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Preface

Human intestinal tract is colonised by several thousand species of bacteria. They represent
both the beneficial bacteria as well as harmful ones. Beneficial bacteria are referred to as ‘pro-
biotics’. Predominance of probiotic bacteria is considered essential for the prevention of hu-
man diseases and maintenance of good health. Prebiotics are non-digestible food ingredients
that selectively promote the growth of probiotics in the gastrointestinal tract. More recently,
the concept of ‘synbiotic” relationship between the probiotics and prebiotics is being used as
an effective strategy to maintain the predominance of the probiotics in the gastrointestinal
tract. Research over the years and more recent research have shown the beneficial effect of
probiotics in the prevention and management of several human diseases including cancer,
cardiovascular diseases, gastrointestinal disorders, osteoporosis and neurodegenerative dis-
eases. The recent focus of research is to identify the specific species of probiotics, types of
prebiotics, their interactions and mechanisms of action in providing health benefits. Recogni-
tion of the health benefits of probiotics and prebiotics has led to the marketing of several sup-
plements. Government agencies are actively developing regulatory guidelines for the safety
and efficacy of such supplements. In recognition of the importance of probiotics and prebiot-
ics, the contents of the book include all the major concepts from their identification to clinical
trials. The book has been carefully reviewed to include chapters that are relevant and repre-
sentative of current research. We are confident that the readers of this book published by In-
Tech publication that include researchers, health professionals, government regulatory
agencies and industries will find it highly useful as a standard reference book.

Dr. L. G. Rao

Adjunct Professor and

Director Calcium Research Laboratory
St. Michael’s Hospital

University of Toronto

Dr. A. Rao

Professor Emeritus

Department of Nutritional Sciences
Faculty of Medicine

University of Toronto






Chapter 1

Prebiotic and Probiotic Approaches to Improving Food
Safety on the Farm and Their Implications on Human
Health'

William B. Smith, Todd R. Callaway, Luis O. Tedeschi,
Francis M. Rouquette Jr., Trisha Sheridan and
Jennifer Adamski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63114

Abstract

Human health is a broad category that encompasses the entirety of the food produc-
tion system. Livestock production practices have important effects on human health
because livestock not only are a primary food source but also can be the source of
pathogenic bacteria that may enter the food chain indirectly. As government regula-
tion and public scrutiny restrict the prophylactic use of antibiotic and antimicrobial
interventions, other techniques must be used to reduce the burden of animal-borne
pathogenic bacteