Lactobacillus helveticus CAUH18, a potential probiotic strain originated from koumiss.
Journal of Biotechnology, 224, 18-19.

Yerlikaya, O. (2014) Starter cultures used in probiotic dairy product preparation and popular
probiotic dairy drinks. Food Science and Technology - Campinas, 34, 221-229.

Yerlikaya, O. & Ozer, E. (2014) Production of probiotic fresh white cheese using co-culture with
Streptococcus thermophilus. Food Science and Technology - Campinas, 34, 471-477.

Yerlikaya, O., Ender, G., Torunoglu, FA. & Akbulut, N. (2013) Production of probiotic milk
drink containing Lactobacillus acidophilus, Bifidobacterium animalis subsp. lactis and
Lactobacillus casei. Agro Food Industry Hi-Tech, 24(2), 49-52.



164 Probiotic Dairy Products

Yi, W.-Z., Tang, W.-G. & Liu, C.-G. (2014) Effect of compound oligosaccharides on the stability
of brown probiotic milk beverage. China Dairy Industry, 42(7), 34-38.

Yildiz, F. (ed.) (2010) Development and Manufacture of Yogurt and Other Functional Dairy
Products, CRS Press (Taylor & Francis Group), Boca Raton.

Yilmaz-Ersan, L. (2013) Fatty acid composition of cream fermented by probiotic bacteria.
Mljekarstvo, 63, 132-139.

Yilmaztekin, M., Ozer, B.H. & Atasoy, F. (2004) Survival of Lactobacillus acidophilus LA-5 and
Bifidobacterium bifidum BB-02 in white-brined cheese. International Journal of Food Science
and Nutrition, 55, 53-60.

Young, C.K. & Nelson, EE. (1978) Survival of Lactobacillus acidophilus in “sweet acidophilus
milk” during refrigerated storage. Journal of Food Protection, 41, 248-250.

Yuksel, A.K. & Bakirci, I. (2014) Determination of certain quality characteristics of probiotic
yoghurts produced with different prebiotic combinations during storage. Akademik Gida —
Academic Food Journal, 12(2), 26-33.

Yuksel, A.K. & Bakirci, I. (2015) Investigation of the volatile compound profiles of probiotic
yogurts using different inulin and demineralised whey powder combinations. Food Science and
Biotechnology, 24, 807-816.

Zacarias, M.F,, Binetti, A., Laco, M., Reinheimer, J. & Vinderola, G. (2011) Preliminary techno-
logical and potential probiotic characterisation of bifidobacteria isolated from breast milk for
use in dairy products. International Dairy Journal, 21, 548-555.

Zadernowska, A., Chajecka-Wierzchowska, W. & Ogryzek, M.P. (2015) Growth potential of
Yersinia enterocolitica in blue cheese and in blue cheese with probiotic - Lactobacillus acido-
philus LA-5. Journal of Food Science and Technology, 52, 7540-7544.

Zafari, S., Marhamatizadeh, M.H. & Azadneya, P. (2013) The effect of Dorema aucheri on the activ-
ities of Bifidobacterium bifidum and Lactobacillus acidophilus in probiotic milk and yoghurt.
International Journal of Advanced Biological and Biomedical Research, 1, 1033—1039.

Zanirati, D.F., Abatemarco Jr., M., de CiccoSandes, S.H., Nicoli, J.R., Nunes, A.C. & Neumann,
E. (2015) Selection of lactic acid bacteria from Brazilian kefir grains for potential use as starter
or probiotic cultures. Anaerobe, 32, 70-76.

Zare, F., Champagne, C.P., Simpson, B.K., Orsat, V. & Boye, J.I. (2012) Effect of the addition of
pulse ingredients to milk on acid production by probiotic and yoghurt starter cultures. LWT -
Food Science and Technology, 45, 155-160.

Zhang, H., Hao, Y., Zhang, D. & Luo, Y. (2011) Characterization of the cyptic plasmid pTXW
from Lactobacillus paracasei TXW. Plasmid, 65, 1-7.

Zhang, L., Zhang, X., Liu, C., Li, C., Li, S., Li, T., Li, D., Zhao, Y. & Yang, Z. (2013) Manufacture
of Cheddar cheese using probiotic Lactobacillus plantarum K25 and its cholesterol-lowering
effects in a mice model. World Journal of Microbiology and Biotechnology, (2013) 29, 127-135.

Zhihua, H., Xinxi, G., Jining, T., Jie, Y., Hongtao, T. & Yunbo, L. (2013) Optimization of mung-
bean milk medium for Lactobacillus helveticus and Lactobacillus casei. Journal of Chinese
Institute of Food Science and Technology, 13(6), 117-122.

Zomorodi, S., Khosrowshahi, A., Rohani, S.M.R. & Miraghaei, S. (2011) Survival of Lactobacillus
casei, Lactobacillus plantarum and Bifdobacterium bifidum in free and microencapsulated
forms on Iranian White cheese produced by ultrafiltration. International Journal of Dairy
Technology, 64, 84-91.



5 Current Legislation of Probiotic Products

M. Hickey

5.1 Introduction and background

The belief that certain fermented milks provide health benefits above and beyond their
nutritional value has been recognised for centuries by various cultures in many coun-
tries. However, it was not until the beginning of the twentieth century that the first sci-
entific claims for food providing health benefits were made by the Nobel laureate Elie
(Ilya) Metchnikoff (1845-1914). Metchnikoff was born in the village of Ivanovka, in
what is now the province of Kharkiv in Ukraine, then called Kharkoff, Little Russia. He
was a Professor of Zoology at the University of Odessa for about 16 years, but following
difficulties with the Tsarist regime there, in 1888 he was invited by Louis Pasteur to
work in the Pasteur Institute in Paris, where he remained for the rest of his life
(Metchnikoff, 1921). While there, he became interested in the study of micro-organisms
and especially their roles in the immune system, and learnt of the observations of a
young Bulgarian student in Geneva called Stamen Grigoroff (1878—1945) regarding the
number of centenarians to be found in Bulgaria where yoghurt was a stable food
(Metchnikoff, 1908). In 1908, in ‘The Prolongation of Life: Optimistic Studies’,
Metchnikoff proposed that the longevity of Bulgarian peasant farmers was related to
their ingestion of fermented milks. In addition, Metchnikoff believed that there was
potential to replace harmful bacteria in our bodies with beneficial bacteria. It is claimed
he drank sour milk every day throughout his life. In 1908, he shared the Nobel Prize for
Physiology Medicine with Paul Erlich for their work in the field of immunology. Stamen
Grigoroff was born in the village of Studen Izvor, Tran Region, Bulgaria. In 1905, aged
27, working in the laboratory of Professor Masole in Geneva, he identified the micro-
organisms in yoghurt, which he called Bacterium bulgaricum (Grigoroff, 1905).
Professor Masole wrote to Mechnikoff telling him of his young assistant’s findings.
Metchnikoff invited Grigorov to visit the Institut Pasteur, where he read a paper on the
Lactobacillus strain he had discovered. Soon after Coendi and Mikelson, assistants to
Mechnikoff, named the micro-organism Bacillus bulgaricus (Grigoroff) in his honour.
This micro-organism is now called Lb. delbrueckii subsp. bulgaricus.

At about the same time a French paediatrician, Henry Tissier, who also worked at
the Pasteur Institute, observed that the stools of young children with diarrhoea were
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characterised by low numbers of particular y- or bifid-shaped bacteria, while those of
healthy children had high numbers of the same type of organisms (Tissier, 1906;
Anukam & Reid, 2007). Tissier suggested that there was a possibility of administering
such bacteria to the ill children. Very little else is known about Tissier; he is not included
in the long list of biographies of famous scientists on the Pasteur Institute’s website.

Alfred Nissle (1874-1965) was born in Kopenick district in the southeast of Berlin.
In 1912, he joined the Institute of Hygiene of the University of Freiburg. From 1915 to
1938, he was head of the Institute for Infectious Diseases in Freiburg. In 1917, he iso-
lated a strain of non-pathogenic Escherichia coli (E. coli Nissle 1917) from the faeces
of a World War 1 soldier who did not develop enterocolitis during a severe outbreak of
shigellosis. He used the identified strain to treat intestinal diseases, such as shigellosis
and salmonellosis, with a considerable amount of success. E. coli Nissle 1917 (EcN) has
many features in common with probiotic lactic acid bacteria but was the first non-lactic
acid bacteria (LAB) probiotic identified (Sonnenborn & Schulze, 2009).

Leo Rettger (1874-1954) was born in Huntington, Indiana, on 17 March 1874. He
taught at Yale University from 1902 to 1942. He was Professor of Bacteriology there
and became the first proponent of probiotics in the United States. In 1920, he showed
‘Lactobacillus bulgaricus’ (presumed to be Lactobacillus delbrueckii subsp. bulgari-
cus) could not survive in the human intestine — this seemed to contradict Metchinikoff’s
theory, and as a result the concept of the benefits of fermented food waned for some
years. However, in 1935, Rettger published a paper that identified that certain strains of
Lactobacillus acidophilus were very active, when introduced to the human digestive
tract. Tests were carried out, and it was found to be helpful in relieving chronic constipa-
tion (Rettger et al., 1935).

Minoru Shirota (1899-1982) was born in Inadani, a village in Western Nagano,
Japan. In 1921, he chose to study medicine in Kyoto University, at a time when a num-
ber of children died in his village due to infectious diseases and malnutrition. Inspired
by the ideas of Mechnikoff, he sought to develop a stronger strain of lactic acid bacteria
that would help destroy the harmful bacteria living in the intestines, and thus help main-
tain or improve human health. In 1930, he succeeded in culturing a strain of lactic acid
bacteria, Lactobacillus casei Shirota. Five years later, he succeeded in incorporating this
strain into a drink he called Yakult. This product was sold only in Japan until 1964, when
Yakult expanded to markets outside Japan; it is now sold in 35 countries worldwide
(Anonymous, 2011c¢).

Since that time, many researchers have isolated other micro-organisms that have
health benefits associated with humans, and many of these have been commercialised.
In 2003, a scientific paper listed 17 strains of lactobacilli and five strains of bifidobacte-
ria that were used by internationally known food manufacturers, such as Nestlé, Danone,
Arla, Valio, Yakult and Fonterra, and major starter culture suppliers, such as Chr. Hansen
and Danisco (Sanders, 2003).

Total safety of any product cannot be guaranteed, but some of the Lactobacillus
species have been used in the manufacture of fermented milk products and cheese for
centuries, and have had a very good safety record during that time. On very rare occa-
sions, there are reports of infections linked with consumption of commercial probiotic
fermented products by individuals with underlying medical conditions, but the
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lactobacilli used were not necessarily causal (Mackay et al., 1999; Rautio et al., 1999).
A review on the safety of certain micro-organisms, such as lactobacilli and bifidobacte-
ria, concluded that there were essentially no risks involved in their oral consumption by
healthy individuals (Salminen, 1996). Nonetheless, the increasing trend of incorporat-
ing into foods specific strains, that have been isolated from humans but not traditionally
used as starter cultures, is likely to increase the need, requirements and rigour of safety
assessment. Also, the increasing numbers of immunocompromised individuals in the
population can only contribute to this need. Furthermore, Enterococcus, Bacillus and
Saccharomyces species are also used in fermented food and dietary supplements
throughout the world. Safety assessments of such strains need to be quite rigorous as
some pathogenic strains are also found in these genera.

While the scientific concept of using beneficial bacteria had its origins early in the
twentieth century, the term ‘probiotic’ only appeared in the 1960s. There seems to be
general agreement that the term ‘probiotic’ was first used in a 1965 paper. However, in
this paper, the term was used in a different context to describe substances secreted by
one organism that stimulate the growth of another (i.e. associative growth behaviour). It
would appear that the term probiotic was used in that instance as an antonym to the term
antibiotic. It was not until 1974 that the term probiotic was actually used to describe a
feed or food supplement by Parker (1974), who defined it as ‘organisms and substances
which contribute to intestinal microbial balance’. However, this definition also includes
what we now call prebiotics. In 1989, Fuller (1989), an expert in gut microbial ecology
at the Agriculture and Food Research Council (AFRC), which was then based in Reading
University, modified Parker’s definition to: ‘a live microbial feed supplement which
beneficially affects the host animal by improving its intestinal microbial balance’.

In 2002, a Working Group of a Food and Agriculture Organisation of the United
Nations and World Health Organisation (FAO/WHO) Expert Consultation proposed the
following definition: ‘Live micro-organisms which when administered in adequate
amounts confer a health benefit on the host” (FAO/WHO, 2002). The 2002 definition,
although widely accepted at least in the scientific community, has not been adopted into
any international standard (at least to date). In 2014, a similar panel of scientific experts
organised by the International Scientific Association for Probiotics and Prebiotics (ISAPP)
agreed that the FAO/WHO (2002) definition for probiotics was still relevant, but advised
a minor grammatical correction as follows: ‘Live micro-organisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host’ (Hill ez al., 2014).

From the 1990s, an increasing number of scientific reports appear in the literature
detailing the specific health benefits of probiotic micro-organisms; this led to an increas-
ing clamour to allow the use of specific claims in the labelling, marketing and advertis-
ing of products containing probiotic micro-organisms. These considerations not only
applied to probiotic products, but also encompassed the overall area of functional foods,
which fall into the grey area between foods and medicines. As a reaction to this, some
countries developed their own legislative systems to ensure food safety and consumer
protection and to address the issues raised by this relatively new category of products.

Inevitably, differences have arisen between the approaches used in different jurisdic-
tions, and this chapter shall cover the approaches in a number of regions of the world,
starting with Japan, and going on to discuss the European Union (EU), the United States
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(USA), Canada and China. It shall then go on to describe the progress that has taken
place at an international level; in particular, the role and status of Codex Alimentarius
will be examined. Finally, some conclusions and possible future developments will also
be considered.

5.2 The situation in Japan

Whenever legislation on the subject of functional foods is discussed, reference is made
to the Japanese system of regulation for foods with health claims and foods for special
dietary use. Many will be familiar with the category of Foods for Specified Health Use
(FOSHU), although, as we shall see, this is but one specific category of such products
in Japan. The Japanese concept of functional foods and the consequential legislation on
foods with health claims, including FOSHU, have their origins in two main factors: (a)
the severe malnutrition in certain sections of the Japanese population in the aftermath of
World War II, leading to the schools’ lunch programme and permitting the addition of
certain nutrients to certain staple foods, such as bread, and (b) concerns regarding the
ageing of the Japanese population and the burden that this was likely to place on the
state’s finances in the future.

In 1952, the Nutrition Improvement Law [Law No. 248, enacted by the Diet (E4),
the Japanese Parliament, on 31 July 1952] created a food category for special dietary
uses. Article 1 of the law stated, ‘This law aims to contribute to promote national wel-
fare by means of striving for the elevation of ideas of nutritional improvement of the
people, the inquiry into the nutritional conditions of the people and the maintenance and
the development of the health and the physical strength of the people devising necessary
steps about the betterment of the nutritional conditions of the people’ (Mitsuda, 1958).
This law, which paved the way for later legislation in this area, mainly addressed the
implementation of the outcomes of the National Nutrition Surveys that had been
undertaken annually since 1946, the development of a national nutrition policy and the
provision of, and enrichment with, nutrients in foods for specific groups such as infants,
pregnant women and medical patients and for the elderly with certain eating difficulties.
FOSHU came somewhat later (Tomita, 2007; Yamada et al., 2008).

In 1984, the Ministry of Education, Science and Culture carried out a study on statis-
tical analysis and an outlook on food nutrition (Ichikawa, 1994) and, in 1986, a similar
report of this study identified three main functions of food:

o The food’s nutritive value;

e The food’s organoleptic appeal; and

e The food’s physiological factors, which include the regulation of bodily functions,
disease prevention, promotion of recovery and good health.

The concept of functional foods grew out of the third function in this list, and a
Functional Foods Forum was established comprising experts from food and nutrition
departments of Japanese universities. In addition, the then Ministry of Health and
Welfare was promoting functional foods, and the industry was keen to market such
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products using health claims. In 1989, the Nutrition Law was enacted, and this included
the manufacture of functional foods, which could make health claims. A Functional
Foods Liaison Board was established to work with the industry, and various Functional
Food Sub-Committees were set up. Since 1991, FOSHU became the official term for
such foods, replacing the original term functional foods, and they are defined as ‘pro-
cessed foods containing ingredients that aid specific bodily functions in addition to
being nutritious’. The law also aimed at preventing misleading and ill-defined health
claims and listed five categories of Food for Special Dietary Uses:

e Milk powder for pregnant and lactating women;

e Infant formula;

e Food for elderly people with difficulty in chewing or swallowing;
e Foods for medical patients; and

e FOSHU.

In 2003, an additional category of Foods with Nutrient Function Claims (FNFC) was
added to the existing category of FOSHU. In 2005, following expert consultations, the
relevant Ministry, then named the Ministry for Health Labour and Welfare (MHLW),
changed the existing FOSHU system to include the new subsystems, which were entitled
standardised FOSHU, qualified FOSHU and disease risk reduction claims for FOSHU,
based on the level of scientific evidence supporting the relationship between the food or
ingredient in the food and the health condition concerned (Figure 5.1) (Yamada et al., 2008).

In 2015, a new category of Foods with Function Claims was introduced in order to
make more products available, clearly labelled with certain nutritional or health
functions, and to enable consumers to make more informed choices. Before being
placed on the market, the food manufacturer is required to submit information to Japan’s
Consumer Affairs Agency (CAA) on food safety, the function claim that is based on
scientific evidence, and the system they have put in place to collect information on any
adverse health effects. The submitted information is disclosed on the website of the
CAA (CAA Japan, 2016b).

l Foods with Health Claims

1 U i

Foods with ‘ Regular ‘ New types of FOSHU (introduced in 2005)
nutrient function FOSHU

claims
(FNFC) ﬂ L @

Standardised Qualified Reduction of disease
FOSHU FOSHU risk
FOSHU

Figure 5.1 Categories of foods with health claims in Japan following the restructuring of the Foods
for Special Health Uses (FOSHU) system in 2005 into four groups based on the strength of the evidence
behind the claim.
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Table 5.1 The seven broad categories of FOSHU claims in Japan.

Gastrointestinal health (most probiotics are included in this category)
Hypertension control

Blood sugar control

Body fat control

Dental health

Cholesterol and triacylglycerol (TAG) level control

Bone formation

The CAA was established as a new government agency on 1 September 2009, and
one of the responsibilities it was given was the administration of the Japanese food-
labelling system, including those provisions covering FOSHU. The CAA began discus-
sions on a review of the health foods systems in November 2009. The report on these
discussions was published in late August 2010 and included improving the FOSHU
approval process with regard to speed and transparency and also the presentation of the
necessary labelling information. The report also included a commitment to regulate
health foods, such as dietary supplements and other health-related products outside the
FOSHU system, by developing guidelines to cover false and misleading labelling; such
foods are not allowed to make health or nutrient function claims. In addition to the
CAA, the Consumer Commission also was established on 1 September 2009. It operates
as an independent third-party agency to monitor general consumer affairs administra-
tion of the government ministries and agencies, including the CAA. It is composed of a
panel of independent experts, and its meetings are held in public and open to consumers
to attend. Certain expert consultative groups and committees of the Consumer
Commission have roles in the review of FOSHU applications, as shall be outlined in this
chapter. Approved FOSHU product claims may be grouped under seven broad headings
(see Table 5.1). Some examples of health claims for milk-based probiotic products that
have been approved for FOSHU labelling on the Japanese market are listed in Table 5.2.

5.2.1 Subsystems of FOSHU

Qualified FOSHU

Qualified FOSHU refers to the approval of a food with a health function which is not
substantiated with the high level of scientific evidence that is required of regular
FOSHU, or to the approval of a food with certain effectiveness but without the mecha-
nism of the effective element for the function being clearly established. Standardised
FOSHU claims are approved where a product meets the set standards and specifica-
tions. In the case of a reduction of disease risk FOSHU, a claim is permitted when
reduction of disease risk is clinically and nutritionally established for an ingredient
(Anonymous, 2011a).
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Table 5.2 Examples of health claims approved on FOSHU products containing
probiotic micro-organisms.

Commercial company Health claims

Meiji Milk Products Due to the effects of Lactobacillus spp. LB 81 in Bulgarian yoghurt, this
fermented milk regulates the balance of intestinal bacteria that lead to and
maintain a good intestinal condition.

Yakult Due to the effects of the Yakult strain (Lactobacillus casei Shirota), which
can reach the intestine alive, Yakult maintains the intestine in good health by
increasing beneficial bacteria, decreasing harmful bacteria and improving
the intestinal environment. Manufactured products are known as fermented
milk beverage and Sofhul (smooth-textured yoghurt).

Morinaga Milk Due to the effects of ‘Bifidobacterium longum BB536’ (presumed to be
Bifidobacterium longum subsp. longum BB536), which reaches the intestine
alive, the bifidobacteria in the intestines increase, improve the intestinal
environment and regulate intestinal and stomach conditions. Manufactured
products are known as Bifidus BB536 Yoghurt and Caldus milk.

Milk Takanashi Products Due to the effects of Lactobacillus rhamnosus GG, which can reach the
intestine alive, this product increases beneficial bacteria and decreases
harmful bacteria. It improves the intestinal environment and regulates the
stomach conditions. Manufactured product is known as Onaka-He-GG.

Data compiled from CAA Japan (2016a).

Disease reduction risk FOSHU

There are only two approved disease reduction claims for foods (Anonymous, 2011a).
These are: (a) calcium and osteoporosis: where the claim statement is that a proper
amount of calcium contained in healthy meals, with appropriate exercise, may support
healthy bones of young women and reduce the risk of osteoporosis when aged, and (b)
folic acid and neural tube defects: where it may be claimed that the intake of a proper
amount of folic acid contained in healthy meals may support a woman to bear a healthy
baby, by reducing the risk of neural tube defects, such as spondyloschisis, during foetal
development.

Foods with nutrient function claims

As mentioned in this chapter, there are also legal provisions for FNFC which can be
made for foods that meet specified requirements for any of 12 named vitamins and
the minerals calcium, copper, iron, magnesium and zinc (Yamada et al., 2008;
Anonymous, 2011b). Unlike FOSHU products, FNFC products do not require per-
mission from or notification to the Japanese authorities, provided that they meet the
established standards and specifications that specify the nutrient content required for
the use of each claim as set down, and the labelling must include any warnings as
required. As these do not affect probiotics directly, they shall not be addressed further
in this chapter.
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5.2.2 Essential elements for obtaining FOSHU approval

The Japanese approval procedure differs from those of other countries in that approval is
given for individual products. This is unlike the situation in the USA, where only generic
claims can be made on certain foods; while in the EU, at least in the case of general-
function claims, all foods that meet the specified requirements may carry the claim.

Prior to September 2009, it was the norm that applications were submitted to the
local or regional health authority and passed on to the Office of Health Policy on Newly
Developed Foods of the Ministry of Health, Labour and Welfare but, since the formation
of the CAA, applications are now submitted to the CAA’s Labelling Division.

If the application is deemed adequate and in order, the CAA then forwards the
application to the Assessment and Evaluation Group for Novel Food of the Consumer
Commission to review its efficacy. It is then forwarded to the Expert Assessment Group
of the Food Safety Commission which reviews the food safety aspects. It is then returned
to the Assessment Committee for Novel Foods of the Consumer Commission for a
comprehensive review of both efficacy and food safety. Requests for additional
documentation and information may be made throughout this process.

Following successful completion of the various reviews, the application is passed to
the Ministry of Health, Labour and Welfare to check whether the labelling violates the
Pharmaceutical Affairs Act. On completion of the entire process, the product receives
FOSHU approval and is permitted to use the approved claim (Figure 5.2). The labelling
of approved products can also carry the FOSHU logo (Figure 5.3) or the Qualified
FOSHU logo (Figure 5.4) as appropriate. The examples shown are those that indicate,
in Japanese characters above the logo, {H & JT#F F], which shows that the products
are permitted or approved by the CAA. Products approved by the Ministry of Health,
Labour and Welfare prior to the establishment of the CAA in September 2009 may
indicate this by the use of the Japanese characters JE £ 57 B4 #T 7] above the logo.

The approval process generally takes about one year from the time of submission to
obtaining approval. Initially, the rate of applications was slow; this was attributed to the
length of time taken to obtain approval (in the earlier years, it was reputed to take some
years), and also to the costs involved. From 1991 to 1998, only 126 products received
FOSHU approval; however, amendments to the FOSHU Law in 1998 reduced the
requirements for:

e The amount of scientific documentation that manufacturers must submit;

o A certificate confirming that all submitted scientific documentation had been
reviewed by outside scientific experts was removed and replaced by a requirement
that studies had been published in a scientific journal; an industry-sponsored journal
is deemed acceptable in this respect;

e For products which previously were required to be tested by the National Health and
Nutrition Laboratory, now the manufacturer’s own analytical tests are deemed
acceptable.

By the end of 2003, a total of 396 products had been granted FOSHU status; by April
2011, the total had progressed to 995 products; and by mid-October 2016, it progressed
to 1325 products (Figure 5.5) (CAA Japan, 2011).
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Figure 5.6 FOSHU by health effect, expressed as a percentage of total approvals. After CAA Japan (2011).

A list of all FOSHU products is available in Excel file format but in Japanese only
(CAA Japan, 2016a). In terms of product approvals, the largest category is that of gas-
trointestinal health, which consists mainly of probiotics, prebiotics and dietary fibre. By
the end of 2001, such products accounted for about 60% of the 289 approved products
(Arai et al., 2002), and probiotics accounted for about one-third of the gastrointestinal
health category. In 2008 it was indicated that approvals related to gastrointestinal health
still accounted for about half of all FOSHU approvals, and by April 2011 the figure was
36% (Figure 5.6) (Yamada et al., 2008; CAA Japan, 2011). Up-to-date analysis of the
categories of product approvals has not been readily available since 2011.

5.2.3 Features of the new cateqgory of foods with function claims

Under this new category, introduced in 2015, there is no safety assessment or evaluation
of functionality by government bodies. The food operators can use functional claims on
their own. However, prior notification must be given to the CAA 60 days before launch.
The notification number should appear on the packaging. Information on each product,
including scientific data, can be seen on the website of the CAA, where any revisions or
modifications of the text can also be accessed. According to the website of the CAA,
there were 325 notifications up to late March 2016; included are approximately 25
probiotics, including yogurts and probiotic supplements. Examples of some of these
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Table 5.3 Examples of notifications of new foods with a function claim in Japan for products
containing probiotic micro-organisms, 2015-2016.

Commercial product Function claim

Megumi yoghurt drink This product contains Lactobacillus gasseri SP that has the function of decreasing
visceral fat.

Morinaga bifidus This product contains ‘Bifidobacterium longum BB536’ (presumed to be
yoghurt and PREMil'  Bifidobacterium longum subsp. longum BB536) that enhances the intestinal
environment and adjusts the intestinal condition.

Glico BifiX breakfast This product contains Bifidus BifiX (‘Bifidobacterium lactis GCL

fermented milk drink 2505’ — presumed to be Bifidobacterium animalis subsp. lactis GCL 2505). This

and yoghurt live bacterium has been reported to improve the intestinal environment by
reaching and living in the intestine, and by proliferating in the intestine.

"Product contains 1.8 g 100 g™ fat, protein-enriched milk with dietary fiber.
Data compiled from CAA Japan (2016b).

products and their claims are Morinaga Milk, Takanashi Yogurt, Calpis Milk, Megmilk
Snow and Ekazi Glico (see Table 5.3).

5.2.4 Unique features of the Japanese FOSHU system

The unique features of the FOSHU system are summarised as follows:

e It is a voluntary procedure, but it has government approval.

e It is granted to individual products.

e Specific health claims are approved prior to use.

e Approval is based on documented scientific safety and effectiveness considerations.
e Approved products may use the FOSHU logo on their labels.

Being the first regulatory system to address functional foods, the Japanese approach
has proved a model and reference point for the sector. It is expensive to get FOSHU
approval; the cost has been estimated as being between US$850 000 and US$1.5 million
(Yamaguchi, 2004; Patel et al., 2008). This estimate may be outdated, but no recent
estimates of current costs are readily available.

5.3 The legislative situation in the European Union

The EU’s horizontal legislation considerations addressing aspects of food safety, novel
foods and food ingredients, and food labelling shall be addressed before going on to
deal with the regulation of nutrition and health claims. The latter have the greatest
impact on probiotics products in the EU and shall be discussed in some detail.

5.3.1 Relevant EU food safety legislation

Regulation 178/2002 lays down some general principles and requirements on food
safety in the EU (EU, 2002). Article 14.1 of this Regulation requires that food put
on the market should be safe. The Regulation goes on to specify that food safety in
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this context encompasses short-term, intermediate and long-term effects on consum-
ers, and also any possible effects on subsequent generations (through teratogenic
effects). Prior to its adoption, food manufacturers were required to ensure their
products met the specific requirements of EU legislation but, unlike the laws of an
increasing number of member states, the law did not include the broad requirement
that food put on the market should be safe. While it could be held that the Product
Liability Directive 85/374 (EU, 1985, 1999) made it a requirement to have safe
products by imposing strict liability on manufacturers whose products caused harm
to individuals, it did not allow action by the authorities before the products actually
caused a problem. Furthermore, the scope of the Liability Directive excluded pri-
mary agricultural products. By way of contrast, the General Food Law Regulation
178/2002 allows pre-emptive action and also removes the exemption for primary
agricultural produce.

5.3.2 Novel food regulation in the European Union

The Novel Foods Regulation 258/97 (EU, 1997), which came into force on 15 May
1997, requires novel foods and novel food ingredients that have not been previously
used to a significant degree within the EU to undergo a safety assessment before being
placed on the market. One could have an interesting discussion on the precise legal
meaning of the words ‘significant degree’ in the definition, but doubtless clarity on this
shall emerge over time. The categories of foods listed in the scope of the regulation
include novel food ingredients and novel food processes, as well as novel foods them-
selves. Up to the beginning of 2015, about 180 novel food applications were made, with
about 80 such products authorised for use in the EU; however, only one of these applica-
tions and notifications relates to a probiotic product.

Some milk products containing probiotics were on the market prior to the Novel
Foods Regulation coming into force and so were not affected by this regulation,
because commercial foods in use in at least one member state before the EU regula-
tion came into force were allowed on the EU market under the ‘principle of mutual
recognition’. One example of such prior approval of a probiotic is the strain
Lactobacillus rhamnosus GG, which was approved by the Advisory Committee for
Novel Foods and Processes (ACNFP) in 1992 in the United Kingdom (UK)
(Anonymous, 1992). It should be noted that its approval was as a novel starter cul-
ture and not as a novel probiotic. This was the first micro-organism to undergo a
formal novel food evaluation by the UK ACNFP, and there was discussion in the
Committee as to whether the proposed use was actually novel. The conclusion was
that, while the organism was already present in the UK diet at low levels, the pro-
posed use could significantly increase the level of consumption and that justified its
assessment as a novel food. Furthermore, the conclusion of the assessment was that
there were no food safety concerns regarding its consumption in foods. In 1996, a
scientific paper outlined some of the selection criteria and clinical evaluation appli-
cable to Lb. rhamnosus GG (Salminen, 1996), and the specific techniques used in
the selection process for the organism are described fully in USA Patent 4839281
(Gorbach & Goldin, 1989).
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5.3.3 Genetically modified organisms

Genetically modified organisms (GMOs) are organisms, such as plants, animals and
micro-organisms, the genetic characteristics of which have been modified artificially in
order to give them new or improved properties. To ensure the safety of GMOs, the EU
has established a detailed legal framework covering the area.

Given the controversy in recent years regarding GMOs, it is likely to be some time
before probiotics developed using genetic modification will appear on the EU market. It
has to be borne in mind that, as part of the selection and evaluation of probiotics,
improvements of the performance of some of the strains are made; however, to date
those that have been developed and are in use have been using non-GMO selection
techniques.

5.3.4 EU food-labelling provisions

Following much discussion and debate, a new regulation, Regulation 1160/2001 on the
provision of food information to consumers, was adopted and published in November
2011 (EU, 2011). Among its purposes, this repeals the earlier food-labelling Directive
2000/13. This regulation entered into force on 13 December 2011 and its provisions
applied from 13 December 2014; the provisions on mandatory nutritional declaration
applied from 13 December 2016. This new regulation retained the provisions as regards
the general principle underpinning food labelling that purchasers must not be misled,
including by claims that could mislead. Much more specific provisions on the subject of
claims were addressed in the regulation on nutrition and health claims that had been
adopted earlier, in late 2006.

5.3.5 EU nutrition and health claims

The regulation of nutrition and health claims in the EU has posed a major problem for
many existing products, and in particular for probiotics. Efforts had been made to regu-
late health claims in the late 1980s and early 1990s, at a time when nine of the then 12
member states had either national legislation or guidelines on claims. These national
provisions gave rise to a situation that had the potential to create barriers to the comple-
tion of the open market. The EU Commission produced draft proposals for a regulation,
which was worked on for some years, but this effort came to nought, foundering on the
contentious issue of health claims. Some countries wanted a total prohibition on health
claims completely, while others were prepared to accept them provided they were sub-
ject to strict criteria. Barriers to, and difficulties in, intra-community trade continued to
arise as a consequence, while ‘health claims’ continued to appear on foods, and some
viewed them as a problem as they were unregulated.

Eventually, in July 2003, the Commission published a new proposal for a regulation
on nutrition and health claims. The resulting Regulation 1924/2006 was finally adopted
and published on 30 December 2006. The original published version was corrected in
early 2007, and two subsequent amendments were adopted in 2008 and another in 2010
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(EU, 2006, 2008b, 2008c, 2010). Full implementation of all the provisions in this regu-
lation is not scheduled until 2021, but an implementing Regulation 353/2008 was
adopted in April 2008 (EU, 2008a).

The scope of the main Regulation encompasses nutrition and health claims made on
all foods marketed within the EU and includes claims made in the labelling, presentation
and advertising of foods, including brand names. The scope also includes food supple-
ments, foods for particular nutritional uses, natural mineral waters and water intended
for human consumption. A claim is defined as referring to any message or representa-
tion which is not mandatory under EU or national legislation, including pictorial, graph-
ical or symbolic representation in any form, which states, suggests or implies that a food
has particular characteristics. A nutrition claim is any claim that states, suggests or
implies that a food has particular beneficial nutritional properties due to the energy,
nutrients or other substances provided, not provided or provided in reduced/increased
amounts. A health claim is any claim that states, suggests or implies that a relationship
exists between a food category, a food or one of its constituents, and health.

While nutrient content claims had been addressed to some extent already, the regula-
tion of the field of health claims at the community level was new. Health claims are only
permitted if the following information is included in the labelling (or if there is no such
labelling, in the presentation and advertising):

e A statement indicating the importance of a varied and balanced diet and a healthy
lifestyle;

o The quantity of the food and pattern of consumption required to obtain the claimed
beneficial effect; and

e Where appropriate, a statement addressed to persons who should avoid using the
food; and an appropriate warning for products that are likely to present a health risk
if consumed in excess.

5.3.6 Types of health claims

Health claims that describe or refer to the role of a nutrient/substance in body functions
are called Article 13 claims. These are further subdivided into Article 13.1 health claims
and Article 13.5 health claims. Health claims that refer to a reduction of disease risk, or
claims referring to children’s development and health, are called Article 14 claims. It
should be mentioned that medicinal claims, which claim that food can treat, prevent or
cure any disease or medical condition, are still prohibited on foods; such medicinal
claims can only be made for licensed medicines.

Article 13.1 claims

Article 13.1 claims address health claims other than those referring to the reduction of
disease risk and to children’s development and health. They refer to:

e The role of a nutrient/substance in growth, development or body functions;

e Psychological and behavioural functions; or

¢ Slimming or weight control, a reduction in the sense of hunger, an increase in the
sense of satiety or a reduction of the available energy from the diet.
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These are based on generally accepted scientific evidence and must be well understood
by the average consumer. They are sometimes referred to as ‘general function’ claims.

In mid-2006, the Commission asked member states to submit a list of health claims
under Article 13.1 made by the food industry within their jurisdiction, and to this end the
competent authorities in each country contacted their food companies. The deadline for
the submission of these national lists was the end of January 2008. It is believed the
Commission expected to receive about 2000 such claims from member states — they
actually received about 40 000. By a process of eliminating duplicates and consolidat-
ing, the total number of Article 13.1 claims to be assessed was reduced to 4306. However,
when claims on botanicals, numbering 1548, were put on hold by the Commission this
left a total of 2758 Article 13.1 claims to be assessed. The European Food Standard
Authority (EFSA) opinions on the scientific evidence supporting these claims were pub-
lished in batches, starting in October 2009 and ending in July 2011, by which time
EFSA’s panel on Dietetic Products, Nutrition and Allergies (NDA) had completed its
assessment of all the remaining 2758 of these claims and issued 341 opinions on them.

An earlier personal review and analysis of 2719 of these EFSA opinions indicated
that, of the total, 478 (17.6%) received favourable opinions (i.e. that the claims submit-
ted were borne out by the evidence supplied), while 2212 (81.3%) received unfavoura-
ble outcomes, with 30 (1.1%) receiving mixed outcomes. The latter cases are due to the
grouping of a number of claims in a single opinion; some of the health claims therein
have received favourable outcomes, while others received unfavourable opinions. The
remaining 38 health claims relate to the roles of various vitamins, minerals and omega-3
fatty acids on various body functions, which had been evaluated in previously published
EFSA opinions; thus, their outcomes cannot be readily analysed without identifying
each of the corresponding earlier opinions and their outcomes (Hickey, 2014).

Some types, or categories, of claims received a higher percentage of favourable
outcomes than others. However, none of the opinions on 359 probiotic claims were
favourable (see Table 5.4).

Table 5.4 Analysis of applications and authorisations of health claims under European Union
Regulation 1924/2006, to October 2016.

Claim type Total Not Authorised Probiotic claims
submitted authorised (not authorised)

General health claims (Article 13.1) 2104 1875 229 359

Health claims based on new scientific 112 108 4 17

evidence or where protection of
proprietary data was requested

(Article 13.5)

Reduction of disease risk claims [Article 37 23 14 2
14.1(a)]

Claims referring to children’s 56 44 12 9
development and health [Article 14.1(b)]

Totals 2309 2050 259 387

EU (2006).
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The main reasons for submissions on probiotics receiving unfavourable opinions
included:

o Insufficient information to identify or characterise the substance or ingredient on
which the claim is based;

o Insufficient scientific evidence to demonstrate that the claimed effect was beneficial
to the maintenance or improvement of the functions of the body;

e Lack of precision as regards the wording of the health claim being made (examples
include claims using broad terms, such as claims on improved ‘gut health’); and

e Lack of sufficient human studies containing the necessary scientific data to demon-
strate the claimed health benefit.

Article 13.5 claims

Article 13.5 claims are of a similar nature to the Article 13.1 health claims, but are based
on newly developed scientific evidence and/or applications that contain requests for the
protection of proprietary data. Up to October 2016, the EFSA panel had evaluated 112
applications; those receiving unfavourable opinions included seven milk-based or
enriched-milk products, of which four were probiotic-containing products. Of the total
Article 13.5 claims assessed, only four (3.6%) EFSA opinions were favourable for the
proposed claims (EFSA, 2016). None of these favourable claims concerned milk-based
products or probiotics (see Table 5.4).

Article 14 health claims

As mentioned, Article 14.1 includes two types of health claims: (a) reduction of disease
risk claims, and (b) claims referring to children’s development and health.

Article 14 claims are assessed individually and are not grouped or consolidated. To
October 2016, 37 Article 14.1(a) health claims have been evaluated, including two that
are related to probiotics. Fourteen (37.8%) of these were approved, but not those related
to the two probiotic claims. A total of 56 Article 14.1(b) claims were evaluated, includ-
ing nine related to probiotics. Twelve (21.4%) of the claims were approved but, again,
none related to probiotics (Table 5.4).

Some Article 14.1(b) claims would appear to be quite similar to some Article 13.1
claims, but because they make reference to effects on children they were dealt with
under Article 14. The main reasons for submissions receiving unfavourable opinions
were similar to those outlined under Article 13.1 claims.

Overall, therefore, none of the 387 probiotic claims reported on the EU Register of
nutrition and health claims were authorised by EFSA (EU, 2016). It is worth noting that
these included some of the products which had already received FOSHU approval in
Japan, and which had the same, or similar, health claims that were not accepted by the
EFSA panel. Although the claims made had been subjected to scientific evaluation by both
the Japanese authorities and EFSA, these evaluations had resulted in different outcomes.

It is noted that International Probiotics Association (IPA) Europe, the European
chapter of the IPA, established in Brussels in 2015, claim that more than 400 applica-
tions were submitted to EFSA (Thomas, 2016). Furthermore, since no probiotic
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claims have been approved and under a 2007 interpretation of the EU Nutrition &
Health Claims Regulation 1924/2006, the use of the term probiotic is regarded as a
health claim; therefore, the use of the term probiotic on a food label in the EU has
been banned since December 2012. Not surprisingly, the consequences for the mar-
ket for probiotic dairy products in the EU are quite serious. It is interesting to com-
pare the claims made on the labels of some probiotic fermented milk products on the
UK and Irish markets in 2005 (Table 5.5) with the label statements made on the same,
or similar, fermented milk products on the same markets in 2016 (Table 5.6). It will
be noted that any references to probiotics have been removed in 2016, but the pres-
ence of named cultures is still acceptable. Where health claims are made, these now
relate to the presence of named vitamins, and use approved wording for the relevant
Article 13.1 claims.

Nonetheless, it has been estimated that the probiotic yoghurt industry in the EU,
which had grown by an average 5% per annum from 2000 to 2012, declined by 8% in
2013 and may well lose up to €1.5 billion in revenue by 2020 unless the regulatory situ-
ation is resolved. This contrasts with continuing steady growth in other regions of the
world (Thomas, 2016).

Table 5.5 Examples of claims used on labels of some probiotic fermented milk products on the UK
and Irish markets in 2005.

Manufacturer/product  Probiotic micro-organisms Claim on label

Danone (Actimel)

Danone (Activia)

Yoplait (Every Body
Probiotic Yoghurt
Drink + 15 Vitamins
and Minerals)

Miiller (Vitality)

Ocean Spray
Probiotic Yoghurt

Lactobacillus casei strain
Immunitas

Bifidobacterium spp.
strain Essensis or
Digestivum

Lactobacillus rhamnosus
GG (LGG)

Lactobacillus acidophilus
LA-5 and Bifidobacterium
animalis subsp. lactis
BB-12 (see Masco et al.,
2004)

Not listed

Helps support your bodies’ natural defenses.

Bifidobacterium spp. strain Essensis or Digestivum,
a natural culture unique to Danone Activia, has
been proven to help our digestion work better as it
supplements and supports the essential cultures in
our intestinal flora. A healthy digestion is essential
to a healthy life.

+ LGG, the most clinically researched probiotic in
the world proven to enhance your natural resistance
and help you maintain a healthy digestive system.
+ Balance from within LGG

+ Healthy digestive system LGG

The good bacteria in Miiller Vitality can help
maintain the balance of “good” and “bad” bacteria
in your digestive system. Vitality is packed with
millions of “good” probiotic bacteria Lb. acidophilus
LA-5 and Bif. animalis subsp. lactis BB-12. Great at
any time of day as often as you like. Contains
prebiotic inulin.

Contains millions of friendly bacteria that help to
maintain the balance of natural flora in your body,
which in turn may aid digestion and general
well-being.
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Table 5.6 Examples of statements on labels of some fermented milk products on the UK and Irish

markets in 2016.

Product Cultures named on list of Statement on label
ingredients or label statements
Danone Lactobacillus casei Danone® Start your day with Actimel with Vitamins B, and D
Actimel (This is the registered trademark to support your immune system. It also contains L.
used for the specific Danone casei! Danone® cultures. Enjoy as part of a healthy
strain Lactobacillus paracasei balanced diet and lifestyle.
subsp. paracasei CNCM 1-1518.)
Danone Bifidus ActiRegularis® Yogurt with Bifidus ActiRegularis, and the
Activia (This is the registered trademark ingredients list Bifidobacterium lactis® (Bifidus
name used in the United ActiRegularis®) and Lactococcus lactis® cultures
Kingdom and Ireland for their Every Activia pot contains carefully selected
strain Bifidobacterium lactis* ingredients and 4 billion Bifidus ActiRegularis®
DN-173 010.) cultures to craft our delicious yogurt.
Yakult Lactobacillus casei Shirota Contains 10'° billion Lactobacillus casei Shirota per
100 ml when refrigerated (6.5 billion per bottle).
Did you know there are billions of unique
Lactobacillus casei Shirota bacteria in these small
bottles? Millions of people enjoy it as part of their
daily life. Yakult has come a long way since it was
introduced in 1935 by the Japanese scientist Dr.
Shirota. Since then Yakult has been chosen by
people around the world.
With 6.5 billion Lactobacillus casei Shirota bacteria
you’ll want to drink every last drop. You can enjoy
this delicious drink every day.
Milbona L. casei Fat-free yogurt drink with sugars and sweeteners,
ProViact with L. casei' cultures, Vitamin D and Vitamin Bb.
Yogurt Drink Vitamin D and Vitamin B contribute to the normal
function of the immune system. As part of a varied,
balanced diet and healthy lifestyle.

''L. casei stated on the label should read ‘L. casei’.

2 Bifidobacterium lactis stated on the label; presumed to be Bifidobacterium animalis subsp. lactis.
3 Lactococcus lactis stated on the label should read ‘Lactococcus lactis spp.’.

5.4 The USA's legislative situation on probiotics and related

health claims

As is the case with the EU, the USA does not have any specific legislation on probiotics
or other functional foods. The US Institute of Medicine of the National Academy of
Sciences has defined functional foods as ‘any modified food or food ingredient that may
provide a health benefit beyond the traditional nutrients it contains’; however, this is not a
legal definition. The approach to regulation is again focused on the area of health claims.
The US Food and Drug Administration (FDA) has defined four categories of foods:

e Conventional Foods;

e Dietary Supplements (i.e. intended to supplement the diet and marketed like conven-
tional foods, although they also have to be labelled as dietary supplements);
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e Foods for Special Dietary Use (i.e. intended to supply particular dietary needs for
physiological conditions, overweight, food allergies and infant formula); and

e Medicinal Foods (i.e. intended for dietary management of a specific disease, under
the supervision of a doctor or another health professional).

In theory, probiotics could fit into any of the above-mentioned categories but, to date,
none would seem to be used in medical foods, and there are very few applications for
their use in foods for special dietary purposes. A number of conventional foods contain
probiotics, and these are mainly dairy products, such as yoghurts, cultured milks, milk
and Cottage cheese. The USA standard of identity for yoghurt requires the use of the
conventional starter culture organisms (Streptococcus thermophilus and Lb. delbrueckii
subsp. bulgaricus) to be present, but no levels are proscribed. Certain species of lacto-
bacilli and bifidobacteria may also be added; indeed, at the start of the twenty-first
century it was estimated that over 75% of yoghurts sold in the USA market contain Lb.
acidophilus (Sanders, 2003). However, the National Yogurt Association has introduced
a voluntary Live Active Culture seal for products that contain live starter cultures, and
this requires refrigerated yoghurt to contain 10® colony forming units (cfu) g and
frozen yoghurt 107 cfug™ at the time of manufacture. These requirements do not apply
to the levels of other cultures named on the label (Sanders, 2003).

Now, howeyver, the main market for probiotics in the USA is in dietary supplements,
and they are sold in the form of pills, capsules, powders and drinks. The reason that so
many probiotics are sold as dietary supplements would appear to be that prior approval
of structure/function claims is not required for this category — this aspect will be further
discussed in Section 5.4.1.

5.4.1 Claims and labelling in the USA

The Nutrition Labelling and Education Act (NLEA) of 1990 allowed health and dis-
ease prevention claims on food labels, such as ‘any substance that expressly or by
implication characterises the relationship of any substance to a disease or health-
related condition” (US Congress, 1990). Such claims on foods are subject to prior
authorisation by the FDA.

The Dietary Supplement Health Education Act (DSHEA), which was enacted in
1994, created another category of statements, generally referred to as ‘structure/func-
tion’ claims that may be made for dietary supplements (US Congress, 1994). These
statements may claim a benefit related to a nutrient deficiency disease or describe the
role of a nutrient or dietary ingredient intended to affect a structure or function in
humans; they characterise the means by which a nutrient or dietary ingredient acts to
maintain such structure or function, or describe general well-being from consumption of
a nutrient or dietary ingredient. The manufacturer is responsible for ensuring the accu-
racy and truthfulness of these claims; the FDA does not approve them. For this reason,
the law stipulates that if a dietary supplement label includes such a claim, it must state
in a ‘disclaimer’ that the FDA has not evaluated the claim. The disclaimer must also
state that the dietary supplement product is not intended to ‘diagnose, treat, cure or
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prevent any disease’ because only a drug can legally make such a claim. Some report
that this requirement is not always followed in practice (Berner & O’Donnell, 1998).
In 1997, the Food and Drug Administration Modernisation Act (FDAMA) provided
a second way for a health claim to be used on foods (US Congress, 1997). This allows
certain health claims to be made as a result of a successful submission of a notification
based on an ‘authoritative statement’ from the National Academy of Sciences or another
scientific body of the US government. The government did not include dietary supple-
ments in the provisions for health claims based on authoritative statements. Consequently,
this method of managing health claims cannot be used for dietary supplements at this
time. Only qualified health claims may be made for dietary supplements, and this came
about as a result of the US federal Court of Appeals case of Pearson v. Shalala. This
court decision requires the FDA to allow appropriately qualified health claims that
would be misleading without such qualification. These qualified claims are based on the
weight of the scientific evidence (i.e. there is more evidence for than against the rela-
tionship, but it falls short of the validity standard required for foods under NLEA).
Nutrition and health claims in the USA fall into three categories:

e Health claims: These describe a relationship between a food, food component or
dietary supplement ingredient, and reducing risk of a disease or health-related
condition.

e Nutrient content claims: These describe the level of a nutrient or dietary substance
in the product, using terms such as ‘free’, ‘high’ or ‘low’; or they compare the level
in a food to that of another food, using terms such as ‘more’, ‘reduced’ or ‘lite’.

o Structure/function claims: These describe the role of a nutrient or dietary ingredient
intended to affect normal structure or function in humans, for example ‘Calcium
builds strong bones’. They also may characterise the means by which a nutrient or
dietary ingredient acts to maintain such structure or function, for example ‘Fibre
maintains bowel regularity’ or ‘Antioxidants maintain cell integrity’, or they may
describe general well-being from consumption of a nutrient or dietary ingredient.

At present, the FDA has approved 12 health claims or nutrient content claims for
foods that meet the Significant Scientific Agreement (SSA) standard (see Table 5.7)
and five FDAMA (Health Claims Authorised Based on an Authoritative Statement by
Federal Scientific Bodies) (Table 5.8); some of these apply to dietary supplements as
well as conventional foods. As well as the requirements for approved claims, the
FDA has detailed the requirements for the food making the claim, the food claim
requirements and model claim statements. Full details of these claims can be found
in the Code of Federal Regulations and in Appendix C of the Food Labelling Guide
(FDA, 2009).

In USA legislation, there is no explicit recognition of any benefits of functional foods
as such. Some contend that statements that a probiotic helps proper digestive function
would be structure/function statements and not necessarily health claims; but if the
claim was that it helped reduce the risk of cancer, that would be a health-related claim
and, thus, subject to FDA approval (Berner & O’Donnell, 1998). Some products sold as
dietary supplements make structural/function claims, such as ‘when taken daily, helps
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Table 5.7 Twelve health claims approved by the US Food and Drug Administration (FDA) that meet
the Significant Scientific Agreement (SSA) standard.

Calcium and osteoporosis

Dietary lipids and cancer

Sodium and hypertension

Dietary saturated fat, cholesterol and coronary heart disease
Fibre-containing grain products, fruits and vegetables and cancer

Fruits, vegetables and grain products that contain fibre, particularly soluble fibre, and risk of coronary
heart disease

Fruits and vegetables and cancer

Folate and neural tube defects

Dietary sugar alcohols and dental caries

Soluble fibre from certain foods and the risk of coronary heart disease

Soy protein and the risk of coronary heart disease

Plant sterol/stanol esters and the risk of coronary heart disease

After FDA (2015).

fortify your body’s natural defences and helps keep your body at its best’ (Actimel,
Danone), and ‘Helps create a favourable environment for the growth of beneficial flora,
which dramatically influences metabolism and physical well-being’ (Acidophilus, Cell
Tech) (Sanders, 2003).

Structure/function claims have historically appeared on the labels of conventional
foods and dietary supplements. The Dietary Supplement Health and Education Act of
1994 (DSHEA) established regulatory procedures for such claims for dietary supplement
labels (although they can be applied to conventional foods also).

As structure/function claims are not FDA approved, there is no definitive list of such
claims. However, such claims may: (a) describe the role of a nutrient or dietary ingredi-
ent intended to affect normal structure or function in humans (e.g. ‘Calcium builds
strong bones’), (b) characterise the means by which a nutrient or dietary ingredient acts
to maintain such structure or function (e.g. ‘Fibre maintains bowel regularity’ or
‘Antioxidants maintain cell integrity’), (c) describe general well-being from consump-
tion of a nutrient or dietary ingredient, and (d) describe a benefit related to a nutrient
deficiency disease (like vitamin C and scurvy), as long as the statement also tells how
widespread (or otherwise) such a disease is in the USA.

Although structure/function claims do not require pre-approval by the FDA, they
must be truthful and not misleading — the manufacturer is responsible for ensuring the
accuracy and truthfulness of these claims. The FDA must be notified of dietary supple-
ment claims within 30 days of their first use. If a dietary supplement label includes such
a claim, it must state in a ‘disclaimer’ that the FDA has not evaluated the claim — such a
disclaimer is not required on conventional foods.

Structure/function claims and disease claims for conventional foods focus on effects
derived from nutritive value, while structure/function claims for dietary supplements
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Table 5.8 Wording of five US Food and Drug Administration Modernisation Act (FDAMA) health
claims' — health claims authorised based on an authoritative statement by federal scientific bodies.

Diets rich in whole grain foods and other plant foods and low in total fat, saturated fat, and cholesterol
may reduce the risk of heart disease and some cancers.

Diets containing foods that are a good source of potassium and that are low in sodium may reduce the risk
of high blood pressure and stroke.

Drinking fluoridated water may reduce the risk of [dental caries or tooth decay].

Diets low in saturated fat and cholesterol, and as low as possible in trans fat, may reduce the risk of heart
disease.

Replacing saturated fat with similar amounts of unsaturated fats may reduce the risk of heart disease. To
achieve this benefit, total daily calories should not increase.

"There is also one nutrient content claim authorised under the FDAMA — for choline content of foods.
After FDA (2015).

may focus on nutritive as well as non-nutritive effects. The FDA is likely to interpret the
dividing line between structure/function claims and disease claims in a similar manner
for conventional foods and for dietary supplements.

If this is not complicated enough, the USA also has a system of qualified health
claims. The FDA began considering such claims, under interim procedures, in September
2003. United States of America court decisions had clarified the need to provide for
health claims based on less scientific evidence, as long as the claims did not mislead the
consumers. As with approved health claims, qualified health claims should also be
based on a relationship between a substance and a health-related condition. In common
with all health claims, qualified health claims require that a petition (i.e. an application)
be submitted to the FDA. An enforcement discretion letter is issued by the FDA if it
does not object to the use of the claim specified in the letter, provided that the products
that bear the claim are consistent with the stated criteria. The FDA is committed to hav-
ing all letters of enforcement discretion posted on their website. Once the letter is posted
on the website, all manufacturers are informed how the FDA intends to exercise its
enforcement discretion on the use of the specific qualified health claim.

The scientific support for qualified health claims does not have to be as strong as that
for health claims with SSA. Under its interim guidance, the FDA is tentatively providing
for three levels of science below the SSA standard; these are: (a) a good to moderate
level of scientific agreement, (b) a low level of scientific agreement, and (c) a very low
level of scientific agreement.

The criteria for the scientific review are described in the FDA interim guidance
(FDA, 2011). As of late 2016, the USA has 15 qualified health claims (Table 5.8).

5.4.2 The role of the Federal Trade Commission (FTC)
and legal challenges

The FTC was established under the Federal Trade Commission Act of 1914 and com-
menced in early 1915. It has two main purposes: to protect consumers and to promote
fair competition. Its role is to protect consumers by preventing unfair, deceptive or
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fraudulent practices. It challenges companies and individuals that break the law. Its remit
covers all business activities and is not confined to food trade matters. It also develops
rules to ensure a vibrant marketplace, and educates consumers and businesses about
their rights and responsibilities. In 2010, it challenged the Dannon company on health
claims it was making in the advertising of its DanActive probiotic drink (that it reduced
the likelihood of getting colds or flu) and its Activia Yoghurt (that it was clinically proven
that if eaten every day, it would help regulate the digestive system in 2 weeks). Dannon
agreed to settle FTC charges of deceptive advertising and to drop claims that allegedly
exaggerated the health benefits of the two products. Dannon also agreed not to make any
other claims about the health benefits, or effectiveness, of any yoghurt, dairy drink, pro-
biotic food or drink, unless the claims are true and backed by competent and reliable
scientific evidence. It was noted that while companies usually do not need FDA approval
of their health claims to comply with the FTC Act, it strongly recommended that FDA
approval of such would help companies avoid such problems. The FTC pointed out that
the complaint was a finding that Dannon had actually violated the law and the settlement
reached did not constitute admission of a law violation (FTC, 2010).

Another feature of the USA legal system is the use of class actions. A class action is
a case in which a group of people, with the same or similar complaint caused by the
same product or action, sue the defendant as a group, or the case is taken by an indi-
vidual on behalf of the group. In 2015, an individual took a case in a US District Court
in California against Yakult USA Inc., alleging that the company breached California’s
Unfair Competition Law by deceptively claiming that its probiotic beverages containing
Lb. casei Shirota helped balance the digestive system which, as a consequence, supports
overall health. Examples from the website and three advertisements of Yakult were also
submitted as evidence. In January 2016, the judge in the case ruled that the plaintiff
lacked the necessary standing to seek an injunction on behalf of the putative class
because he failed to allege or offer evidence of future harm, as he was unlikely to pur-
chase the product again (Anonymous, 2016). Understanding that he could not proceed
with his original case, because he had no intention of ever buying Yakult again, the same
individual sought to rectify his problem by buying Yakult again some 10 days after the
original hearing and stapled a copy of his receipt to the motion. The case was heard by
the same judge, who ruled that this newly alleged intent to buy Yakult was nothing more
than a barely disguised attempt to manufacture standing and dismissed the case
(Nakamura, 2016). It is worth noting that this case was decided on the standing of the
plaintiff and not on the validity or otherwise of the health claims made for the product.

So what is the situation as regards labelling and marketing claims for probiotic milk-
based products in the USA at this time? The challenges include conveying the benefits
of a food or dietary supplement containing probiotic organisms to avoid wording claims
in a manner that would be viewed by the FDA as unauthorised health or drug claims;
also, in determining if there is sufficient scientific evidence to support petitioning the
FDA to permit a health claim or qualified health claim describing the relationship of a
food containing a specific species and strain of probiotics to reduction of the risk of
disease. To date, the answer to this latter question appears to be no. It would be desirable
to encourage the FDA to provide specific guidance on substantiation for structure/func-
tion claims and health claims for probiotic foods and dietary supplements. Some believe
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that the problem is the approach of the FDA Center for Biologics Evaluation and
Research (CBER) to probiotic research. Their basic role is to evaluate biological drugs,
so when they see the word ‘probiotic’ on a food product, it seems they automatically
think ‘drug’. The consequence of this is that probiotic drug development in the USA is
alive and well, but probiotic foods, and researchers who want to study them, continue to
suffer (Sanders, 2012, 2014).

5.5 The Canadian legislative situation regarding health claims
and functional foods

5.5.1 Background

It should be noted that Canada has a bilingual policy and all federal legislation is pub-
lished in French and English. Federal responsibility for the development of the national
food-labelling requirements is shared between two federal departments, Health Canada
(HC) and the Canadian Food Inspection Agency (CFIA). HC is responsible for the
establishment of policies and standards relating to the health, safety and nutritional
quality of food sold in Canada under the Food and Drugs Act. The CFIA is responsible
for the administration of food-labelling policies related to misrepresentation and fraud
in respect to food labelling, packaging and advertising, and the general food and fish-
labelling provisions respecting grade, quality and composition. In addition, the CFIA
has responsibility for the administration of the food-related provisions of the Consumer
Packaging and Labelling Act, including basic food label information, net quantity, met-
rication and bilingual labelling.

5.5.2 Health claims on foods in Canada

The Canadian authorities accept that health claims on foods may assist consumers in
making more informed decisions about their food choices, provided that such claims are
scientifically valid and not misleading. The Food Directorate of Health Canada (FDHC)
elaborates policies, regulations and standards that relate to the use of health claims on
foods. It also makes any necessary assessments of these claims by reviewing mandatory
and voluntary pre-market submissions. The decisions are based on HC reviews and are
available on the FDHC website at http://www.hc-sc.gc.ca/fn-an/consult/index-eng.php.
Food products may also be subject to safety assessment if they are considered novel
foods. The CFIA enforces policies, regulations and standards, set by HC, governing the
safety and nutritional quality of all food sold in Canada.

In 1998, in response to growing consumer and marketing interest in nutrition and
health, HC published a Policy Paper on Nutraceuticals/Functional Foods and Health
Claims on Foods (Health Canada, 1998). In 2002, an Interim Guidance Document was
published that outlined standards of evidence for evaluating foods with health claims
(Health Canada, 2002). In 2003, the Canadian Food and Drug Regulations were
amended to introduce the first series of authorised health claims in Canada. In 2009, HC
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updated the Interim Guidance Document, replacing it with the Guidance Document for
Preparing a Submission for Food Health Claims (Health Canada, 2009a). Also in 2009,
HC posted ‘Guidance Document — The Use of Probiotic Micro-organisms in Food” and
a new Guidance Document entitled ‘Classification of Products at the Food-Natural
Health Product Interface: Products in Food Format’, which was updated in 2010 (Health
Canada, 2009b, 2010).

The term health claim is not defined in the Canadian Food and Drug Regulations, but
HC recognises the definition of ‘any representation that states, suggests, or implies that
a relationship exists between a food or a constituent of that food and health’ (L’ Abb¢ et
al., 2008). This is the definition as included in the Codex Alimentarius, as will be dis-
cussed further in this chapter. In Canada, health claims may be stated explicitly with
words, or implicitly using symbols, graphics and logos; product names, brand names
and trademarks are also included.

Health claims have been classed into three main categories:

¢ Disease risk reduction and therapeutic claims;
e Function claims; and
e General health claims.

These do not deal with health claims used for probiotics and have been addressed
elsewhere (Hickey, 2014).

5.5.3 Probiotic claims

Unlike other countries and regions discussed in this chapter, Canada has specifically
addressed probiotic claims in its Guide to Food Labelling and Advertising, which con-
tains the definition developed by FAO/WHO (2001) expert consultation on health and
nutritional properties of probiotics in food, as discussed earlier (FAO/WHO, 2002;
CFIA, 2011).

There are two types of probiotic claims that can be made on food in Canada:

e Strain-specific claims: Claims about the health benefits or effects of specific strains
of probiotics. As of mid-July 2016, no strain-specific claims have been accepted by
HC.

e Non-strain-specific claims: Statements about the nature of probiotics. A list of non-
strain-specific probiotic claims, acceptable without the need to conduct a detailed
review of the scientific literature for the basis of the claim, is given in the Guide.

HC has also prepared a Guidance Document, ‘The Use of Probiotic Micro-organisms
in Food’, that sets out the conditions under which health claims pertaining to probiotics
would be considered acceptable (Health Canada, 2009b). This indicates that the term
probiotic and other similar terms or representations should be accompanied by specific
and validated statements about the benefits or effects of the probiotic. Health claims
about the health benefits or effects of probiotics are statements that should be validated
and should be supported by strain-specific evidence. When making a probiotic claim,
the manufacturer should have the necessary documentation available to support the
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Table 5.9 The eligible non-strain-specific species for probiotic claims in the Canadian Guide to Food
Labelling and Advertising.

Lactobacilli spp. Bifidobacteria spp.

Lactobacillus acidophilus Bifidobacterium adolescentis

Lactobacillus casei Bifidobacterium animalis subsp. animalis
Lactobacillus fermentum Bifidobacterium animalis subsp. lactis'
Lactobacillus gasseri Bifidobacterium bifidum

Lactobacillus johnsonii Bifidobacterium breve

Lactobacillus paracasei Bifidobacterium longum subsp. infantis comb. nov.
Lactobacillus plantarum Bifidobacterium longum subsp. longum subsp. nov.
Lactobacillus rhamnosus

Lactobacillus salivarius

'The synonym Bif. lactis may be used for labelling purposes for this probiotic species.
After Canadian Food Inspection Agency (2011).

identity, safety, viability, concentration and stability of the specific probiotic strain that
is used. It is also a requirement that a product should contain a minimum level of
1.0x 10°cfu per stated serving size of the eligible micro-organism(s) that is (are) the
subject of the claim.

Where it could be required, the manufacturer supplier should follow all legal require-
ments applicable to the sale of food, and this could include any requirements concerning
the use and labelling of ingredients used in novel technology. The food should contain
the amount of the probiotic micro-organism(s) that would be required to result in the
claimed health benefit for the full shelf life of the product. Furthermore, documentation
to support the stability and viability of the probiotic strain(s) should be maintained.

Wording of acceptable claims has been developed that may be made on 16 non-
strain-specific probiotics (Table 5.9):

o Probiotic that naturally forms part of the gut/digestive tract flora;

e Provides live micro-organisms that naturally form part of the gut/digestive tract flora;
o Probiotic that contributes to healthy gut/digestive tract flora; and

e Provides live micro-organisms that contribute to healthy gut flora.

In the case of advertising, if the probiotic micro-organism is identified or referred to
in the advertisement, then the identity of the micro-organism (genus, species and strain)
should be declared using acceptable nomenclature.

5.6 Health foods and functional foods in China
5.6.1 Introduction
Traditional Chinese medicine (TCM) has a long documented history going back to the

West Zhou Dynasty in about 1000 BC that links the use, or the avoidance, of food to
prevent, treat or alleviate certain diseases or their symptoms. Examples of such foods or
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food ingredients include both relatively common products such as honey, oysters, mus-
sels, almonds, garlic, ginger and others, as well as more exotic products such as deer
horn antler, musk, snake, bear bile, ant beverage, earthworm, chrysanthemum and gin-
seng. Foods and medicines came to be seen as coming from the same sources, and many
of the herbs used in TCM were used both as medicines and as ingredients of regular
foods. Theories on nutrition in TCM came to regard food as having four roles or uses
(Weng & Chen, 1996): (a) food as diet, (b) food used as a tonic, (c) food used as a medi-
cine and (d) the avoidance of food in certain cases.

The use of food in TCM is outside the scope of this chapter, except insofar as it shows
the historical basis of the situation that evolved over 3 millennia in China.

5.6.2 Chinese legislative structures

In China, the highest state body and the only legislative house of government is the
National People’s Congress (NPC). Delegates who are elected by China’s provinces,
autonomous regions, municipalities and armed forces hold office for 5 years, and the
full congress is convened for one session each year. The 12" and current NPC, which
was elected in March 2013, has 2987 members. The NPC enacts the national laws and
appoints the prime minister, other ministers and the president. The NPC chooses a
Standing Committee from among its members, which is the permanent body of the
NPC, and it is the NPC Standing Committee that convenes the parliament, issues regula-
tions, interprets laws and oversees government activities. The NPC also appoints the
members of the State Council, which is the equivalent of the government in other coun-
tries. The State Council is organised as ministries based on the various sectors of the
economy; these include the Ministry of Health and the Ministry of Agriculture
(Lahteenmiki-Uutela, 2009a, 2009b).

The Ministry of Health is the most relevant agency in regulating foodstuffs and medi-
cines. However, the China Food and Drug Administration (CFDA), which was founded
in 2003, has a major role in drafting various guidelines related to safety and efficacy of
foodstuffs, and at this time it operates directly under the State Council. Foods, such as
healthy foods and novel foods that require pre-market authorisation, come under the
jurisdiction and competence of the CFDA (Léhteenmiki-Uutela, 2009b; CFDA, 2011).

5.6.3 The healthy (functional) foods sector in China and its requlation

By the late 1980s, healthy foods in China were regarded as fitting into one of three cat-
egories: (a) fortified foods, (b) special nutrition foods and (c) foods for special health
use. In 1986, the Chinese Ministry of Health enacted a Hygienic Standard and Regulation
on the Use of Nutritional Fortification Substances; later revisions resulted in 40
substances being authorised for such use. These comprised amino acids, vitamins and
minerals, but not any of the plants, herbs or products of animal origin used in TCM. In
1992, a National Standard for the Labelling of foods was issued, which covered infant
formulae, nutritionally fortified food and modified food such as high-fibre, low-sodium
and low-fat foods, where the labels were required to specify the target groups for whom
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the foods were intended. Because of the TCM link with certain foods, it was also deemed
necessary to clearly differentiate between what was a food and what was a drug, and to
avoid confusion in their regulation; that was achieved by defining food in Article 54 of
the current Food Hygiene Law as ‘any finished product or raw materials to be provided
for people to eat or drink, as well as any product that has traditionally served as both
food and medicament, with the exception of products used solely for medical purposes’
(Ministry of Health of China, 1995; Kan, 1996).

Drugs were defined in Article 57 of the Drug Administration Law of 1984, which
was revised in 2001, and they may now be found in Article 102 of the current Drug
Administration Law (Ministry of Health of China, 2001). This definition is:

Drugs refer to articles which are used in the prevention, treatment and diagnosis of human
diseases and intended for the regulation of the physiological functions of human beings, for
which indications, usage and dosage are established, including Chinese crude drugs, pre-
pared slices of Chinese crude drugs, traditional Chinese medicine preparations, chemical
drugs substances and their preparations, antibiotics, biochemical drugs, radioactive phar-
maceuticals, serum, vaccines, blood products and diagnostic agents.

Therefore, the main factor that decides whether a product is a food or a drug is whether
it is used as a medicine or not; however, there was still a certain ambiguity as regards the
use of certain traditional herbs, and at that time it came down to how the product was
labelled and advertised.

The development of the Chinese healthy (functional) food sector began in the early
1980s, when commercially produced products started to be offered for retail sale. Some
of these stated they could improve health and remedy certain diseases or conditions. By
1994 there were estimated to be about 3000 factories producing such foods, estimated
to be worth $4 billion at that time. However, there were concerns as regards the identity,
name, efficacy and possibly even food safety aspects of these products, and it came to
be recognised that a system of evaluation and assessment of these foods was
necessary.

In March 1996, the Ministry of Health China developed provisions to cover healthy
foods (which began to be regarded as functional foods), which it defined as food that has
special health functions. Such foods were intended for consumption by specific popula-
tion groups, for the regulation of certain functions of the body, but this did not include
therapeutic use.

The new Food Safety Law of 2009, which replaced an earlier Food Hygiene Law of
1995, contained some specific provisions relating to health foods in Article 51 requiring
the state to stringently supervise foods claimed to have particular effects on human
health (National People’s Congress of China, 1995, 2009). The relevant supervision and
administration departments were obliged to perform their functions and undertake the
responsibilities in accordance with the law. The new Food Safety Law required that:

e No food claimed to have particular effects on human health shall cause any acute,
sub-acute or chronic harm to human health.

o The labels and instructions of such food shall not involve the effect of prevention or
treatment of any disease.
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e The contents thereof shall be true and indicate applicable groups of people,
inapplicable groups of people, effective ingredients or symbolic ingredients and the
contents thereof, and so on.

o The effects and ingredients of a product shall be consistent with the indications in
the labels and instructions.

5.6.4 Types of health claims in China and their approval

There are 27 broad headings under which health claims may be made for foods or food
ingredients in China. The type of scientific data required for each of these categories is
specified, and indicates which should be obtained from human trials, animal trials or
both (Table 5.10). Prior to submission of the application, reports must be obtained from
an authorised Chinese laboratory under the following headings:

e A toxicological safety assessment

e An evaluation of the functionality or efficacy of the active ingredient
e An analysis of the level of the active ingredient present

o The stability or shelf life of the product

e The microbiological quality of the product.

In the case of health products manufactured in China, the required laboratory reports
should be from one of a list of laboratories approved by the CFDA throughout China;
for imported products, the reports should be from the Institute of Nutrition and Food
Safety of the Chinese Centre for Disease Control in Beijing.

Applications for product approval of Chinese-produced health foods should be made
through the provincial health administrative department, which carries out the preliminary
examination before passing it on to the CFDA. Applications for imported health foods are
sent straight to the CFDA. The application should detail the product characteristics; the full
formulation or ingredients; the analytical methods required; details of the manufacturing
process; the relevant product and raw material specifications; the product label, including
directions for the product’s use; product samples and evidence from scientific literature
regarding the characterisation, safety and efficacy of the food or its active ingredient.

5.6.5 China’s probiotic market size and potential

Approximately 8200 functional food products were approved in China by the Ministry
of Health or the CFDA in the period between 1996 and mid-2007; however, at the end
of that period, it was estimated that only about 30% of the approved products were still
on the market. The approval rate of applications by the CFDA in the period 2003 to 2007
was between 27% and 33%. Approximations of the top three categories, among the 27
broad headings for which health claims may be made for foods or food supplements,
were 33% for enhancement of immune function, 15% for alleviating fatigue and 9% for
reduction in blood lipids. Supplements in the form of pills or capsules make up more
than 60% of the functional food products on the market, while conventional foods
comprise less than 1% (Yang, 2008).
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Table 5.10 Health claims permitted in China.

Health claims

Type of supporting scientific
test data required

Alleviating physical fatigue

Assisting in protection against chemical
injury of the liver

Assisting in protection against irradiation
Enhancement of anoxia endurance
Enhancement of the immune system
Improvement of sleep

Increase in bone density

Anti-oxidative function

Assisting in blood lipids reduction
Assisting in blood pressure reduction
Assisting in blood sugar reduction
Assisting in memory improvement

Assisting in weight control (overweight or
obesity control)

Facilitating bowel movement

Facilitating digestion (regularity)
Facilitating lead excretion

Improving child growth and development
Improving nutritional anaemia
Increasing milk secretion

Moistening and cleaning throat
Protection of gastric mucosa from damage
Regulating gastrointestinal microflora
Alleviating eye fatigue

Eliminating acne

Eliminating skin melasma (dark
pigmentation patches)

Improving skin’s ability to retain moisture

Improving skin’s oil content

Animal

Animal

Animal
Animal
Animal
Animal
Animal
Animal + human
Animal + human
Animal + human
Animal + human
Animal + human

Animal + human

Animal + human
Animal + human
Animal + human
Animal + human
Animal + human
Animal + human
Animal + human
Animal + human
Animal + human
Human

Human

Human

Human

Human

Data compiled from Yang (2008).
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As of June 2016, the CFDA had approved a total of 16 573 health food products, of
which 15 822 (95.5%) were domestically made and 751 (4.5%) were imported.
According to estimates, functional foods account for about 65% while nutritional
supplements account for the remaining 35% (Hong Kong Trade Development Council,
2016). The top categories involved those regulating the immune system, alleviating
physical fatigue, promoting anti-ageing (likely involving multiple categories) and
assisting blood lipids reduction.
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Earlier estimates for the annual value of functional foods in China in 2007 ranged
from US$4 billion to US $6 billion, and were US$14 billion in 2009 (Ford et al., 2007,
Patel et al., 2008; Yang, 2008; RedFern Associates, 2010). In 2015, the market for pro-
biotics products in China was estimated as £5.6 billion (€6.5 billion) and is predicted to
be £15.5 billion (€18 billion) by 2021 (AskCI Consulting, 2016). The market share of
the main probiotic yoghurt companies in China in 2013 were the Wahaha Group (35%),
Mengui Dairy (18%), Yakult Honsha (17%), the Yili Group (14%) and the Bright Dairy
Group (10%) (Hung, 2015).

While the market size for such products in China has large potential, the requirement
for testing in government-approved agencies within China is a major challenge, espe-
cially as all the relevant information has to be provided in Chinese. This both increases
the approval costs and increases the time taken to get to market. The testing process in
China can take from 6 to 12 months — this variation is mainly dependent on whether or
not human trials are required. Following the submission to the CFDA, and if everything
thereafter progresses smoothly, the application can be approved within a further 3
months. However, if additional information is required, this period will be extended
from 9 to 19 months. The application fee is relatively modest (US$1200), and the main
cost is in the testing. It has been estimated that the overall approval cost in China can be
between US$14 500 and US$34 000, which is considerably cheaper than in Japan,
where the total cost has been estimated as being between US$850 000 and US$1.5 mil-
lion (Yamaguchi, 2004; Patel et al., 2008).

5.7 Codex Alimentarius Commission (CAC)
5.7.1 Background

The Codex Alimentarius was established by the FAO and WHO in 1963 to develop har-
monised international food standards, protect consumer health and promote fair prac-
tices in food trade. The CAC is an international intergovernmental body. Its membership
is open to member nations and associate members of the FAO and/or the WHO; and, as
of 2016, it has 187 member countries, one member organisation (the EU) and 240 Codex
observers, made up of 56 international intergovernmental organisations (IGOs), 168
non-governmental organisations (NGOs) and 16 United Nations (UN) representatives.
Nowadays, the CAC meets annually, and the venue alternates between the FAO head-
quarters in Rome and the WHO headquarters in Geneva. Nominated senior officials
represent member governments at Codex meetings. National delegations may also
include representatives of the industry, consumers and academia. Codex observers are
allowed to contribute to meetings at all stages except in final decisions. This is the exclu-
sive prerogative of member governments.

The CAC has established two types of subsidiary committees: (a) Codex Committees,
and (b) Co-ordinating Committees. The former committee type is sub-divided into
General Subject Committees (currently nine in number) that are so called because of the
horizontal nature of their work, and Commodity Committees (currently 16 in number)
which develop the standards for specific foods or classes of foods. There are five
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Regional Co-ordinating Committees whose role is to ensure that the CAC is responsive
to regional interests and the needs of developing countries. The CAC also establishes
ad hoc Intergovernmental Task Forces given stated tasks on specific topics. Currently,
there is one such Task Force on antimicrobial resistance.

Food standards cover specific commodities and also general issues that have cross-
sectoral horizontal application. For example, they encompass food labelling, food
additives, food hygiene, contaminants, nutrition and foods for special dietary uses, and
methods of analysis and sampling.

The CAC has established a number of principles on a scientific basis for its decision
making (Randell & Race, 1996). These principles ensure that the quality and food
safety provisions shall be based on sound science and that, in establishing food stand-
ards, other legitimate factors relevant to consumers’ health and the promotion of fair
trade may be considered. The standards and related texts are subject to revision, as and
when deemed necessary by the CAC and its subsidiary bodies, to ensure that they are
consistent with, and reflect, current scientific knowledge. Any member of the Codex
may identify and present new scientific or other information to the relevant body that
may warrant a revision.

Following the decisions and text adoptions of the July 2015 meeting of the CAC, the
Codex Alimentarius contained (FAO/WHO, 2016):

191 Commodity Standards;

73 Guideline texts;

51 Codes of Practice;

17 Maximum Levels (MLs) for contaminants in foods;

3770 MLs for 301 food additives;

4347 Maximum Residue Limits (MRLs) covering 196 pesticides; and
610 MRLs covering 75 veterinary drugs.

5.7.2 Acceptance of Codex standards and their role in the World
Trade Organisation (WTO)

Codex standards, codes of practice, guidelines and other such texts are not legally bind-
ing. However, they are used as the basis for the national legislations of many countries,
especially developing countries, and developed countries also take them into account
when updating or revising their legislations.

The Uruguay round of multilateral trade negotiations held under the General
Agreement on Tariffs and Trade (GATT), which took place between 1986 and 1994, led
to the formation of the WTO on 1 January 1995. For the first time, GATT agreements
included agriculture and food in their scope; however, the Marrakesh agreement of 1994
also included the agreements on sanitary and phytosanitary (SPS) measures and on
technical barriers to trade (TBT). These agreements acknowledge the need for the
harmonisation of international standards to minimise the risk of sanitary, phytosanitary
and other technical standards becoming barriers to international trade. Thus, the SPS
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and TBT agreements gave formal recognition to the standards, guidelines and recom-
mendations of international organisations, including the CAC, as reference points for
facilitating international trade and resolving disputes. Hence, the role of the CAC in this
regard is now well recognised.

It should be noted, however, that consumer groups have expressed some criticism of
Codex standards on the basis of the time taken to elaborate standards, and sound science;
the latter basis may not necessarily take into account other considerations, such as
consumer concerns (O’Rourke, 1999).

5.7.3 Codex and food-labelling claims

The Codex General Standard for the Labelling of Pre-packaged Foods (GSLPF; CODEX
STAN 1-1985, Rev. 1-1991) is the basic Codex Food Labelling standard (FAO/WHO,
2007c¢). In addition, the Codex General Standard for the Labelling of and Claims for
Pre-packaged Foods for Special Dietary Uses was adopted by the CAC in 1985, and it
defines a claim as ‘any representation which states, suggests or implies that a food has
particular qualities relating to its origin, nutritional properties, nature, processing,
composition or any other quality’ (FAO/WHO, 2007b).

The Codex General Guidelines on Claims were originally adopted in 1979, with a
revised version adopted in 1991 (FAO/WHO, 2007a). The text contains the definition
given above under the GSLPF, and also gives a list of claims which should be prohibited:

o Claims which state that a given food will provide an adequate source of all nutrients,
except in certain well-defined products where a Codex standard regulates this claim
as admissible or appropriate authorities have accepted that the specific food does so.

e Claims that imply that a balanced diet or ordinary foods cannot supply adequate
amounts of all ingredients.

e (Claims that cannot be substantiated.

¢ Claims that a food is suitable for use in the prevention, alleviation, treatment or cure
of a disease, disorder or particular condition unless those are in accordance with and
follow the principles of Codex standards or guidelines on foods for special dietary
uses or, in the absence of Codex standards and guidelines, are permitted by the laws
of the country of sale (these are usually called medicinal claims).

The task of developing guidelines on the use of nutrition and health claims comes
under the remit of the Codex Committee on Food Labelling (CCFL). This has proved a
difficult task; for example, in written comments submitted to the CCFL meeting in
1994, some countries (Denmark and Finland) were opposed to both nutrient function
and health claims, whilst others (New Zealand and Switzerland) opposed health claims
but could accept nutrient function claims. However, Australia, Sweden and the USA
were prepared to accept both types of claims provided they were subject to strict criteria
(Pascal, 1996). At its meeting in 1996, the CCFL agreed to delete all references to health
claims in the guidelines and sent the Guidelines for Use of Nutrition Claims to the CAC;
these were adopted in 1997. Work continued addressing the more contentious issue of
health claims and finally, at its meeting, the CCFL agreed Guidelines on the use of
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Nutrition and Health Claims. These were adopted by CAC in 2004, including provisions
for health claims (FAO/WHO, 2007d).

These guidelines are long and detailed and, at the outset, laid down a number of
principles concerning health claims, such as:

o They should be consistent with national health policy and nutrition policy, and sup-
port same as applicable.

e They should be supported by a sound and sufficient body of scientific evidence to
substantiate the claim.

e They should provide truthful and non-misleading information to aid consumers in
choosing healthy diets.

o They should be supported by specific consumer information.

e Their impact on consumers’ eating habits and buying habits should be monitored.

o The prohibition of claims, as stated in Section 3.4 of the Codex General Guidelines
for the use of claims, should remain.

The Codex definition of a health claim is given as ‘any representation that states, sug-
gests, or implies that a relationship exists between a food or a constituent of that food
and health.” Three types of claims are also defined: (a) Nutrient Function Claims, (b)
Other Function Claims, and (c) Reduction of Disease Risk Claims.

There is a requirement that any health claim must be accepted by, or acceptable to,
the competent authorities of the country where the product is sold. As regards substan-
tiation of health claims, when the original text was adopted in 2004, reference was made
to a parallel text being developed by the CCNFSDU at that time. The resultant text was
finally adopted by the CAC 2009, is now entitled Recommendations on the Scientific
Substantiation of Health Claims and is included as an Annex to the Guidelines on the
Use of Nutrition and Health Claims (FAO/WHO, 2013). A footnote to the Annex states
that this document should be read in conjunction with the Working Principles for Risk
Analysis for Food Safety for Application by Governments CAC/GL 62-2007 (FAO/
WHO, 2007d). They are intended for governments to facilitate their own evaluation of
health claims made by industry, and as a reference for industry in preparing dossiers
aimed at providing substantiation of such claims. They cover the following aspects:

e Health claims should primarily be based on evidence provided by well-designed
human intervention studies. Human observational studies per se are not necessarily
sufficient but they may contribute to the totality of the evidence.

e Data from ex vivo or in vitro animal model studies are not regarded as sufficient, but
may be used to provide additional supportive information.

o The totality of the evidence, including appropriate unpublished data, should be iden-
tified and reviewed.

o Evidence based on human studies should demonstrate a consistent association
between the food or food constituent and the claimed health effect, with little or no
evidence to the contrary.

e Substantiation can take into account specific situations or alternate processes; e.g.
based on generally accepted statements by recognised expert scientific bodies
deemed acceptable over time.
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e Health claims involving a relationship between a food category and a health effect,
based substantially on observational studies which should provide a consistent body
of evidence from a number of well-designed studies.

e Evidence-based dietary guidelines and authoritative statements prepared or endorsed
by a competent authoritative body and meeting the required high scientific stand-
ards may also be used.

The following is a summary of the labelling requirements under the Codex Guidelines
for the use of Nutrition and Health Claims:

o A statement of the quantity of any nutrient or other constituent of the food that is the
subject of the claim.

o The target group, if appropriate.

e How to use the food to obtain the claimed benefit and other lifestyle factors or other
dietary sources, where appropriate.

e If appropriate, advice to vulnerable groups on how to use the food, and to groups
who would need to avoid the food.

e Maximum safe intake of the food or constituent where necessary.

e How the food or food constituent fits within the context of the total diet.

e A statement on the importance of maintaining a healthy diet.

When combined, the above guidelines and recommendations should provide a
firmer legal basis for health claims at the international level, but leave the actual
approval or acceptance of such claims to individual governments to ensure that they are
in line with national dietary policies and guidelines. It should be borne in mind that the
Codex does not evaluate health claims — the guidelines are intended for individual gov-
ernments to facilitate their evaluation of health claims made by industry. They also
should provide a reference in preparing dossiers aimed at substantiating such claims. It
should also be mentioned that none of these guidelines and recommendations include
the definition of a probiotic, as elaborated by the 2002 Working Group of an FAO/
WHO Expert Consultation (FAO/WHO, 2002) or the slightly revised definition in 2014
(Hill et al., 2014).

5.7.4 Codex standard for fermented milks

Atits 26™ Session in July 2003, the CAC adopted a new Codex Standard for Fermented
Milks, which replaced two former standards: (a) for Yoghurt and Sweetened Yoghurt,
and (b) for Flavoured Yoghurt and Products Heat-Treated after Fermentation. However,
the new standard is also expanded to encompass a broader range of fermented milks,
such as Kefir, Acidophilus Milk and Koumiss (Kymus), and it was also revised to
encompass a new category of Drinks Based on Fermented Milk (FAO/WHO, 2011).
While not specifically aimed at probiotics, this new standard includes compositional
requirements for the minimum level of starter culture organisms (1x107cfug™) and,
where a content labelling claim is made for a specific micro-organism other than the
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normal starter cultures, a minimum of 1x 10°cfug™ is required. The earlier standards
required only that micro-organisms should be viable and abundant, without setting spe-
cific minima.

5.8 Some conclusions and possible future legislative
prospects for probiotics

While the scientific basis for the benefits of probiotics have been recognised for over
100 years, the regulatory status has not evolved at the same rate as the science.
Although the regulatory systems we have considered in this chapter require scientific
validation for health claims, the outcomes differ significantly. Probiotic-related claims
fared much better in Japan and China than in the USA and the EU. Claims for probi-
otic milk-based products which are acceptable in Japan, for instance, were not accepted
by EFSA, although it is likely the same or similar scientific data were used for certain
major brands. This is likely due to different levels or standards being required for
approval. In the EU and the USA, it would appear as if the requirements are for a simi-
lar level of validation to those demanded of medical drugs. Another factor may be that
the Japanese system evolved with the involvement and participation of both govern-
ment and industry in the development of foods with health claims, while in the EU and
the USA, the approach was more of a reactionary one to products already on the mar-
kets there. It is understood that industry efforts are continuing to have probiotic claims
treated as nutrient function claims and not health claims. The outcome of this is still
uncertain.

The size and opportunities of the Chinese market for fermented foods with probiotics
are very large and attractive, but it also has challenges in the requirements for claim vali-
dation and in market access. It has developed rapidly and is expected to continue to
develop for some years to come. It remains to be seen, given the claim validation diffi-
culties in the EU and the USA, whether probiotic research activity will also move to
China from the west.

Meanwhile, Canada has adopted the definition of a probiotic given by the FAO/WHO
in their joint 2002 report. Canada also recognises 17 probiotic species, permits specified
non-strain health claims and allows strain-specific claims, although none of the latter
type of claims are approved at this time. It is not clear if applications have been submit-
ted, but no outcomes of evaluations of such applications are available.

Will the future for probiotics be as foods or as supplements? This is likely to be
decided for individual country or regional markets. In the markets of developed coun-
tries, leading probiotic milk-based brands may continue to grow, albeit on a slower or
more limited basis than in Europe.

Some of the bigger questions are: what will happen in developing markets, and how
will new products be promoted? In countries where regulatory challenges are greatest,
will other novel marketing approaches be developed? For instance, will the use of
scientific conferences aimed at health professionals substitute for, or replace, the need
for health claims in product labelling?
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6 Enumeration and Identification
of Mixed Probiotic and Lactic Acid
Bacteria Starter Cultures

A.C. Majheni¢, PM. Lorbeg and P. Treven

6.1 Introduction

Lactic acid bacteria (LAB) have been used to ferment or culture foods for thousands of
years. Without people being aware of their presence and fermentation power, LAB have
been accidently exploited since ancient times to produce cultured foods with improved
preservation properties and with characteristic flavours and textures different from the
raw material. LAB are widespread in nature, associated with plants, meat and dairy, and
are also found in human and animal gastrointestinal (GI) tracts. Although LAB refer to
a large and diverse group of beneficial microbes, they have similar properties and they
all produce lactic acid as a major end product of the fermentation process. They are best
known for their role in the preparation of fermented dairy products, but they are equally
important for pickling of vegetables, baking, and curing fish, meats and sausages.
Modern industrial processes utilise specially prepared LAB as starter cultures that can
be defined as microbial preparations containing large numbers of bacteria of at least one
strain to be added to a raw material to produce a fermented food, by accelerating and
steering its fermentation process (Hati et al., 2013). The food industry benefits from the
use of the LAB that contribute to the formation of desired chemical, physical and
organoleptic properties of the final food products.

This chapter reviews the importance of proper and reliable enumeration and
classification of probiotic and LAB starter cultures by the use of different approaches
based on either phenotypic and/or genotypic methods. Particular attention will be given
to modern molecular methods.

6.2 Classification

Methods for the identification and enumeration of probiotics and LAB starter cultures
can be systematically classified in various ways on the basis of properties inherent to
each method. Methods are most often classified based on the following: (a) culture
dependency, (b) cellular vitality, (c) taxonomic discriminative power, and (d) analytical
power. All these features have to be considered especially when selecting a new method
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for a specific application. In a broader sense, however, all methods can be divided in two
groups: methods that rely on phenotypic properties of bacteria (phenotyping) and meth-
ods that rely on their genetic properties (genotyping).

Despite the well-known limitations of culture-dependent methods, the cultivation of
microbes is routinely used in all microbiology laboratories and cannot be avoided even
when opting for the genetic approach. Although a few International Standards
Organisation (ISO) methods are also available to quantify probiotics and fermenting
microbes employed in the dairy industry (Boyer & Combrisson, 2013), the range of
selective media available to identify and enumerate probiotic strains or starter cultures
is relatively limited (Vinderola & Reinheimer, 1999). When choosing the method for
enumeration and/or identification of probiotics and starter cultures, the culture depend-
ency of the method is one of the first factors to take into account.

The essential criterion for both probiotics and starter cultures is cellular viability,
and some methods do not possess the ability to differentiate between dead and live
bacterial cells. The physiological state of probiotic bacteria and starter cultures is an
important parameter since many probiotic and technological effects depend on their
metabolic activity.

Probiotic ability is a strain-specific feature as well as certain key phenotypic traits,
and the interest for dairy applications is for particular strains within a given species.
Specificity describes the degree to which a certain method can detect members of a
target taxon (Bokulich & Mills, 2012). The term strain-specific is very strict, since a
method should able to exclusively detect a specific particular strain. In reality, the term
strain-specific is relative and is largely dependent on what tests are performed that prove
the method’s strain specificity. A common example of strain-specificity assessment is
the demonstration of the presence or the absence of specific polymerase chain reaction
(PCR) products on a certain set of more or less closely related strains, using isolated
colonies from faeces or deoxyribonucleic acid (DNA) isolated from faecal samples
(Treven, 2015).

Another important characteristic of the method of choice is analytical power (i.e. its
quantification ability). Some methods offer limited or no quantitative information about
the target strain, and these are used only for typing purposes. The classification of
methods available for the identification and enumeration of probiotics and LAB starter
cultures is shown in Table 6.1.

6.3 Phenotypic methods
6.3.1 Differential plating

Plate counting remains the most frequently used method for enumeration of LAB in
dairy products and starter cultures to ensure the quality control of products. It should be
noted that different organisms have different requirements for nutrients and microele-
ments; therefore, no single medium or combination of defined media is applicable to all
dairy products. Until now, only a few protocols for the enumeration of dairy starters and
probiotic bacteria have been validated and published by the European Food Safety
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Table 6.1 Classification of methods for identification and enumeration of probiotics and lactic acid

bacteria starter cultures.
Analytical method Culture Viability Maximal taxonomic Quantification®

dependency’ discrimination>  discriminative power

Differential plating + - Species +
API 50 CHL + - Species -
BIOLOG + - Species -
FTIRS + - Strain -
MALDI-TOF MS + - Species -
Flow cytometry - + NA +
Fluorescence microscopy - + NA +
PCR —/+ - Strain -
qPCR - - Strain +
RT-PCR - - Strain -
PMA/EMA PCR - + Strain +
PCR-DGGE - - Species -
RAPD-PCR + - Strain -
SSCP - - Species -
PFGE + - Strain -
AFLP - - Species -
RFLP - - Species -
T-RFLP - - Species -
ARDRA + - Species -
MLST + - Strain -
Sequencing of specific —I+ - Strain -
genes
Sequencing of repeats + - Strain -
and noncoding regions
WGS + - Strain +
Metagenomics - - Strain +
DNA/cDNA microarrays - + Strain +
FISH - + Strain +

FTIRS =Fourier transform infrared spectroscopy; MALDI-TOF MS =matrix-assisted laser desorption/ionisa-
tion—time of flight mass spectrometry; PCR=polymerase chain reaction; qPCR =quantitative PCR; RT-
PCR =reverse transcription PCR; PMA/EMA-PCR =propidium monoazide-PCR/ethidium monoazide—PCR;
PCR-DGGE =PCR-denaturing gradient gel electrophoresis; RAPD=randomly amplified polymorphic
DNA-PCR; SSCP=single-strand conformation polymorphism; AFLP =amplified fragment length polymor-
phism; RFLP=restriction fragment length polymorphism; T-RFLP=terminal-restriction fragment length
polymorphism; ARDRA =amplified ribosomal DNA restriction analysis; MLST =multilocus sequence typing;
WGS =whole genome sequencing; FISH =fluorescence in situ hybridisation; NA =not applicable.

!'+= Culture dependent; —/+=can be performed also on culture; —=culture independent.
2—=The method cannot discriminate between viable and nonviable bacterial cells.

3+= Quantification is possible; —=quantification is not possible.
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Authority (EFSA) and ISO in co-operation with the International Dairy Federation
(IDF); the selection of suitable selective media still remains a challenge.

According to ISO/IDF (2003), the enumeration of yoghurt bacteria should be
performed on M17 agar supplemented with lactose (LM17) for Streptococcus thermo-
philus, and on de Man, Rogosa and Sharpe (MRS) agar acidified with acetic acid to pH
5.4 for Lactobacillus delbrueckii subsp. bulgaricus. However, this standard is usually
not applicable to probiotic cultures in yoghurt, since probiotic strains and yoghurt starter
cultures often have similar growth requirements and therefore selection of the probiotic
strain is not guaranteed. Two ISO standardised methods are available for the selective
enumeration of probiotic bacteria: the method for the enumeration of Lactobacillus aci-
dophilus using MRS agar supplemented with clindamycin and ciprofloxacin (ISO/IDF,
2006), and the method for bifidobacteria enumeration using transgalactosylated oligo-
saccharide (TOS)—propionate agar supplemented with mupirocin (ISO/IDF, 2010b).
Since TOS—propionate agar does not support growth of all strains of bifidobacteria, the
use of other media like MRS agar or modified Wilkins Chalgren agar (WCA) supple-
mented with mupirocin may be needed (Simpson et al., 2004; Bunesova et al., 2015).
Suggestions for the enumeration of other bacterial groups are also stated in the standard,
which specifies the characteristics of starter cultures used for the production of fer-
mented milk (ISO/IDF, 2010a).

Several media have been used for selective enumeration of starter cultures and probi-
otic bacteria when they are combined in the dairy products. Only a few media are useful
for selective enumeration of total lactobacilli, since several other micro-organisms can
grow on media used for their cultivation (Coeuret et al., 2004). Lactobacilli are most
frequently cultivated in anaerobic conditions using MRS agar (Tharmaraj & Shah, 2003;
Leverrier et al., 2005; Aureli et al., 2010; Vardjan et al., 2013; Succi et al., 2014) or
Lactobacilli Selective Agar (LBS), also known as Rogosa agar (Canzek Majheni¢ et al.,
2007; Ong & Shah, 2009). Unlike MRS, LBS does not support the growth of bifidobac-
teria; therefore, it may be more appropriate for analysis of products containing both
lactobacilli and bifidobacteria (Ong & Shah, 2009). Nevertheless, MRS remains the
most frequently used agar for enumeration of lactobacilli. For differential enumeration
of heterofermentative lactobacilli (e.g. Lactobacillus casei, Lactobacillus paracasei
spp., Lactobacillus rhamnosus, Lactobacillus plantarum, Lactobacillus fermentum
etc.), MRS-V agar (MRS supplemented with 1 mg L™! of vancomycin) is appropriate,
since the majority of homofermentative lactobacilli (e.g. Lb. delbrueckii spp., Lb. acido-
philus and Lactobacillus salivarius), bifidobacteria, lactococci and enterococci are
susceptible to vancomycin (Aureli ef al., 2010; Karimi et al., 2012). Lactobacilli are
usually incubated at 37 °C, but the ability to grow at different temperatures can some-
times be used as an additional selective factor. When both Lb. casei and Lb. rhamnosus
are present in the sample, the counts of Lb. rhamnosus on MRS-V at 45 °C can be sub-
tracted from the total count on MRS-V incubated at 37 °C to obtain the Lb. casei count
(Tharmaraj & Shah, 2003; Karimi et al., 2012).

Since MRS-V also supports the growth of Pediococcus (Simpson et al., 2004) and
Leuconostoc (Mathot et al., 1994; Hemme & Foucaud-Scheunemann, 2004) strains, it
can be used for their selective enumeration at 37 °C and 30 °C, respectively. The addi-
tion of 1 mg L! of ampicillin to MRS-V improves the selectivity for enumeration of



Mixed Probiotic and Lactic Acid Bacteria Starter Cultures 21

pediococci (Simpson et al., 2004) because heterofermentative lactobacilli are usually
susceptible to ampicillin. The selective enumeration of Leuconostoc spp. can be
improved by the addition of tetracycline and tomato juice (Hemme & Foucaud-
Scheunemann, 2004).

The LM17 culture medium is proposed for Str. thermophilus enumeration (Leverrier
et al., 2005; Aureli et al., 2010; Succi et al., 2014) as well as for the enumeration of
lactococci (Ong & Shah, 2009; Oberg et al., 2011). Anaerobic or aerobic incubation at
37 °C or 45 °C is used for Str. thermophilus, while lactococci are incubated aerobically
at 30 °C. For both bacterial groups, a short incubation time (24 h) improves selectivity,
since some lactobacilli can grow on LM 17 but much more slowly than lactococci or Str.
thermophilus (Dave & Shah, 1996; Oberg et al., 2011). For the enumeration of strepto-
cocci in yoghurt, Str. thermophilus (ST) agar can also be successfully used (Dave &
Shah, 1996; Vinderola et al., 2000; Tharmaraj & Shah, 2003; Leverrier et al., 2005).

Sodium lactate and yeast extract lactate (YELA) agar can be used for selective
enumeration of Propionibacterium strains. While 7 days of incubation in anaerobic con-
ditions at 30 °C is required for propionibacterial growth, some other bacteria can already
be observed after 3 d; therefore, the total count at day 3 should be subtracted from the
total counts at day 7 in order to obtain the appropriate propionibacterial count.

6.3.2 Carbohydrate fermentation-based methods

The conventional microbiological methods for bacterial identification are based on
morphological and physiological characteristics, such as Gram staining, cell shape,
spore formation, enzyme production and the fermentation of different carbohydrates.
With regard to the latter approach, the API® system and Biolog are widely used. Both
methods differentiate bacterial isolates according to their fermentation patterns (Moraes
etal.,2013).

API 50 CHL

The API test has become a well-established method for the identification of micro-
organisms to the species level. It is used for infectious disease diagnosis and identifica-
tion of industrially important micro-organisms. There are several types of API
identification tests for healthcare and food safety applications, provided by the manu-
facturer BioMerieux. Among them, the API 50 CH system is used in conjunction with
API 50 CHL Medium for the identification of Lactobacillus and related genera. The API
50 CH is a standardised system using biochemical tests to analyse carbohydrate metabo-
lism and in this way to identify micro-organisms. It is composed of 50 microtubes, with
49 of them containing different carbohydrates and their derivatives; the first microtube
is a negative control that does not contain any active ingredient. During incubation,
fermentation is revealed by a colour change in the microtube, caused by the anaerobic
production of acid and detected by the pH indicator present in the medium. According
to the manufacturer’s instructions, results are read after 48 h of incubation and further
analysed with the API web database offered by BioMerieux (Herbel et al., 2013). There
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are many papers reporting the use of the API system for biochemical fingerprinting of
LAB and probiotics, but reports on the specificity of the system are rather ambiguous;
discrepancies between the results of phenotypic and genotypic identification are evident.
When API identification of LAB was compared to results obtained by species-specific
PCR (Caniek Majhenic et al., 2007; Brolazo et al., 2011), 16S rRNA (ribosomal
ribonucleic acid) sequencing (Moraes et al., 2013; Ni et al., 2015) or the use of whole
chromosomal DNA probes (Boyd et al., 2005), the agreement between the methods was
usually low.

Nevertheless, the API 50 CHL system can serve as a preliminary taxonomic identifi-
cation method, but due to the high level of phenotypic variability among LAB, and
especially lactobacilli, this time-consuming and lab-intensive method should not be
solely used. The misidentification and non-interpretable results are clear drawbacks of
this method (Herbel et al., 2013).

Biolog

According to the manufacturer’s introduction (Anonymous, 2007), the Biolog AN
MicroPlate™ system is designed for identification of a very wide range of anaerobic
bacteria, including the genera Bifidobacterium, Clostridium, Lactobacillus, Lactococcus,
Pediococcus, Propionibacterium and Weissella. These genera are important in industrial
and environmental applications, especially in the food industry where they are respon-
sible for both food production and food control. The AN MicroPlate employs the same
redox chemistry used in the Biolog GP2 and GN2 MicroPlate. Based on reduction of
tetrazolium, the test responds to the process of metabolism (i.e. oxidation of substrates)
rather than to metabolic by-products (e.g. acid). Biolog’s universal chemistry works
with any carbon source and greatly simplifies the testing process, as no colour-developing
chemicals need to be added after incubation.

The Biolog system tests a micro-organism’s ability to utilise or oxidise a panel of 95
carbon sources, where tetrazolium violet is incorporated into each of the substrates con-
tained in a 96-well microtitre plate. As a bacterium begins to use the carbon sources, it
respires, which reduces the tetrazolium redox dye and thus changes those wells to a pur-
ple colour. The end result is a unique biochemical pattern or fingerprint of coloured wells
on the microplate that is characteristic of that bacterial species. The fingerprint data are
analysed and compared to a database, and an identification result is generated. The Biolog
system was originally created for the identification of Gram-negative bacteria, but since
the introduction of this system in 1989, the identification capability of the system has
broadened to include Gram-positive bacteria (Tshikhudo ef al., 2013). There are some
studies reporting use of the Biolog system for LAB and/or probiotic bacteria identifica-
tion. Comparison of results obtained by the Biolog system with genotypic identification
(e.g. species-specific PCR or 16S rDNA sequence) showed that the reliability of com-
mercial phenotypic identification systems was inadequate when analysing LAB isolates
from natural, spontaneous fermentations, and these need to be confirmed with genotypic
identification methods (Morgan et al., 2009; Paveljsek et al., 2014; Citar et al., 2015).

The Biolog system is fairly simple to use, requiring little technical expertise to oper-
ate and interpret results. A downside is that the Biolog system requires pure cultures and



Mixed Probiotic and Lactic Acid Bacteria Starter Cultures 213

subsequent growth of the bacteria. Pure culture and growth are frequently problematic when
it comes to slow-growing, fastidious, unusual, nonviable or non-culturable bacteria.

As many LAB share similar nutritional and growth requirements, biochemical-based
methodologies for identification are not conclusive in many cases; therefore, there is a
need for any phenotypic approach to be supported or combined with a molecular
approach. Proper LAB and probiotic identification can only be achieved by a multi-
stage approach. Nevertheless, the API and Biolog systems are both culture-dependent
methods that are time-consuming, since they demand approximately 4 or 3 d, respec-
tively, to be completed. Their discriminatory power for LAB and probiotic bacteria
identification, which is based on physiological properties, is proposed to be at genus and
species levels (Herbel et al., 2013), but at both levels identification can be questionable
on many occasions (Boyd et al., 2005; Brolazo et al., 2011; Moraes et al., 2013).
Therefore, the species name cannot be assigned on the basis of such a test; there is a
need to confirm Biolog results with other methods, such as whole genome sequencing
(WGS), or at least 16S rRNA gene sequencing, matrix-assisted laser desorption/ionisa-
tion—time-of-flight mass spectrometry (MALDI-TOF MS) or multi-locus sequence
typing (MLST) (Tshikhudo et al., 2013).

6.3.3 Spectroscopic methods

Spectroscopic methods enable identification of bacteria on the basis of recording spectra
of whole bacterial cells, which reflects their phenotypic fingerprint. Fourier transform
infrared spectroscopy (FTIRS) and MALDI-TOF MS are both suitable methods for the
routine identification of food-related micro-organisms. FTIRS generates a biochemical
fingerprint of cell components such as proteins, lipids, sugars, lipopolysaccharides and
nucleic acids, while MALDI-TOF MS records more specific protein mass spectra
(Wenning et al., 2014).

Fourier transform infrared spectroscopy (FTIRS)

Fourier transform infrared spectroscopy is based on measurement of the interaction of
mid-infrared light with different chemical components in the sample. Chemical bonds
present in the sample can absorb infrared (IR) radiation of specific wavelengths resulting
in different vibrations of a molecule, such as stretching, contraction and bending. When
IR radiation is passed through the sample, some wavelengths are absorbed by functional
groups present, regardless of other structures in the sample, and the detector records
absorbed/transmitted light as a fingerprint that reflects the chemical composition of the
sample. There is a correlation between the band position and chemical structures in the
sample (Davis & Mauer, 2010).

Different bacteria vary considerably in their chemical composition, particularly in
cell wall or membrane composition, resulting in unique and characteristic IR fingerprints.
These differences are particularly evident at the strain level, but not at the genus or
species level; therefore, FTIRS can be used to differentiate bacterial strains and species,
based on the FTIRS fingerprints database (Davis & Mauer, 2010).
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Fourier transform infrared spectroscopy is a relatively fast, simple and sensitive tech-
nique, requiring only a small amount of sample. Furthermore, almost no sample prepara-
tion is needed before the measurement (Davis & Mauer, 2010). Prior to the analysis, the
micro-organisms need to be cultivated either in liquid or on solid medium. Cells grown
on solid media can be harvested directly from the media, suspended in the water and
subjected to the analysis, while cultures from the liquid media first need to be centrifuged
and washed to remove the medium. The most frequently employed FTIRS technique is
transmission, where the sample is placed on an IR transparent ZnSe crystal (Amiel et al.,
2000; Oust et al., 2004; Bosch et al., 2006; Luginbiihl et al., 2006; Dziuba et al., 2007
Nicolaou et al., 2011); the use of reflectance on different optical plates has also been
reported (Savic et al., 2008; Foca et al., 2016). Although spectroscopic equipment is rela-
tively expensive, no additional costs are needed for analysis. Furthermore, FTIRS can
also be used for process monitoring, quality control and authenticity determination of
dairy products (Karoui & De Baerdemaceker, 2007; Woodcock et al., 2008).

For correct differentiation of LAB species, it is crucial to use an appropriate spectral
range and the appropriate multivariate statistical methods. Usually between 4000 and
400 cm™! of bacterial spectra are recorded, including the several repetitions of the meas-
urements of the same strain that are required in order to verify repeatability (Santos
et al., 2015). Comparison of spectra derived from different LAB revealed that the region
between 1500 and 700 cm™ is the best suited for discrimination and identification of
LAB (Oust et al., 2004; Dziuba et al., 2007; Savi¢ et al., 2008; Prabhakar et al., 2011).
Multivariate statistical methods are of two types: supervised or unsupervised analysis.
For unsupervised methods, such as principal component analysis (PCA) and hierarchi-
cal cluster analysis (HCA), no prior knowledge about the test bacteria is needed. On the
other hand, supervised methods like discriminant analysis (DA), partial least squares
regression (PLSR) and artificial neural network (ANN) require prior knowledge about
the sample identity (Davis & Mauer, 2010).

All protocols, including cultivation, harvesting, drying and registration of spectra,
should be strictly standardised to guarantee reproducibility of results. Alterations in the
media used for cultivation and/or variation in incubation time have a strong influence on
identification accuracy (Bosch et al., 2006; Wenning & Scherer, 2013). For identifica-
tion purposes, a spectrum database with a sufficient number of reference strains should
be created, preferably from a different origin, to cover intra-species diversity (Luginbiihl
et al., 2006; Savic et al., 2008; Santos et al., 2015). Several libraries created for identi-
fication of LAB have mostly focused on the narrow range of bacterial species included.

Several authors have demonstrated the potential of FTIRS for the discrimination and
classification of bacterial species used as dairy starter cultures or probiotics (Amiel
et al.,2001; Oust et al., 2004; Bosch et al., 2006). However, the use of FTIRS for clas-
sification and identification of lactobacilli isolated from Kefir (Luginbiihl ef al., 2006)
and cheese samples (Savi¢ et al., 2008) revealed difficulties in differentiating between
closely related bacterial species. Although FTIRS spectroscopy is a phenotypic method,
the typing of yeast and bacterial starters for Limburger cheese correlated well with
genotypic methods (Goerges et al., 2008). Moreover, identification of cheese isolates by
FTIRS was in agreement with the results of sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) identification (Weinrichter et al., 2001). Although
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FTIRS is mostly considered as a qualitative method, Nicolaou ef al. (2011) successfully
used it for enumeration of bacterial strains of Staphylococcus aureus and Lactococcus
lactis subsp. cremoris both in pure culture and as co-cultures grown in ultra-high-tem-
perature (UHT) milk.

Matrix-assisted laser desorption/ionisation—time-of-flight mass spectrometry

The MALDI-TOF MS method generates the protein profiles of whole bacterial cells.
The laser beam desorbs and ionises the sample (previously spotted onto the sample
target plate), which leads to formation of mainly singly protonated ions. The ions are
separated on the basis of their mass-to-charge ratio (m:z) and detected using the time-
of-flight (TOF) analyser. Based on this TOF information, a characteristic spectrum
called a peptide mass fingerprint is created (Singhal ef al., 2015). The recorded protein
mass spectra can be used for identification of bacteria at the genus and species levels
and, in some cases, even to the subspecies level (Sauer & Kliem, 2010). Although pur-
chase costs are extremely high, the method is a rapid, sensitive and automated system
for bacterial identification.

For microbial identification, spectra from 2 to 20 kDa proteins are typically col-
lected, which represent mainly ribosomal proteins along with a few housekeeping pro-
teins. The protein pattern of the tested microbe is compared to the spectra of reference
bacteria in the library. Some commercial libraries are already available, such as the
MALDI Biotyper (Bruker Daltonics), the SARAMIS™ (BioMerieux) and the Andromas
(Andromas SAS) database. In addition, several research groups have created open-
source software and databases that are freely available (Singhal et al., 2015). At first,
such databases focused on pathogens and clinically relevant micro-organisms, but now
several food-related micro-organisms are included. The MALDI Biotyper database
already contains more than 200 Lactobacillus species and therefore is commonly used
for the analysis of LAB from milk and dairy products (Albesharat et al., 2011; Angelakis
et al., 2011; Duskova et al., 2012; Delavenne et al., 2013; Bunesova et al., 2014; Nacef
et al., 2016). The MALDI-TOF MS identification at the species level, presented as
either highly probable or probable identification, was confirmed by the use of molecular
methods, such as 16S rDNA sequencing or species-specific PCR, while strains with
only probable identification at the genus level have, in some cases, been misidentified
(Delavenne et al., 2013). Commercial databases are continually increasing in size and
are regularly updated, which will certainly improve the identification of different micro-
organisms used in the dairy industry. As well as identification, MALDI-TOF MS has
been shown to be an appropriate method for typing closely related Lactococcus spp.
(Tanigawa et al., 2010) and Bifidobacterium spp. (Sato et al., 2011).

Usually one colony is enough for analysis. Intact bacterial cells from agar plates or
after harvesting by centrifugation from liquid media can be transferred directly onto the
MALDI target plate; previous extraction of bacterial proteins from the cells, however,
may improve the quality of the spectra obtained (Sedo et al., 2011). Different protocols
have been used for protein extraction from LAB, such as solvent extraction with formic
acid in acetonitrile (Albesharat et al., 2011; Duskova et al., 2012; Delavenne et al.,
2013; Bunesova et al., 2014; Wenning et al., 2014; §panové etal.,2015), cell disruption
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using bead beating (Teramoto et al., 2007; Tanigawa et al., 2010) and treatment with
trypsin (Schmidt et al., 2009). Although culture conditions might have some impact on
the phenotypic appearance of microbes, they do not have significant impact on riboso-
mal proteins; therefore, changes in culture conditions have only minor effects on the
identification of food-related bacteria (Wenning et al., 2014).

6.3.4 Fluorescence dyes-based methods

Traditionally, plate counting is used for the enumeration of starter and probiotic bacte-
ria. The method is time-consuming and often provides an underestimate of microbial
count due to the presence of damaged or viable but non-culturable (VBNC) cells. Since
starter and probiotic bacteria in food products can often suffer chemical or physical
stresses that result in the temporary loss of culturability, different fluorescence-based
techniques have been proposed as alternatives to plate counting (Zotta et al., 2012). A
variety of fluorescence probes can be used to examine physiological characteristics of
living cells, such as membrane integrity, intracellular enzyme activity, membrane poten-
tial or cytoplasmic pH (Davis, 2014).

Staining by fluorescein diacetate (FDA), carboxifluorescein diacetate (cFDA) and -
cyano-2,3-ditolyl tetrazolium chloride (CTC) may be used for detection of enzyme
activity that indicates viable bacteria. These fluorochromes are non-fluorescent until
intracellular enzymes (usually esterase) cleave them.

The evaluation of membrane integrity, which is the most definitive proof of cell via-
bility, can be detected by dye exclusion or dye retention methods. Exclusion or cell-
impermeable dyes, like propidium iodide (PI) or TOTO stains, are excluded by intact
cells and can stain only membrane-compromised (dead) cells. On the other hand, cell-
permeable dyes (like DAPI — 4',6-diamidino-2-phenylindole — and most SYTO® dyes)
are able to stain also the bacteria with intact cell membranes. These dyes usually bind to
nucleic acids. Combinations of cell-permeable and cell-impermeable dyes can be used
to distinguish between live and dead cells.

Only live cells are able to maintain membrane potential, which can be measured by
means of membrane potential-sensitive dyes, such as carbocianines (DiOCn) or rhoda-
mine (Diaz et al., 2010).

Fluorescence microscopy

Bacteria in samples can be directly visualised microscopically, but assessment of viabil-
ity requires differentiation between live and dead bacteria (Davis, 2014). The LIVE/
DEAD BacLight™ kit, consisting of the fluorescence nucleic acid stains SYTO 9 and
PI, is generally used for direct fluorescence microscopy of bacteria in milk and dairy
products (Auty et al., 2001; Bunthof et al., 2001; Gatti et al., 2006; Moreno et al., 2006;
Olszewska et al., 2012). While the green-fluorescent SYTO 9 stain penetrates both
viable and nonviable bacteria, the red-fluorescent PI penetrates only bacteria with a
damaged membrane. Thus, live bacteria fluoresce green while dead bacteria fluoresce
red. Several other fluorescent dyes have also been used for LAB staining. Corich et al.
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(2004), for example, successfully used FDA, CTC and DAPI for the enumeration of
bacteria in whey starter cultures, while the use of acridine orange gave good results only
with pure cultures but not whey cultures. Moreover, Zotta et al. (2012) tested different
combinations of SYTO 9; PI; 5,(6)-carboxyfluorescein diacetate (cFDA) and DAPI
stains for viability assessment of LAB subjected to oxidative or heat stress. For most
species, cFDA-DAPI, DAPI-PI and cFDA-PI combinations provided better results
compared to SYTO 9-PI. The use of cFDA-PI gave satisfactory results for almost all
LAB strains tested.

Comparison of analysis of whey starters (Gatti ef al., 2006) and fermented milk
samples (Moreno et al., 2006) by direct microscopic enumeration and plate counting
indicated that plate counting may lead to an underestimation of bacterial numbers,
which can be related not only to the presence of VBNC but also to bacterial clumping.
In contrast, the numbers of bacteria in cheese and spray-dried probiotic milk powder
obtained by direct confocal scanning laser microscopy were lower than the numbers
obtained by plate counting (Auty et al., 2001). Direct epifluorescence microscopy may
also be used for checking the viability of starter and probiotic bacteria after drying
(Perdana et al., 2012) or freezing (Passot et al., 2015).

Conventional epifluorescence microscopy can be used for liquid samples, while the use
of confocal scanning laser microscopy enables the observation of the sub-surface of foods
(Auty et al., 2001). Nevertheless, methods based on fluorescent detection in combination
with microscopic detection are usually very useful, but they are not convenient for routine
use for quality control in the dairy industry because they are too labour-intensive.

Flow cytometry (FC)

Flow cytometry can be described as automated microscopy with the advantages of auto-
mation, objectivity and speed, as many thousands of cells can be analysed in a second
(Veal et al., 2000). The basic principle of FC is measurement of the optical characteris-
tics of a single microbial cell. The sample in liquid form is introduced to a fast-flowing
fluid stream that forces the cells to pass in single file through a laser beam. Single
microbial cells are illuminated with the laser beam, and the intensity of the optical
signals generated is collected using a combination of optical filters and light detectors.
A combination of light-scattering and fluorescence signals provides information on cell
size, morphology and granularity. The fluorescence signal can also provide additional
information about cell structure and functionality, depending on the fluorochromes used
(Comas-Riu & Rius, 2009; Diaz et al., 2010).

The FC technique is used as a routine method for measuring the total bacterial count in
milk. However, the BactoScan™ (manufactured by FOSS) used for raw milk testing is
unsuitable for analysis of starter cultures and dairy products, as it counts total (live and
dead) bacteria. For the analysis of dairy-manufacturing processes, where the greater part
of the natural microbiota is killed during pasteurisation, a system that counts only viable
bacteria is required (Flint et al., 2007). Kramer et al. (2009) evaluated the possibility of
using SYTO 9 and PI in combination with FC for the determination of strains of Lb. aci-
dophilus LA-5 and Bifidobacterium animalis subsp. lactis BB-12 in lyophilised probiotic
product. They concluded that FC can complement plate counting as it detects a ratio of
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intact versus total bacteria, but one thing to be considered is that this method does not
enable the differential counting of single strains. Bunthof ez al. (2001) showed that a com-
bination of cFDA and TOTO-1 is more appropriate for FC enumeration of viable LAB
than a cFDA and PI combination. Double staining with cFDA and TOTO-1 was later used
for enumeration of bacteria in dairy starters and probiotic products, as well as for pasteur-
ised milk. Milk samples with low bacterial concentration needed a prior clearing proce-
dure to reduce milk background, which was performed by the use of a commercially
available clearing solution. The same solution was successfully used for clearing of probi-
otic products, although in the samples with high bacterial concentration the sample back-
ground could already be sufficiently reduced by diluting. The numbers of intact bacterial
cells found with FC were higher compared to those obtained by plate count technique,
revealing that some cells were not culturable. Since non-culturable bacteria can contribute
to fermentation processes carried out by starter cultures, or to health effects in the case of
probiotic bacteria, FC may be used for fast (1 h) and accurate viability assessment of
starter and probiotic products (Bunthof & Abee, 2002). Another challenge is the counting
microencapsulated bacteria introduced into different matrices. Doherty et al. (2010) suc-
cessfully extracted protein-encapsulated Lb. rhamnosus cells by homogenisation of the
sample followed by enzymatic protein digestion. Moreover, differences in preparation of
dried cultures may affect bacterial counts. Adjustment of reconstitution solution, pH, time,
addition of sugars and dilution should be optimised for the bacteria present in the sample,
since different conditions are optimal for different bacteria (Muller et al., 2010).

Besides the sample preparation, the optimisation of the instrument is also an impor-
tant step in FC analysis; this can be difficult and tedious (Kramer et al., 2009).
Furthermore, in some cases FC can underestimate the number of viable LAB and bifi-
dobacteria due to the presence of cell clumps, since one clump is counted as one cell in
FC. The use of microscopy (Maukonen et al., 2006) or propidium monoazide—quantita-
tive PCR (PMA-gPCR) (Kramer et al., 2009) has the advantage that these methods can
account for clumped bacterial cells.

Flow cytometry was used successfully for the assessment of viability and physiological
activity of LAB and bifidobacteria subjected to different stress conditions, such as heat,
drying or freezing, osmotic stress and the presence of bile salts, as well as for stability test-
ing (Amor et al., 2002; Rault et al., 2007; Sunny-Roberts & Knorr, 2008; Ananta & Knorr,
2009; Doherty et al., 2010; Leandro et al., 2014). Comparisons of FC with the results of
traditional plate counting revealed that some of the stressed cells had lost cultivability.

In 2015, the ISO standardised method for the enumeration of LAB in starter cultures,
probiotics and fermented milk by FC was published (ISO/IDF, 2015). This contains a
detailed protocol for the enumeration of bacteria in freeze-dried or frozen cultures and
fermented milk products. Three different combinations of fluorescent dyes can be used,
cFDA and PI, PI and SYTO 24 or 3,3’-diethyloxacarbocyanine iodide (DiOC,). Since
FC enables the differentiation of active versus total bacteria, it can be used for stability
assessment of both bacterial cultures and milk products during the entire shelf life. Only
total viable bacteria can be assessed using the above-mentioned protocol, while the use
of selective probes in combination with FC also enables enumeration of defined bacte-
rial populations. Geng et al. (2014) used a two-step immune-labelling protocol for the
enumeration of Bif. animalis subsp. lactis in fermented dairy products, using polyclonal
antibody specific for Bif. animalis subsp. lactis as the primary antibody.
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6.4 Genetic methods

One of the most commonly used approaches to quantify probiotic strains or LAB starter
cultures is still based on standard cultivation techniques, but cell culture-based methods
only measure replicating cells. Alternative methods, so-called culture-independent
methods — such as fluorescent in sifu hybridisation (FISH), nucleic acid amplification
techniques such as real-time quantitative PCR (RT-qPCR), reverse transcriptase PCR
(RT-PCR) and PMA-PCR, and cell-sorting techniques such as FC — offer the potential
to enumerate both culturable and VBNC bacteria (Davis, 2014).

As in other fields of microbiology, species identification in dairy or probiotic products
can be assessed through the use of either culture-dependent or culture-independent
methods, but culture-independent methods offer a number of advantages over culture-
dependent methods.

In culture-independent methods, micro-organisms are studied not because they are
able to grow on a specific microbiological medium, but because they possess DNA,
RNA and proteins, which are the preferred targets for such approaches. Moreover, the
physiological status of the microbial cell does not affect the outcome of the investiga-
tion. Populations that are numerically less important are also not detected by means of
traditional methods because they are masked on the plates (Cocolin et al., 2013).

Despite all the advantages listed here, culture-independent methods are not perfect;
their limitations and pitfalls were critically and constructively discussed in the review of
Jany & Barbier (2008). One of the limitations is the difficulty of accessing every geno-
type from the community as a result of poor DNA extraction yield, or PCR inhibition by
various extraction by-products or by substances coming from the food—probiotic product
matrix itself. Furthermore, techniques such as denaturing gradient gel electrophoresis
(DGGE), temperature gradient gel electrophoresis (TGGE), single-strand conformation
polymorphism (SSCP) and terminal-restriction fragment length polymorphism (T-
RFLP) have limitations in terms of resolution as they can generate patterns in which
different genotypes group together due to co-migration. Another limitation of gel migra-
tion-based methods is the difficulty in obtaining profiles in which the less commonly
amplified sequences cannot be distinguished from background noise. This problem
increases with the diversity of the community. Finally, culture-independent methods
regularly fail to identify species obtained using culture-dependent methods. These two
different types of methods reveal different profiles of the same community; therefore,
researchers suggest that using a polyphasic approach, combining culture-dependent and
culture-independent methods, may be best in order to obtain a more accurate view of the
structure of a microbial community.

6.4.1 Polymerase chain reaction-based methods

Most of the techniques used in food microbiology for culture-independent analysis are
based on PCR. After amplification of the nucleic acids extracted directly from the food
matrix, the PCR product is subjected to specific analyses that are able to highlight dif-
ferences in the amplified DNA sequences (Cocolin et al., 2013). Since its development
by Kary Mullis in the 1980s, PCR has become fundamental to the work of biological
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and medical research laboratories. When there is a need to copy, sequence or quantify
DNA, PCR is the starting point. Basically, this biochemical technique combines ther-
mos-cycling and heat-labile enzymes that enable the quick and reliable multiplication of
DNA. Thus, PCR exploits the ability of DNA polymerase to synthesise new strands of
DNA complementary to a targeted template strand. Therefore, nucleotides are needed
but DNA polymerase can add a nucleotide only onto a pre-existing 3'-OH group, which
is provided by a primer, to which it can add the first nucleotide. This requirement makes
it possible to delineate a specific region of template sequence that the researcher wants
to amplify. At the end of the PCR reaction, the specific sequence is accumulated as
billions of copies. The most commonly used PCR-based methods for LAB and probiotic
bacteria identification and/or enumeration are PCR, RT-PCR, qPCR and PMA—ethidium
monoazide (EMA) qPCR.

Polymerase chain reaction (PCR)

Widely employed for descriptive purposes such as the detection of microbes and analy-
ses of ecosystem composition in combination with other technologies, PCR is now rou-
tinely used for the detection of pathogenic and spoilage microbes as well as
technologically relevant LAB and probiotics in food products (Sohier et al., 2014).

The simplest culture-independent PCR approach for the genus-, species- or strain-
specific detection of LAB in dairy or probiotic products is the use of specific primers for
PCR-based detection of the target organisms in the total bacterial DNA extracted from
a sample. Such approaches, however, have not been widely used in culture-independent
community studies of dairy products since a specific primer pair is needed for every
bacterial species, yet this can be a helpful approach for confirming the presence and
unequivocal identification of targeted species (Pogacic et al., 2010).

An extensive and detailed chapter about application of PCR-based methods to dairy
products and to non-dairy probiotic products has been published by Monnet & Bogovic¢
Matijasi¢ (2012). The review describes many interesting applications of PCR-based
methods for dairy products that can be used to detect, identify and quantify either
unwanted or beneficial micro-organisms. Bagheripoor-Fallah et al. (2015) also dis-
cussed the most commonly used molecular approaches to identify and/or quantify pro-
biotic bacteria in fermented dairy products. They agreed that PCR-based techniques
equipped with species-specific primers targeting 16S rRNA genes are rapid and reliable
detection methods for species. When 16S rDNA sequencing failed in discrimination of
analogous and intra-species strains due to their high similarity, species-specific primers
were used (Moraes et al., 2013). PCR with specific 16S rDNA-based oligonucleotide
primers is a powerful method for the detection of target bacteria within complex eco-
systems, such as human faeces or dairy products. In their review, Matsuki et al. (2003)
described the use of genus- and species-specific PCR primers for the detection and
identification of bifidobacteria that colonise the human gut or occur in dairy products.
Genus- or species-specific primers are not too difficult to construct, but problems arise
when intending to confirm different strains of the same species in the product. A variety
of PCR-based genotyping techniques have been reviewed, such as random amplified
polymorphic DNA (RAPD) analysis, repetitive sequence-based PCR (rep-PCR),
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pulsed-field gel electrophoresis (PFGE), amplified fragment length polymorphism
(AFLP) ribotyping and so on; these are successfully used to distinguish different strains
of probiotic bacteria, even closely related ones (Monnet & Bogovi¢ Matijasic, 2012).

Brolazo et al. (2011) used another PCR approach. They analysed vaginal lactobacilli
from 135 healthy women by using a multiplex PCR technique that applies primers based
on specific sequences of bacterial DNA that codify the regions of the 16S and 23S rRNA
which are exclusive for each species and produce fragments of DNA of different sizes
for each species.

Often, after finding a suitable phylogenetic marker, the PCR strain-specific assay can
be developed to target specific parts of the targeted gene. A multiplex PCR assay was
designed, utilising two novel strain-specific primer sets, which enabled the identifica-
tion of Lb. casei ATCC 393 by targeting polymorphic sites within the hsp60 gene
(Karapetsas et al., 2010). The quantitative detection of Lb. acidophilus LAB20 was
based on targeting the variable region of a novel S-layer protein, allowing the specific
enumeration of the probiotic in dog faeces (Tang & Saris, 2013). Bacteriocin-specific
primers were found useful for the detection and quantification of probiotic strain
Lactobacillus gasseri K7 in biological samples (Treven, 2015; Treven et al., 2015).

Ni et al. (2015) identified LAB from forage paddy rice silage by biochemical char-
acterisation that was followed by genotypic characterisation based on sequence analyses
of their 16S rRNA and recA genes. The latter was used for further discrimination of
strains in the Lb. plantarum group where a multiplex PCR assay was performed with
recA gene-based primers.

Reverse transcription polymerase chain reaction (RT-PCR)

The RT-PCR technique is a two-stage process, in which a target messenger RNA
(mRNA) sequence is first transcribed into a complementary DNA (cDNA) sequence,
using either random hexanucleotide primers or sequence-specific primers. The cDNA
sequence may then be used to generate a second-strand cDNA or serve directly as a
template for a PCR or qPCR (Keer & Birch, 2003). RT-PCR is, therefore, a PCR that is
preceded by conversion of sample RNA into cDNA with enzyme reverse transcriptase,
and it is one of the many variants of PCR. One such application of RT-PCR was reported
by Trmci¢ et al. (2011), who evaluated expression of all 11 genes involved in the bio-
synthesis of the bacteriocin nisin during cheese production using real-time RT-PCR.
Special attention has been given to the use of mRNA as a marker of viability. This
marker is a highly labile molecule with a very short half-life (measured in seconds) in
bacteria (Davis, 2014), and it therefore should provide a more closely correlated indica-
tion of viability status than DNA-based methods (Keer & Birch, 2003). For example,
Saito et al. (2004) successfully demonstrated the viability of Lb. helveticus GCL1001 in
human faeces as they detected the mRNA from this strain in the faeces of volunteers
using nested RT-PCR. Sheridan et al. (1998) also used an RT-PCR method to investi-
gate the relationship between detection of mRNA and cellular viability in Escherichia
coli. Nevertheless, rRNA has also been investigated as an indicator of viability and
has been found to positively correlate with viability under some bacterial-stress
regimes. Lahtinen et al. (2008) assessed the stability of 16S rRNA of VBNC probiotic
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bifidobacteria during storage. They concluded that cells that gradually lost culturability
in fermented products retained high levels of rRNA, whereas the rRNA of acid-killed
control cells decreased at a faster rate. However, the longer half-life of rRNA species
and their variable retention following a variety of bacterial stress treatments make
rRNA, under many conditions, a less accurate indicator of viability than mRNA targets
(Keer & Birch, 2003).

Real-time PCR (RT-PCR), or quantitative PCR (QPCR)

Since they are abbreviated similarly, reverse transcription PCR and real-time PCR are
often mistakenly interchanged. To avoid confusion, real-time PCR is labelled as quanti-
tative PCR (qPCR), whereas reverse transcription PCR is abbreviated as RT-PCR.
Besides real-time PCR, there are also other quantitative PCR approaches that will not be
described here. The qPCR technique differs greatly from PCR because qPCR measures
the amplification in real time, not just at the end point.

The principle of qPCR involves monitoring the progress of DNA amplification using
fluorescent reagents, which bind with the amplicon at the end of each cycle without
disrupting the amplification of the template DNA. The quantification strategy is based
on the threshold cycle number (C,) that is inversely proportional to the cell number cor-
responding to the template DNA concentration. Absolute quantification of microbial
populations is achieved by plotting the C_ against the cell number corresponding to the
template DNA concentration used for gPCR (Nagarajan & Loh, 2014).

Quantitative PCR enables the discrimination of different taxa and the quantification
of bacteria in a sample. In qPCR analysis, it is possible to measure the amplification
process using genus or species-specific primers. As reviewed by Nagarajan and Loh
(2014), the fluorescent reagents used to follow PCR amplification of target DNA
sequences include non-specific DNA-binding dyes, hydrolysis probes, hybridisation
probes, light-up probes, molecular beacons, sunrise primers and scorpion primers.
Among them, SYBR Green I as a non-specific DNA-binding dye, and TagMan probes
as hybridisation probes, are the most commonly used detection chemistries in qPCR.
SYBR Green I binds non-specifically to double-stranded DNA (dsDNA), and emits
fluorescence as amplicons accumulate during the PCR.

Bogovic¢ Matijasic et al. (2010) used species-specific primers and reaction conditions
for conventional PCR and SYBR Green I qPCR to quantify Lb. gasseri, Enterococcus
faecium and Bifidobacteriun longum subsp. infantis in an over-the-counter probiotic
drug. Ladero et al. (2012) employed multiplex qPCR for the detection and quantifica-
tion of putrescine-producing LAB based on the detection of the agmatine deaminase
gene (aguA) in dairy products. The authors proposed a multiplex gPCR method for the
quantitative detection and identification of putrescine-producing lactobacilli, lactococci
and enterococci present in dairy products, which could also serve as a screening method
for putrescine producers in starter culture collections. Furet et al. (2004) developed
gPCR assays for the quantification of LAB in fermented milk products, designing spe-
cific primers for the detection of bacterial species or groups of species. With this method,
authors successfully identified Str. thermophilus, Lb. delbrueckii spp., Lb. casei and the
Lb. casei group, Lb. paracasei subsp. paracasei, Lb. rhamnosus, Lb. acidophilus and
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Lb. johnsonii as initially present in commercial fermented milk products, with a detection
threshold of 10° cells mL~! of product.

The gqPCR technique is often combined with reverse transcription to quantify
mRNA. This gives another visible difference between the two methods; RT-PCR can
be used for the amplification process, but it needs to be combined with qPCR for quan-
tification purposes. The obvious advantages of qPCR are its high specificity, better
sensitivity and wide identification range, but optimisation of primers and probe design,
nucleic acid extraction and PCR biases are the main pitfalls of the method (Nagarajan
& Loh, 2014).

Propidium monoazide-PCR (PMA-PCR) and ethidium monoazide-PCR (EMA-PCR)

The PMA-PCR and EMA-PCR are emerging techniques that limit enumeration to
cells with intact membranes; these methods can also be termed as viability PCR
(VPCR) (Davis, 2014) because bacterial cells with intact membranes are assumed to be
viable. Prior to genomic DNA extraction and qPCR analysis, bacterial cells are treated
with intercalating agents, such as PMA or EMA, which penetrate only cells with com-
promised membranes and subsequently prevent amplification of DNA by PCR.
Quantification of viable cells in probiotic products or viable LAB in fermented milk was
proposed by using EMA-PCR and PMA-PCR, and these methods showed good correla-
tions with plate counts. The PMA-qPCR has been successfully implemented to mitigate
overestimation of the microbial community due to nonviable cells.

Kramer et al. (2009) evaluated the possibility to use PMA in combination with qPCR
using SYBR Green I chemistry for selective enumeration of viable probiotic bacteria of
the strains Lb. acidophilus LA-5 and Bif. animalis subsp. lactis BB-12 in lyophilised
products. The results obtained by FC (LIVE/DEAD) analysis were comparable with
those by PMA-qPCR. The authors concluded that PMA-qPCR and FC determination of
the viability of probiotic bacteria could complement the plate count method that consid-
ers only the culturable part of the bacterial population.

In another study, the PMA-qPCR approach was evaluated for enumeration of probi-
otic strains Lb. gasseri K7 and Lb. delbrueckii subsp. bulgaricus IM414 microencapsu-
lated in calcium alginate beads (Oketi€ et al., 2015). The lactobacilli were analysed by
plate counting and PMA-qPCR by species-specific primers during storage at 4 °C for 90 d.
The authors concluded that cell injury interferes with colony formation without affecting
membrane integrity; therefore, they agreed that the culture-independent PMA-
gPCR method could not be an alternative for the plate count method, but that it might
complement the latter well-established method, providing useful information about the
ratio of compromised bacteria in the samples.

When Weber et al. (2014) analysed the composition of a bacterial community in bulk
tank milk, they compared culture-dependent and culture-independent methods, including
the plate count method, chemotaxonomic differentiation of isolates, subsequent identi-
fication by 16S rRNA gene sequencing, and the PMA treatment of milk before DNA
extraction and construction of 16S rRNA gene clone libraries. Since they observed
certain discrepancies in bacterial community composition in raw milk based on either
culture-dependent or culture-independent methods, they strongly recommended a



224 Probiotic Dairy Products

combination of both approaches, as this would enable the detection of the highest
bacterial diversity in the raw milk samples analysed.

Despite its slight advantage in more strongly suppressing dead cell signals, the use-
fulness of EMA can be severely hindered by the penetration of intact cells in a species-
dependent manner. PMA, on the other hand, proves more selection for live cells but can
show greater suppression of dead cell signals. Different approaches have been used to
overcome these deficiencies (Fittipaldi et al., 2012). In their extensive review, Fittipaldi
et al. (2012) discussed in detail current knowledge and present aspects that are impor-
tant when designing experiments employing viability dyes. Moreover, the crucial
importance of viability determination of probiotics by PCR-based methods, as well as
new high-throughput molecular technologies such as microarray technology and next-
generation sequencing (NGS), was reviewed by Monnet & Bogovi¢ Matijasi¢ (2012).

6.4.2 DNA banding pattern-based methods

Denaturing gradient gel electrophoresis (DGGE)

The DGGE technique is based on the separation of PCR amplicons of the same size but
with different sequences (Jany & Barbier, 2008) where the 16S rRNA is the most fre-
quent target gene because it exists in all bacteria and can easily be amplified without
prior knowledge of studied strains (Li et al., 2009). In addition, DGGE also is a two-step
technique composed of: (a) PCR amplification of the genes encoding the 16S rRNA,
and (b) separation of PCR amplicons based on the decreased electrophoretic mobility of
PCR-amplified, partially melted, dsSDNA molecules in polyacrylamide gels containing
a linear gradient of DNA denaturants (Bagheripoor-Fallah et al., 2015), most often
chemical (urea and formamide in DGGE) or, very rarely, physical TGGE (Cocolin et al.,
2013). As a result, a mixture of amplified PCR products will form a banding pattern
after staining that reflects the different denaturing behaviour of the various sequences
that represent components of the microbiota. The resulting bands in the gel are analysed
by comparing them to the control DNA ladder run on the same gel (Figure 6.1).
Subsequent identification of specific bacterial groups or species present in the sample
can be achieved either by cloning and sequencing the excised bands or by hybridisation
of the profile using phylogenetic probes (Amor et al., 2007).

The DGGE technique has been reported as being successful in a discrimination and
stability study of lactobacilli and yeast microbiota in kefir grains (Vardjan et al., 2013),
and in an analysis of the microbial consortium of kefir grains with a focus on
Lactobacillus kefiranofaciens (Hamet et al., 2013). Lorbeg et al. (2009) evaluated six
primer pairs amplifying different variable regions of 16S rDNA that were selected and
applied in DGGE analysis of 12 species belonging to genus Enterococcus and eight
other bacterial species often found in cheeses, namely seven lactobacilli and one
Lactococcus lactis spp. For differentiation and identification of pure enterococcal iso-
lates, primer pair PIV1/P2V1 showed the most promising results: all 12 enterococcal
isolates gave distinctive DGGE fingerprints but with multiple bands patterns, indicating
that this primer pair is not appropriate for identification of enterococcal species in mixed
cultures. Much better potential for detection and identification of enterococci in mixed
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Figure 6.1 DGGE comparison of different Kefirs from Slovenian market using primers HDA1-GC
and HDA2.

Note: Lanes A-F: DNA isolated directly from different Kefirs; lane L: DNA ladder.

DGGE = Denaturing gradient gel electrophoresis.

b= R T (o e = ES () e CTc R

I
[
l
[
L
I
i

communities was shown by primers HDA1/HDA?2 and V3f/V3 amplifying the V3 region
but, since some bacterial species showed the same fingerprint, for clear identification
the authors suggested a combination of DGGE with another method. Appropriate primer
selection is essential, but unfortunately a universal primer set does not exist for
community profiling.

One potential of DGGE is that it offers the possibility of performing ecological
studies that target both nucleic acids (i.e. DNA and RNA). In order to reveal the meta-
bolically active microbiota of artisanal cheeses, some researchers have performed
DGGE analyses on reverse-transcribed (RT) RNA (Randazzo et al., 2002; Leite et al.,
2013). By combining RT-PCR-DGGE (RNA-based) and PCR-DGGE (DNA-based), it
is possible to differentiate metabolically active (RNA-derived) microbiota from the total
diversity (DNA-derived) of microbiota. Therefore, the RT-PCR-DGGE approach might
be very useful in studies of long-matured cheeses since different microbial groups might
be active during different periods of maturation. Regardless of whether bacteria are
viable or nonviable, their DNA is always present in the cheese matrix. Since RNA is less
stable than DNA, RNA will degrade quicker in dead organisms (Pogacic et al., 2010).

Finally, as with other methods, there are some limitations of the DGGE fingerprint
technique, for example its low sensitivity of detection of rare members of the commu-
nity (<1%); however, with group- or species-specific primers, the sensitivity of detect-
ing less frequent bacteria has been significantly improved (Amor et al., 2007). In their
review, Cocolin et al. (2013) extensively summarised studies from all around the world
that exploit the DGGE technique for analysing the microbial ecology of various food
products where the limit of detection was about 10* colony-forming units (cfu) mL~' or
g~ of product (Cocolin et al., 2013). The DGGE approach also suffers from a weakness
in differentiating between species with high phylogenetic relationships, so that sequenc-
ing of the bands in the DGGE profile is necessary (Lorbeg et al., 2009; Vardjan et al.,
2013). Two suggestions have been proposed to fill this gap: (a) applying a narrower
denaturing gradient, based on an increase in the band position, and (b) employment of
other primers that might lead to products with easy separation on DGGE gels. However,
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every change in the gradient, primer set or electrophoresis conditions will result in new
parameters so that a new database has to be constructed. This indicates that DGGE is
only applicable to microbial ecosystems that are simple in nature, such as probiotic
products, and the increasing complexity of a microbial population means that more
parameters would need to be modified, which would make this technique time-consum-
ing (Bagheripoor-Fallah et al., 2015).

Randomly amplified polymorphic DNA-PCR (RAPD-PCR) and repetitive genomic
element PCR (rep-PCR)

The RAPD-PCR and rep-PCR techniques are DNA fingerprinting methods that rely
only on PCR (Temmerman et al., 2004). Both methods are based on the presence of
repetitive elements present in the bacterial genome. The use of single primers comple-
mentary to these sequences in the PCR reaction enables the amplification of different-
sized DNA fragments lying between these elements (Masco et al., 2003). Isolated DNA
from a pure strain is used as a template in the PCR reaction, and its DNA fragments are
separated using agarose gel electrophoresis to produce a specific fingerprint (Figure 6.2).
Since these fingerprints are strain specific, these methods can be successfully used for
strain typing.

The RAPD-PCR technique uses short arbitrary (10 bp) primer and low-stringency
conditions. The primer anneals to a number of partial or complete complementary
sequences in the genome of an organism to produce randomly sized DNA fragments
(Mohania et al., 2008).

The RAPD technique is a simple and fast method, and therefore it is one of the most
frequently used methods for typing LAB. It has been successfully used for typing LAB
isolated from dairy products (Fitzsimons et al., 1999; De Angelis et al., 2001; Rossetti &
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Figure 6.2 Comparison of RAPD-PCR profiles of selected LAB strains.

Note: Lanes 1-6: Lactobacillus gasseri strains; lanes 7 and 8: Lactobacillus acidophilus strains; lanes 9
and 10: Lactobacillus johnsonii strains; lane 11: Lactobacillus plantarum; lane 12: Lactobacillus rhamno-
sus; lane 13: negative control; lane 14: Enterococcus faecium; lane 15: Bifidobacterium longum subsp.
infantis; lane M: 1 kb ladder.

LAB = Lactic acid bacteria; RAPD-PCR = randomly amplified polymorphic DNA-polymerase chain reaction.
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Giraffa, 2005; Golowczyc et al., 2008; Martin-Platero et al., 2008; Nieto-Arribas et al.,
2009; Vardjan et al., 2013), natural whey starters (Cocconcelli et al., 1997; Andrighetto
et al., 2004; de Candia et al., 2007), commercial dairy starters (Tailliez et al., 1998;
Vincent et al., 1998; Giraffa & Rossetti, 2004; Ma et al., 2013) and probiotic products
(Gardiner et al., 1998; Reuter et al., 2002; Schillinger et al., 2003). It has also been used
for identification of dairy LAB strains at the species level (Fitzsimons et al., 1999;
Rossetti & Giraffa, 2005). Although several different primers may be used for RAPD
analysis, primer M13 has most often been employed for typing dairy LAB (Giraffa &
Rossetti, 2004; Rossetti & Giraffa, 2005; Martin-Platero et al., 2008; Nieto-Arribas
et al., 2009; Bove et al., 2011).

In addition, RAPD primers are not directed against a specific sequence; therefore,
the reproducibility of the method is poor (Temmerman et al., 2004). Other factors (e.g.
annealing temperature, DNA purity and DNA concentration) may also affect
reproducibility. The use of strictly controlled PCR conditions and several single-primer
reactions may improve both the reproducibility and discrimination of the method
(Vincent et al., 1998).

In contrast to RAPD-PCR, rep-PCR is more reproducible due to the use of primers
specific against known repetitive element sequences in the bacterial genome (Singh
et al., 2009). Examples of repetitive sequences are the repetitive extragenic palindromic
(REP) sequences, the polytrinucleotide (GTG), sequences, the enterobacterial repetitive
intergenic consensus (ERIC) sequences and BOX sequences.

Bove et al. (2011) used a combination of RAPD and rep-PCR for characterisation of
Lb. rhamnosus strains isolated from the same batch of Parmigiano Reggiano cheese dur-
ing its maturation period. Analysis of different LAB isolated from Grana Padano, using
a combination of RAPD and (GTG),-PCR in comparison with restriction fragment length
polymorphism (RFLP), demonstrated that RFLP is a more reliable method for identifica-
tion at the species level (Mancini et al., 2012). Moreover, rep-PCR alone was observed
to be adequate for the accurate species identification of LAB isolates from Salers cheese
(Callon et al., 2004). The suitability of rep-PCR using primer (GTG), was confirmed for
clustering of different LAB from cheeses and other fermented dairy products (Ouadghiri
et al., 2005; Zamfir et al., 2006; Nikolic et al., 2008; Van Hoorde et al., 2008).

Masco et al. (2003) evaluated the applicability of several rep-PCR techniques for the
differentiation of Bifidobacterium strains from infants’ faeces. The highest discriminatory
power was obtained using BOX-PCR with primer BOXAIR, compared to (GTG), and
several ERIC and REP primers. In contrast, RAPD-PCR was more suitable for the typing
of LAB from various sources compared to ERIC-PCR or (GTG),-PCR (Ruiz et al., 2014).

Single-stranded conformation polymorphism (SSCP)

The SSCP analysis detects sequence variations between different DNA fragments, which
are usually PCR-amplified from variable regions of the 16S rRNA gene. This technique
is essentially based on the sequence-dependent differential intra-molecular folding of
single-stranded DNA (ssDNA), which alters the migration speed of the molecules. The
SSCP analysis requires uniform, low-temperature, non-denaturing electrophoresis to
maintain ssDNA secondary structure. The discriminatory ability and reproducibility of
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SSCP analysis, which is generally most effective for fragments up to 400 bp in size, are
also dependent on the position of the sequence variations in the gene studied (Giraffa &
Neviani, 2001).

The SSCP analysis involves the following four steps: (a) PCR amplification of the
DNA sequence of interest, (b) denaturation of the double-stranded PCR products, (c)
cooling of the denatured ssDNA to maximise self-annealing, and (d) detection of mobility
differences between the ssSDNAs using electrophoresis under non-denaturing conditions.
Several methods have been developed to visualise the SSCP mobility shifts. These include
the incorporation of radioisotope labelling, silver staining, fluorescent dye-labelled PCR
primers and, more recently, capillary-based electrophoresis (Dong & Zhu, 2005).

The SSCP method also was adapted for the rapid identification of bacteria to the genus
and species levels. It is a culture-independent tool evaluating LAB communities in food
such as cheese (Duthoit et al., 2003; Samelis et al., 2011; Csikos et al., 2016) and pickled
vegetables (Wu et al., 2011). As reviewed by Jany and Barbier (2008), SSCP-PCR is the
second most-used method for the study of microbial communities of cheese.

When SSCP is used to profile a complex microbial ecosystem, a robust database
needs to be created in order to identify each single component, by comparing the reten-
tion time of each signal with a reference time in the database. If matching does not
occur, identification cannot be obtained (Cocolin et al., 2013).

Diagnostics using SSCP are less time-consuming and expensive than establishing
species-specific primers for PCR. In addition, it is a DNA sequence-based method that
does not need any sequence analysis software (Herbel et al., 2013). However, when
using an automated sequencer, one of the disadvantages of this technique lies in the dif-
ficulty of appending new data to an existing database: samples presenting unknown
profiles cannot be directly sequenced because they are labelled (Jany & Barbier, 2008).
Similarly to DGGE, however, SSCP provides community fingerprints that cannot be
phylogenetically assigned directly (Giraffa & Neviani, 2001).

Pulsed-field gel electrophoresis (PFGE)

The PFGE technique has been verified as an efficient means for differentiating strains, and
it is an electrophoretic technique used to separate large DNA molecules (10 kb—10 Mb).
In a conventional constant electric field, DNA molecules >20 kb show the same mobility,
making it impossible to differentiate between them. By applying alternating electric
fields at different angles, however, PFGE can separate large DNA molecules in a flat
agarose gel. Restriction enzymes (REs) with uncommon recognition motifs, so-called
rare cutters, are used in PFGE to generate large DNA fragments, and the banding
patterns of PFGE in a group of strains reflect DNA polymorphism at the RE recognition
sites. The PFGE technique also provides high-resolution, macro-restriction analysis at
the genome level, leading it to be considered as the ‘gold standard’ for typing bacteria
(Li et al., 2009).

The choice of RE is one of the most important factors in determining the PFGE band-
ing pattern because the cleavage site of each RE is unique. The REs with long, infre-
quently occurring recognition motifs may provide higher resolution in PFGE; this is
because the generated DNA fingerprint depends on the specificity of the restriction



Mixed Probiotic and Lactic Acid Bacteria Starter Cultures 229

enzyme used and the sequence of the bacterial genome, and is therefore characteristic of
a particular species or strain of bacteria (Amor et al., 2007).

A high discriminatory power of PFGE has been reported for the differentiation of
different probiotic strains in commercial products (Coeuret et al., 2004; Yeung et al.,
2004) or for strain differentiation of LAB in fermented foods, such as olives (Doulgeraki
et al., 2013), viili (Kahala et al., 2008), fermented sausage (Tran et al., 2011), cheese
(Vernile et al., 2008) and different fermented dairy products (Xu et al., 2012).

Although widely used, PFGE has several limitations. This method is time and labour
consuming, as well as lacking in reproducibility and inter-laboratory comparability. It also
requires high-quality DNA, is poorly applicable to human or environmental samples and
may lack the resolution needed to distinguish bands of nearly identical size. Other drawbacks
include the risk of laboratory-acquired infection due to prolonged handling of bacterial
strains before treating with proteases and REs, and many other factors such as concentration
of DNA in the agarose plugs, amount of agarose in the gel, electrophoresis voltage, gel tem-
perature and buffer strength, which may also influence patterns (Li et al., 2009).

Amplified fragment length polymorphism (AFLP), restriction fragment
length polymorphism (RFLP) and terminal-restriction fragment length
polymorphism (T-RFLP)

The AFLP technique combines the power of RFLP with the flexibility of PCR-based
methods by ligating primer-recognition sequences (adaptors) to the digested DNA
(Amor et al., 2007). The AFLP technique involves restriction of total bacterial DNA
with two endonucleases of different cutting frequencies, one with an average cutting
frequency and a second with a higher cutting frequency, followed by ligation of the frag-
ments to oligonucleotide adapters complementary to the sequences of the restriction site
(Bagheripoor-Fallah et al., 2015). The use of PCR primers complementary to the adapter
and the restriction site sequence yields strain-specific amplification patterns (Amor
et al., 2007). The AFLP method has mostly been employed in clinical studies, but its
successful application in identifying LAB from traditionally produced sauerkraut
(Beganovic et al., 2014) and in two Flemish artisanal raw-milk Gouda-type cheeses
(Van Hoorde et al., 2008) has been reported. A strain-discriminative differentiation of
Bifidobacterium strains by AFLP with satisfactory discriminative power and reproduc-
ibility was developed by Dimitrov (2012). When three molecular typing methods,
RAPD, PFGE and AFLP, were evaluated for their ability to differentiate Lactobacillus
strains of human origin, AFLP proved to be the most discriminatory (Dimitrov et al.,
2008). The high resolution of AFLP has also enabled the delineation of closely related
Lac. lactis strains from different ecological niches (Kutahya et al., 2011). According to
Li et al. (2009), the requirement for automated analysis equipment due to a huge quan-
tity of information generated, as well as the fact that it is impossible to use the AFLP on
DNA taken directly from human specimens and environmental samples, are presumed
to be two disadvantages of AFLP.

The RFLP technique includes whole genome DNA extraction, its digestion with RE
and separation of the resulting array of DNA fragments by conventional agarose gel
electrophoresis (Bagheripoor-Fallah et al., 2015). If frequently cutting REs are used,
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they may produce hundreds of short fragments that are difficult to be clearly separated
by gel electrophoresis. This difficulty can be simplified by subjecting the partial restric-
tion fragments to Southern blotting with labelled probes (Li et al., 2009).

The T-RFLP is a PCR-fingerprinting method that is commonly used for comparative
microbial community analysis and phylogenetic affiliation of consortium members
(Nagarajan & Loh, 2014). Its analysis is based on the digestion of fluorescently end-
labelled PCR product. Primers are usually designed to anneal at consensus sequences in
the bacterial 16S rRNA genes, and either one or both 5’ and 3’ ends of the amplicon can
be labelled by incorporating a dye on either one or both PCR primers. The digested prod-
ucts are separated by electrophoresis using either gel- or capillary-based systems, with
laser detection of the labelled fragments using an automated analyser (Giraffa & Neviani,
2001). This system only detects the end-labelled terminal restriction fragments (TRFs) of
the digested PCR products, and their size can be calculated based on the use of DNA size
standards that are run simultaneously with the samples (Jany & Barbier, 2008). The T-
RFLP analysis was used to characterise the members of the complex bacterial microbiota
of different Croatian raw ewe’s milk cheeses (Fuka et al., 2013), while the use of tRNA”!—
23S rDNA-RFLP identification of micro-organisms was reported for LAB, associated
with dairy ecosystems and 75 isolates from Grana Padano cheese (Mancini ef al., 2012),
and for LAB and yeast strains in Ragusana donkey’s milk (Randazzo et al., 2016).

Amplified ribosomal DNA restriction analysis (ARDRA)

The ARDRA technique has been another useful technique for identifying various micro-
organisms. The PCR-amplified 16S rRNA fragments are digested at specific sites with
restriction enzymes, and the resulting digest is separated by gel electrophoresis. Different
DNA sequences will be cut in different locations and will result in a profile unique to the
community being analysed. Collado & Hernandez (2007) showed that the ARDRA tech-
nique can be a simple, rapid and useful method for routine identification of lactobacilli,
streptococci and bifidobacteria in fermented milk products. The ARDRA was also proven
to be applicable for differentiation of LAB species from different habitats (Rodas et al.,
2003; Ksicova et al., 2013). Although accurate identification of lactobacilli and other
co-isolated bacteria in probiotic prospective studies of human, animal or food origin can
be a difficult task, Moreira et al. (2005) successfully typed lactobacilli isolates at the strain
level by PCR amplification of 16S-23S rRNA intergenic spacers using universal primers
that anneal within 16S and 23S genes, followed by restriction digestion analyses of PCR
products. Some other studies report the satisfactory molecular identification of probiotic
lactobacilli isolates using ARDRA (Shehata, 2012; Ozturk & Meterelliyoz, 2015).

6.4.3 DNA sequencing-based methods

The DNA sequencing-based methods can be divided in three clusters: (a) sequencing of
coding genes like MLST, (b) sequencing of repeats and noncoding regions such as
internally transcribed spacers (ITS), and (¢) WGS and metagenomics. All DNA
sequencing-based methods can be classified as culture-dependent or independent,
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depending on whether bacterial isolates or clones are used. These are conditionally
strain-specific methods (depending on the specificity of the target) which are not suita-
ble for quantification or the assessment of viability of the strain of interest. The rapid
development and fall in costs of NGS methods resulted in a rise in the use of WGS and
metagenomic approaches, not only for phylogenetic analysis but also for the detection
of probiotics and starter cultures.

Sequencing of specific genes

The already known genotypic characteristics of the target strain can be used in order to
identify or profile probiotic and LAB starter cultures. The target gene should be stable
or only partially susceptible to spontaneous mutations that result in a low degree of
similarity among strains within the same species. Several protein-encoding genes have
been found suitable for detecting or profiling probiotics and LAB by sequencing.

Sequencing of variable regions of 16S rRNA genes is most commonly used for
bacterial identification at the species level; however, the flaw in this approach is that as
the evolutionary distance decreases, the diversity level in the 16S rRNA often becomes
insufficient, and thus genetic relationships of closely related species cannot be accu-
rately defined on the basis of a 16S rRNA gene sequence (Singh et al., 2009). In order
to achieve better phylogenetic resolution, several alternative phylogenetic markers can
be used as targets, such as a gene-encoding S-layer protein, fuf for elongation factor Tu,
rec A coding for Rec A protein and hsp60 for heat shock protein 60 (Yu et al., 2012). For
example, Huang & Lee (2011) and Huang et al. (2014, 2015) suggested several genes
(yych, dnak and dnaj) as good phylogenetic markers for discrimination of the Lb. casei
group. Claesson et al. (2008) concluded that the ubiquitous chaperonin GroEL is a more
robust single-gene phylogenetic marker for the genus Lactobacillus compared to the
16S rRNA gene.

Multilocus sequence typing (MLST)

The MLST is a method that uses DNA sequencing to characterise bacterial isolates at the
molecular level. The principle behind the MLST method is the analysis of differences in
the sequences (approx. 400 to 500 bp) of multiple housekeeping genes (6—10, usually 7)
(Maiden, 2006). Traditionally, unique sequences (alleles) are assigned a random integer
number, and a unique combination of alleles at each locus is given an ‘allelic profile’,
which specifies the sequence type (ST). In practice, MLST starts with a PCR amplifica-
tion step using primers that are specific for the loci of the MLST scheme, followed by
Sanger sequencing. Deoxyribonucleic acid sequences are stored in online databases,
which allow convenient exchange of strain-typing data both within and between labora-
tories. The MLST method is suitable for long-term investigation of bacterial population
structures, particularly when subtyping bacterial species with a high rate of genetic
recombination (Li et al., 2009). However, MLST is a laborious method, and the use of
highly conserved housekeeping genes in MLST often fails to detect the variability of
closely related strains. Moreover, the cost of traditional MLST is nowadays even higher
than WGS, since the costs of WGS continue to decline (Larsen et al., 2012).



232 Probiotic Dairy Products

Several MLST schemes for Bifidobacterium and LAB species have been developed
mostly for genetic profiling and evolution studies of isolated strains from different
sources. The MLST method was used for characterisation of type strains of the
Bifidobacterium genus (Ventura et al., 2006), strains of the Lb. acidophilus complex
(Ramachandran et al., 2013) and strains of the Lb. delbrueckii spp. (Tanigawa &
Watanabe, 2011), Lb. casei (Cai et al., 2007), Lb. plantarum (de las Rivas et al., 2006;
Gosiewski et al., 2012), Lb. fermentum (Dan et al., 2015) and Lac. lactis spp. (Fernandez
etal.,2011; Xu et al., 2014). Most of the developed schemes used seven housekeeping
genes; however, Dan et al. (2015) used 11 genes to differentiate Lb. fermentum strains,
and Xu et al. (2014) used 12 to determine the genetic diversity and phylogenetic rela-
tionships among Lac. lactis spp. isolates.

In addition to genetic profiling, MLST has been used to assess the degree and persis-
tence of the intestinal colonisation of the probiotic strain (Lb. plantarum 57B) after oral
administration of a mixture of lactobacilli, including the Lb. plantarum 57B strain (Strus
et al.,2012). Recently, Liu et al. (2016) applied functional gene sequence MLST technol-
ogy to predict the fermentation and flavour-producing characteristics of yoghurt-produc-
ing bacteria (strains of Lb. delbrueckii subsp. bulgaricus). The fact that groups of strains
established on the basis of genotype data were consistent with groups identified based on
their phenotypic traits indicates that MLST has the potential to replace time-consuming
conventional methods based on direct measurement of phenotypic traits (Liu et al., 2016).

In order to compare WGS data with experimentally gained MLST data, a web-based
method for MLST based on WGS data has been developed (Larsen et al., 2012). In a
similar manner using comparative genomics of Bifidobacterium spp., Lactobacillus spp.
and related probiotic genera, Lukjancenko er al. (2012) performed in silico MLST and
compared the variable gene content of genomes within the genera. Although this is an
improvement on the basic technique with modern WGS, it should be noted that an
MLST tree should be interpreted with caution, as it represents only a tiny fraction of the
complete core genome of a strain.

Sequencing of repeats and noncoding regions

Microsatellites or short sequence repeats (SSRs) are widespread genetic markers
consisting of hypermutable short nucleotide motifs (1-6 bp long), tandemly repeated
from two or three up to a few dozen times at a locus. Their applications in genetics are
extensive due to their ceaseless mutational degree, widespread length variations and
hypermutability skills. These properties make them an excellent tool for a number of
approaches like genotyping, mapping and positional cloning of genes (Saeed et al.,
2016). The diversity of compound SSRs in Lactobacillus genomes may be useful for
better understanding their genetic diversity, evolutionary biology and strain/genotype
differentiations (Saeed et al., 2016). Buhnik-Rosenblau et al. (2012) successfully used
the SSR technique in combination with MLST to infer the genetic relationships among
Lb. johnsonii isolates from different sources.

A genomic region separating 16S and 23S rRNA genes in prokaryotic micro-organisms
consists mainly of a noncoding sequence which is transcribed together with the ribosomal
genes, and this is called an internal transcribed spacer (ITS) (Gurtler & Stanisich, 1996).
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In comparison with 16S rRNA genes, an ITS is more variable and exhibits greater
resolution for the subtyping of bacteria at the strain level. ITSs vary not only in sequence
and length but also in the number of alleles and their positions on the chromosome
(Garcia-Martinez et al., 1999); ITS sequencing is mainly used for species or subspecies
identification, and less often for strain typing (Li et al., 2009). Usually the sequencing
of ITS is the basis for construction of strain-specific primers (Treven, 2015) or RFLP
analysis (Sandes et al., 2014). In any case, the use of ITS sequencing has proved to be
useful in distinguishing between strains of bifidobacteria from human intestinal mucosal
and faecal samples (Turroni et al., 2009) and for phylogenetic analysis of Str. thermo-
philus from yoghurt or cheeses (Galia et al., 2009).

Clustered regularly interspaced short palindromic repeats (CRISPRs) and their
CRISPR-associated (Cas) proteins are part of the CRISPR-Cas immune system in bac-
teria and archaea (Barrangou, 2015). The discovery of CRISPRs opened new possibili-
ties for their use as high-resolution genetic-fingerprinting tools for the assessment of
diversity of bacteria. According to the CRISPRdb database (Grissa et al., 2007), 45% of
bacteria contain convincing CRISPRs and the occurrence of CRISPR loci varies among
different genera and species. Among 102 genomes of LAB, CRISPR loci were identi-
fied in 47 genomes (Horvath et al., 2009). This ratio (46.1%) is much lower than the
ratio found in Bifidobacterium spp., which have a very high frequency of CRISPR-Cas
occurrence (77%, or 37 of 48) (Briner et al., 2015). Sanozky-Dawes et al. (2015)
reported that six of 17 (35.2%) investigated Lb. gasseri strains harboured a CRISPR-
Cas system, with considerable diversity in array size and spacer content. Although type
II-A CRISPR-Cas systems are valuable for genotyping of Lactobacillus buchneri, this
system is not ubiquitous in Lb. buchneri genomes, limiting its potential as a universal
target for typing purposes within this species (Briner & Barrangou, 2014). Overall, the
absence of CRISPR in some strains or species is the major drawback of this technique,
and therefore the potential of CRISPR-based genotyping must be assessed on an indi-
vidual basis for each candidate species. The sole presence of a CRISPR array in a draft
genome is only a starting point; however, several studies have shown potential for
CRISPR-based typing of industrial starter cultures, probiotic strains, animal commensal
species and pathogens (Barrangou & Dudley, 2016).

Whole genome sequencing and metagenomics

The extensive development of NGS technologies in recent years has resulted in a huge
reduction of sequencing cost for a typical bacterial genome (Koser et al., 2012). As well
as this, metagenomic approaches have also become widely available. It is interesting to
note that more than half of the complete or draft bacterial genome sequences available
in the National Center for Biotechnology Information (NCBI) Genome database (http://
www.ncbi.nlm.nih.gov/genome/browse/) were submitted from 2015 to September 2016.
NGS denotes high-throughput DNA-sequencing technologies permitting the sequencing
of millions of DNA strands in parallel and thus generating large amounts of sequence
data in a relatively short period of time (Pettersson et al., 2009). Several NGS methods
with different characteristics in terms of accuracy, average read length, reads per run and
time of analysis have been developed (Loman et al., 2012; Kelleher et al., 2015).
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The WGS analysis of bacterial strains offers a tremendous range of applications in
various fields. In the food industry, key genetic markers derived from genomic analysis
can be the basis for starter strain selection, with particular emphasis on phage resistance
and flavour development (Kelleher et al., 2015). With WGS, we can identify the regula-
tory mechanisms of secondary metabolite overproduction and subsequently improve the
fermentation processes, which could result in the reduction of manufacturers’ costs
(Pettersson et al., 2009).

Also, the WGS technique offers an in-depth insight into the evolutionary background
of specific strains of particular species, and it can be used for the identification of probi-
otics and LAB starter cultures. In fact, with appropriate bioinformatics analysis, WGS
can replace any other sequencing-based method. Several groups have used complete
genome sequences of bifidobacteria and lactobacilli strains to develop new genotyping
methods based on differences in insertion sequences and single nucleotide polymor-
phisms (Briczinski et al., 2009; Kaleta ef al., 2009; Lomonaco et al., 2015).

With the increased availability of genome sequences of bacterial strains from the
same species and improved bioinformatics computing, the concept of the pangenome
has emerged. Pangenomics is the analysis of the genome sequences of a number of
members of the same species (Medini et al., 2005), and the pangenome represents (or
tries to represent) ‘the genetic information of a bacterial species’ (Tettelin et al., 2005).
The pangenome can be divided into three parts: (a) a core genome (shared by all strains),
(b) a set of dispensable genes (shared by some but not all genomes), and (c) a set of
strain-specific genes (present in one genome only) (Medini et al., 2005). The pange-
nome concept can be used for the identification of strain-specific features, which can be
targeted by strain-specific primers. Several tools and pipelines needing various levels of
programming skills are freely available online to analyse pangenomes (Treven, 2015).
Lv et al. (2015) designed strain-specific primers based on the available genetic informa-
tion of Bif. longum subsp. longum BBMNG68, and used them to monitor this probiotic
strain’s distribution in the rat gut. In the case of the recently deposited whole-genome
shotgun project of probiotic strain Lb. gasseri K7 (Treven et al., 2014), five unique puta-
tive genes were assumed to be the best candidates for strain-specific PCR when Lb.
gasseri K7 genome was compared to 299 publicly available Lactobacillus genomes.

One of the goals of omic studies is to identify key biomarkers that could be used to
screen for new probiotic or technologically interesting strains. In order to improve
functionality in industrial processes, the omic approach is also suitable for the evalua-
tion of the physiological state of targeted probiotics (Sohier ef al., 2014). In addition,
the metagenomic approach could be used to detect specific strains. The utilisation of
sequencing coverage, in combination with the application of high-throughput sequenc-
ing methods, has enabled the metagenomic ‘binning’ of assemblies. Sequences that
originate from the same genome are grouped into bins by the similarity of their cover-
age vectors; this helps to differentiate strains (Turaev & Rattei, 2016). In order for
microbial strains to be characterised at high resolution, several bioinformatics meth-
ods have been developed, such as MathPhlan2, ConStrains and latent strain analysis
(LSA). Johansen et al. (2014) applied metagenomic-based approaches to quantify
seven Lac. lactis subsp. cremoris strains in a defined mixed-strain starter culture.
Recently, Tu et al. (2014) suggested a novel k-mer-based approach that identifies
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genome-specific markers in currently sequenced microbial genomes. These markers
could then be used for strain/species-level identification in metagenomes. Taking into
account that the price of metagenomic sequencing is falling, it can be speculated that
in future, strain-specific identification (especially in complex environments) will be
performed mostly by using metagenomic sequencing and appropriate bioinformatics
analysis (Treven, 2015).

6.4.4 Probe hybridisation methods

DNA and cDNA microarrays

As mentioned elsewhere, NGS methods produce a substantial volume of sequence infor-
mation. It is now possible to take advantage of such sequencing data to develop compre-
hensive microarrays using modern probe design strategies. DNA microarrays are
composed of microscopic DNA spots (oligonucleotide probes) immobilised on a two-
dimensional solid support, forming an array of thousands of probes in a single chip
(Nagarajan & Loh, 2014). The first step of the analysis is labelling the community DNA
in the sample. A fluorescent signal is recorded after hybridisation with oligonucleotide
probes onto the chip (Talbot et al., 2008). The quantification of the targeted bacteria is
based on the assumption that the intensity of the hybridisation signal is proportional to
abundance. The success of a microarray experiment strongly depends on the selection of
the probe set while considering the biological question. Probe design strategies for oli-
gonucleotide microarrays were recently reported by Parisot e al. (2016). Oligonucleotide
probes are designed based on either: (a) conserved marker genes, such as 16S rRNA
genes (phylogenetic oligonucleotide array), (b) key functional genes involved in the
physiological processes (functional gene array), (c) whole genomic DNA isolated from
pure cultures (community genome array), or (d) DNA cloned directly from the environ-
mental samples (metagenomics array) (Nagarajan & Loh, 2014).

Microarrays can be used for parallel detection of complex microbial communities in
many environments, including food matrices. Rungrassamee et al. (2012) designed the
microarray with a total of 164 bacteria-specific probes from 16S rRNA gene sequences
to target 12 bacteria species, including LAB and selected food pathogens, in Thai fer-
mented sausage. The taxonomic discriminative power of microarrays largely depends
on the selection of strain/species-specific probes from huge sequence databases. Tu
et al. (2013) developed a k-mer-based approach that can quickly and comprehensively
select 50-mer strain/species-specific probes for microbial strains and species, which can
be used to construct microarrays for strain/species-level identification of micro-organ-
isms in complex microbial communities. Patro ef al. (2015) recently demonstrated the
applicability of microarrays in the field of probiotics. They developed a custom microar-
ray (FDA GutProbe) that included genomes and plasmids representative of the most
common bacteria in the human gut and food products, to verify the accuracy of labelling
in commercial probiotic supplements. The microarray proved to be suitable for the iden-
tification of various species found in dietary supplements; therefore, it could be used for
the quality control of probiotic products in terms of labelling information and batch
variation. Furthermore, the GutProbe microarray enables identification to the species
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level, and can even discriminate between closely related strains. This method, however,
is limited to species that are represented on the current version of the array.

There are several concerns regarding the usage of DNA microarrays for detection
and quantification of bacterial communities. For instance, the specificity of probe—target
interactions may be compromised by non-specific target binding and cross-hybridisation.
Another drawback is the time-consuming and complex process of validation and designing
specific oligonucleotides for the robust identification and characterisation of the microbial
consortia. However, the microarray is much more cost-effective than sequencing and
can reduce time and cost when monitoring bacteria populations, especially when
handling a large number of food samples. This microarray method would be preferred
for rapid surveillance and analysis of initial products (Patro et al., 2015).

Fluorescence in situ hybridisation (FISH)

Fluorescence in situ hybridisation is based on the specific hybridisation of a fluores-
cently labelled probe to a complementary target sequence within the cell. This enables
the identification of bacteria in situ, without the isolation of community DNA (Pogaci¢
et al., 2010). Fluorescently labelled probes target specific DNA or RNA sequences in
order to detect or confirm genes within chromosomes or gene expression. The protocol
for species-specific bacterial enumeration in mixed culture consists of four major steps.
First, the cells are fixed and permeabilised, and then fluorescently labelled probes are
incubated with the permeabilised cells to allow the probes to hybridise with a targeted
sequence. The last step is the quantification of hybridised cells using FC (FLOW-FISH)
or epifluorescence microscopy (Nagarajan & Loh, 2014). For milk and other dairy prod-
ucts, sample preparation may include homogenisation, simple or multiple centrifugation
steps, the addition of sodium citrate buffer or unspecific proteases to reduce the back-
ground and auto-fluorescence of the sample (Rohde et al., 2015). The FISH experiments
often employ several probes of different specificity that are labelled with different fluo-
rophores. Bottari et al. (2006) reviewed the most commonly employed dyes for FISH for
microbiological analysis. Domain-, group- and strain-specific probes are the most com-
monly used for the analysis of mixed bacterial communities (Nagarajan & Loh, 2014).
Fluorescence in situ hybridisation is a popular technique for research into probiotics
and dairy starter cultures, although few publications have described its use for the enu-
meration of dairy microbes (Sohier ez al., 2014). Babot et al. (2011) successfully designed
oligonucleotide probes targeting the 16S rRNA of dairy propionibacteria and optimised
the FISH protocol to enumerate these bacteria in Gruyere cheese. Similarly, the use of
fluorescently labelled oligonucleotide probes specific to Lac. lactis spp., Lb. plantarum
and Leuconostoc mesenteroides spp. in FISH experiments enabled an assessment of the
spatial distribution of the different microbial species on Stilton cheese sections (Ercolini
et al., 2003). Mounier et al. (2009) employed four FISH probes to enumerate the main
yeasts in Livarot cheese. Fluorescence in situ hybridisation with probes specific for bifi-
dobacteria was also used for the enumeration of these bacteria in a fermented oat drink
during storage (Lahtinen e al., 2006) and for examination of the probiotic strain Bif.
animalis subsp. lactis BB-12 in microcapsules (Lisova et al., 2013). Olsen et al. (2007)
quantified Leuconostoc spp. populations in five different mixed starter cultures using



Mixed Probiotic and Lactic Acid Bacteria Starter Cultures 237

a whole cell in situ hybridisation assay with 16S rRNA-targeted oligonucleotide probes.
Recently, Lu ef al. (2014) used FISH to determine the distribution of yeasts in Tibetan
kefir grains for the following genera: Kluyveromyces, Saccharomyces and Yarrowia.

Several research groups have used modified versions of FISH to quantify specific
bacteria in different matrices. Garcia-Hernandez et al. (2012) developed a direct viable
count (DVC)-FISH procedure for quick and easy discrimination between viable and
nonviable cells of traditional yoghurt bacteria. Friedrich & Lenke (2006) showed flow
cytometric FISH (FLOW-FISH) to be an effective and accurate tool for the bacterial
community analysis of complex starter cultures. Another approach is the use of fluores-
cently labelled rRNA-targeted peptide nucleic acid (PNA)—FISH probes. Matte-Tailliez
etal. (2001) and Machado et al. (2013) used PNA-FISH for the detection and identifica-
tion of growing LAB cells in industrial starter cultures or in milk.

The popularity of FISH is mainly due to its ability to provide information about the
distribution of micro-organisms in a specific matrix and the possibility of performing
highly specific detection, in some cases to the strain level. However, it has several
disadvantages such as interferences with food matrices, artefacts, low repeatability,
problems with limited permeabilisation, poor limit of detection and consequently a
laborious optimisation procedure (Nagarajan & Loh, 2014; Sohier et al., 2014).

6.5 Conclusions

Although laborious and time-consuming, traditional plate counting still remains the
most commonly used technique for bacterial enumeration. The method is still appropri-
ate for monitoring the quality of final products where, in addition to total plate count,
the method also enables a partial idea of the composition of the bacterial community.
For monitoring of fermentation processes, faster methods (e.g. FC) are crucial that,
above all, allow counting of the total number of bacteria. The advantage is that it counts
the VBNC bacteria. Perhaps even better is the PMA/EMA qPCR that counts viable
bacteria whilst also distinguishing between species.

Simple phenotypic methods, such as API or Biolog, are insufficient for adequate and
conclusive identification of bacterial strains to the species level. The use of genetic
methods, such as 16S rDNA sequencing or species-specific PCR, can significantly
increase the reliability of species identification. Moreover, with the depositing of more
and more protein sequences of different LAB in available databases, even MALDI-TOF
MS may eventually become a more reliable method since it is very rapid, and sample
pre-treatment is fast and easy.

To monitor the stability of strains present in a product or starter culture, the preferred
methods are RAPD and rep-PCR as they allow easy and quick screening of strains based
on their genomes. Lately, whole genome sequencing has become more accessible, and
application of DNA sequencing has become more realistic due to recent cost reduction.
Nevertheless, a new research era is called for where the omics/metagenomic approach is
given priority so that, with the support of modern bioinformatic methods, we can monitor
and quantify a specific strain, and, through deep sequencing of 16S rRNA, we can deter-
mine its physiological state in a complex microbial community without prior cultivation.
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7 Prebiotic Ingredients in Probiotic
Dairy Products

X. Wang and R.A. Rastall

7.1 Introduction

The human body functions as a complex ecosystem with more micro-organisms
being present than human cells. The gastrointestinal (GI) tract is the biggest and
most important habitat for micro-organisms due to the abundance of nutrients in the
form of digesta that flow through the lumen without being absorbed by the small
intestine. According to several human intestinal metagenomic studies, the most
widely represented phyla of micro-organisms in the human gut are Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, Fusobacteria and
Euryarchaeota methanogens (Eckburg et al., 2005; Arumugam et al., 2011). The GI
tract’s physiochemical status affects the microbiota to a large extent. Due to the low
pH of the stomach, only a few microorganisms can survive there. Although pH fluc-
tuates in the small intestine as a result of the secretion of alkaline pancreatic juices
and acid bile, the numbers of bacteria increase gradually and reach a high number in
the large intestine. On the other hand, the microbiota composition and metabolism
affect host health in various ways, for instance by influencing immunity, mineral
absorption, energy intake regulation and lipid metabolism. A good symbiosis
between the human body and its microbiota is essential for human health, whereas
dysbiosis, which can be caused by antibiotic therapy, drugs, diseases, injury, surgery,
stress or ageing, is problematic. Diet plays an important role in the gut microbiota;
therefore, food ingredients and supplements that can promote beneficial bacteria can
confer health benefits.

Prebiotics are defined as ‘selectively fermented ingredients that result in specific
changes, in the composition and/or activity of the GI microbiota, thus conferring benefit
upon host health’ (Gibson et al., 2010). Prebiotics not only boost the growth of benefi-
cial bacteria in the GI tract, but also have the potential to inhibit pathogens, improve
mineral absorption, increase satiety and improve well-being.
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7.2 Criteria for an ingredient to be classified as a prebiotic

Prebiotics were originally defined by Gibson and Roberfroid (1995) as ‘a non-digestible
food ingredient that beneficially affects the host by selectively stimulating the growth
and/or activity of one or a limited number of bacteria in the colon, and thus improves
host health’. Since then, the definition has been revisited several times and criteria have
been proposed to qualify a compound as prebiotic. Three criteria are proposed by
Gibson et al. (2004):

e Non-digestibility: resistant to gastric acid, hydrolysate enzymes and GI absorption.

e Fermentable by gut microbiota.

o Selectivity: selectively boosts the growth or/and activity of beneficial colonic
bacteria.

Current recognised prebiotics are all carbohydrates: non-digestible oligosaccharides
that contain different oligomers of saccharides with different degrees of polymerisation.

Inulin-type fructans are oligosaccharides or polysaccharides composed principally of
fructose. D-fructose molecules are linked by § (2 — 1) linkages, and the chain is termi-
nated by a D-glucose molecule bonded with fructose by an a(1+2) linkage; inulin often
refers to molecules with more than 10 degrees of polymerisation (DP), whereas fructoo-
ligosaccharide (FOS) or oligofructose (OF) often refers to molecules with 2~10 DP.
Inulin is naturally present in many plants such as chicory, artichoke, leek, banana, aspar-
agus and onion. FOS also occurs in natural food as well as being produced from sucrose
or inulin. These molecules can stay intact until reaching the colon, where they princi-
pally simulate the growth of bifidobacteria (Kelly, 2008).

Galactooligosaccharides (GOS) are oligosaccharides with fewer than 10 DP; they
consist of one or more galactose residues and a terminal glucose, or they are disaccha-
rides of galactose (Jose Gosalbes ef al., 2011). GOS can be produced from lactose, and
in the GI tract can enhance the growth of bifidobacteria while supressing the growth of
clostridia; this has been shown both in vitro and in vivo (Rycroft et al., 2001; Vulevic
et al., 2013; Giovannini et al., 2014).

Other carbohydrates that have been investigated as candidate prebiotics include
human milk oligosaccharides, resistant starch (RS), isomaltooligosaccharides,
lactosucrose, xylooligosaccharides (XOS), lactulose, soya/soybean oligosaccha-
rides, glucooligosaccharides, arabinoxylan, arabinogalactans, pectin/pectic oligo-
saccharides, seaweeds/microalgae and p-glucans.

7.3 Health benefits of prebiotics and their mechanisms of action

Commensal bacteria in the human gut can utilise undigested carbohydrates or proteins
as energy sources. Microbial breakdown of carbohydrates produces short-chain fatty
acids (SCFAs) (e.g. acetate, propionate and butyrate), ethanol, formate, lactate, succi-
nate, carbon dioxide, methane and hydrogen through various pathways. Protein fermen-
tation also generates SCFAs, ethanol, gases and other organic acids together with
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branched-chain fatty acids (BCFAs), such as iso-butyrate and iso-valerate, ammonia
(NH,) and amines. Fermentation of aromatic amino acids leads to the production of
phenolic and indolic compounds, whereas fermentation of sulphur-containing amino
acids often generates hydrogen sulphide (H,S). In general, SCFAs are believed to be
involved in various health benefits (Russell ef al., 2013); however, NH,, phenolic and
indolic compounds, and H,S are believed to have a negative impact on human cells, as
indicated by various in vitro cell studies (Windey et al., 2012). Commensal bacteria in
the human gut can be saccharolytic, proteolytic or both. Consumption of prebiotics usu-
ally promotes increased growth of beneficial saccharolytic bacteria and an increase in
saccharolytic activity of the gut microbiota, resulting in increased SCFA production.

7.3.1 Short-chain fatty acids and human metabolism

Bacteria are present throughout the GI tract; however, they are more abundant in the
large intestine than the small intestine. This coincides with the SCFA concentration
within the human body: SCFAs are at low concentrations in the terminal ileum and high
in the colon, which confirms the role of colonic bacteria in SCFA production (Cummings
et al., 1987). Within the colon, SCFAs are produced primarily in the ascending colon
where substrates are abundant and to a lesser extent in the descending colon where most
substrates have been utilised by the bacteria in the early part of the colon and are scarce.
Although the concentration of SCFAs in the human gut varies between individuals, the
ratio of acetate, propionate, butyrate and BCFAs is generally around 50:20:20:10
(Cummings et al., 1987; Macfarlane & Macfarlane, 2003). Whether considering the
amount of substrates reaching the lower gut and then being fermented, or the require-
ment to sustain the survival of colonic bacteria, the amount of SCFAs produced in the
human colon is considerable; however, human faecal output contains only low amounts
of SCFAs (Cummings, 1981). This is due to SCFA absorption in the colon, which hap-
pens not only in humans but also in other mammalian species such as rat, horse and pig.
McNeil et al. (1978) studied 46 human subjects’ rectal SCFA absorption by connecting
dialysis bags filled with different testing solutions to the volunteers’ rectum. The fluid
in the dialysis bags was measured before and one hour after connecting: this showed
that absorption of SCFAs occurs together with the excretion of bicarbonate and is not
related to the pH level in the lumen.

After absorption by the colon, butyrate is present in low concentrations in portal
blood due to utilisation of butyrate as an energy source by colonic epithelial cells. The
remaining SCFAs are transported to the liver (Cummings et al., 1987). Colonocytes
oxidise acetate, propionate, butyrate, glucose and glutamine to generate energy;
however, butyrate is the preferred substrate for colonocytes. The presence of butyrate
inhibits the oxidation of other energy sources, with the preference order being:
butyrate > acetate > propionate > glucose > glutamine (Clausen & Mortensen, 1995).
After being absorbed by the colon, SCFAs are transported to the liver via portal blood.
Most propionate and butyrate are metabolised by the liver; however, acetate is further
transported by the venous blood to peripheral tissues (Bloemen et al., 2009). In venous
blood, more than 90% of SCFAs are acetate, which can join the tricarboxylic acid cycle
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in peripheral tissues by forming acetyl-CoA and then providing energy (Cummings
et al., 1987). Around one-third of the acetate absorbed from the colon will be taken by
the cells in peripheral tissues providing energy (Cummings et al., 1987).

7.3.2 Mineral absorption

Prebiotic consumption can directly lead to an increase in mineral absorption. Feeding
rats with FOS can improve the absorption by the gut of multiple minerals, including
calcium, magnesium and iron (Delzenne et al., 1995; Ohta et al., 1995). Supplementation
with prebiotics, such as GOS, lactulose and other resistant carbohydrates, to rats also
revealed similar findings: calcium absorption by the gut was enhanced (Brommage
et al., 1993; Chonan et al., 1995). The GOS study also measured bone ash and found
that rats fed with GOS had higher levels, implying that prebiotics can improve bone
health (Chonan et al., 1995).

Most studies on prebiotics and mineral absorption have focused on calcium as it is
crucial for bone health, especially in children and women. Most calcium in the human
body is distributed in bones, and adult calcium levels are maintained by a dynamic
equilibrium of calcium deposition and resorption. Bone calcium in elderly people
decreases, particularly in postmenopausal women. Calcium deficiency in children
causes rickets, while low bone mass in the elderly causes osteoporosis and elevated risk
of fracture (Greer et al., 2006; Jackson et al., 2006). Calcium is absorbed both by active
absorption, which is vitamin D dependent, and in the small intestine by passive
absorption.

Many human trials have been carried out, and these have confirmed that prebiotics
stimulate mineral absorption. Such studies have investigated FOS, inulin, GOS and
lactulose or have targeted specific groups (male and female adolescents, and postmeno-
pausal women) (van den Heuvel ef al., 1999a, 1999b, 2000, 2009; Whisner et al., 2013).

The mechanism underlying prebiotic stimulation of mineral absorption is not fully
known; however, it may involve protonation of the minerals which increases passive
absorption across cell membranes. A feeding study involving ten ileostomy subjects fed
with FOS, inulin and sucrose did not show changes in mineral absorption, indicating
that the effect of prebiotics occurs in the large intestine (Ellegard et al., 1997).

7.3.3 Energy intake and appetite requlation

There is increasing interest in the potential role of the microbiome in human energy
metabolism. In an acute study that used inulin as a fat replacer in a sausage patty, a sig-
nificant decrease of 1521 kJ energy intake was seen (P=0.039) compared to the full-fat
patty; this was similar to results obtained in a study using inulin in yoghurt (Archer
et al., 2004; Perrigue et al., 2009). Twenty-one volunteers had two consecutive days of
FOS and p-glucan supplement and did not show any difference in satiety compared with
the control intervention (Peters et al., 2009). However, five volunteers who were on a
supplementation of 16 g of FOS for 2 weeks showed an enhancement of satiation
compared with another five volunteers who had placebo (Cani et al., 2006).
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Table 7.1 Gastrointestinal hormones.

Name Secretion site Produced by Hormone signals Effect on
targeting organ food intake
Ghrelin Stomach Gastric Vagus and Increase
oxyntic cells hypothalamus

Cholecystokinin (CCK) Small intestine I cells Vagus and brainstem Decrease

Glucagon-like Ileum and L cells Vagus and brainstem Decrease

peptide-1 (GLP-1) colon

Polypeptide YY Ileum and L cells Hypothalamus Decrease

PYY) colon

Oxyntomodulin Ileum and L cells Hypothalamus Decrease
colon

Note: Table compiled from Cummings & Overduin (2007).

It is hard to quantify satiety and satiation; however, gut hormones that regulate energy
intake can be quantified. There are a number of hormones that are secreted by the GI
tract that can affect energy intake and satiety. They are produced by different cells and
have various functions on satiety regulation. Table 7.1 shows a list of gut hormones and
how they affect satiety.

Bioactive glucagon-like peptide-1 (GLP1) has two forms: GLP1(7-37) and
GLP1(7-36), which can both be obtained from the biologically inactive 37-amino-acid
peptide GLP1(1-37) by cleavage of the peptide chain. Both forms of bioactive GLP1
have alanine at position 2, so they can be inactivated by dipeptidyl peptidase-4 which
breaks down alanine-containing peptides. The molecules can then be cleared through
the kidneys. GLP1 is produced in L cells in the gut, but the receptor for GLP1 is present
in the pancreatic islets (mainly f cells), kidney, lung, heart and nervous system. In addi-
tion, GLP1 can increase gastric emptying time by communicating with the nervous
system. GLP1 not only increases insulin secretion, but also enhances the storage of
insulin and stimulates insulin gene expression; it can also mediate glucose levels by
glucagon secretion inhibition and activation of glucose disposal sensors (Drucker,
2006). Seven days of FOS supplementation significantly increased gastric transit time
and higher plasma GLP1 levels in nine gastroesophageal reflux disease patients (Piche
et al., 2003). A placebo-controlled study with 48 volunteers on a 12-week intervention
confirmed FOS can regulate energy intake, decrease ghrelin and increase plasma pep-
tide YY (PYY) (Parnell & Reimer, 2009).

Gut hormones involved in energy homeostasis can be regulated by prebiotics via
metabolites, such as SCFAs. Infusion of SCFAs directly into rat colon increased PYY,
and in pigs both PYY and GLP1 reached higher concentrations after SCFA infusion
(Cherbut et al., 1998; Cuche ef al., 2000). SCFAs also have their own receptors, which
can affect energy uptake and storage. G protein receptor-40 (GPR40), GPR41 and
GPR43 are also known as, respectively, free fatty acid receptor-1 (FFA1), FFA3 and
FFA2. FFAL is activated by long-chain fatty acids; however, FFA2 and FFA3 can be
activated by SCFAs. Both of these SCFA receptors are expressed in a variety of human
tissues, including the colon (Karaki et al., 2008; Tazoe et al., 2009). FFA2 is more
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highly expressed in immune cells, and FFA3 has the highest expression in adipose tissues
(Brown et al., 2003). For FFA2, the agonist strength is propionate=butyrate=
acetate>valerate, while for FFA3, it is propionate=valerate=butyrate>acetate
(Brown et al., 2003). FFA2 is expressed in colon L cells and can activate PYY secre-
tion, while FFA3 stimulates the secretion of leptin in adipose tissues (Xiong et al.,
2004; Karaki et al., 2008).

Propionate and its potential for energy regulation were observed in a human study:
inulin-propionate ester (10 g d™!) was fed to 60 overweight adults recruited on a ran-
domised, double-blind, placebo-controlled, parallel study. Acute measurements revealed
that inulin-propionate ester significantly increased plasma concentration of PYY and
GLP1 after 6 h compared to inulin; after 24 weeks of supplementation, the inulin-propi-
onate ester group gained less weight and had lower low-density lipoprotein (LDL)
cholesterol and total cholesterol compared to the inulin group (Chambers et al., 2015).

7.3.4 Lipid metabolism

High concentrations of LDL cholesterol and triacylglycerol in the blood are risk factors
for cardiovascular disease. Triacylglycerol levels can be reduced by prebiotics partly by
their regulation of gut hormones and fat intake. SCFA receptor FFA2 is involved in
mediating the plasma fatty acid level by inhibiting lipolysis and simulating adipogenesis
(Stoddart et al., 2008). Prebiotics can modulate microbiota composition with a bifido-
genic effect, and anaerobic growth of lactobacilli and bifidobacteria can assimilate
cholesterol with bile salts (Pereira & Gibson, 2002). In rats, prebiotic supplementation
can inhibit hepatic lipogenesis by downregulating lipogenesis enzymes (Kok et al.,
1996). Intervention with FOS resulted in reduction of blood glucose and LDL choles-
terol in 18 diabetic subjects compared to ten diabetic subjects who received sucrose
(Yamashita et al., 1984). Other studies, mainly on inulin-type fructans, have produced
inconsistent results where reduction of LDL cholesterol or triacylglycerol was not
always observed. These studies, however, targeted different groups and used different
doses of prebiotics (Canzi et al., 1996; Pedersen et al., 1997; Davidson et al., 1998).

7.3.5 Immune function modulation of prebiotics

An immune system that functions properly is able to protect the human body from inva-
sion of pathogens and other antigens; however, immunity disorders can lead to prob-
lems, such as allergy and inflammatory disease. Prebiotics can modulate immune
function from two perspectives: they enhance the defence against pathogenic infections
and reduce unwanted inflammatory events. SCFA receptors, which were discussed in
Section 7.3.4, may help to modulate immunity in the human body: FFA2 expres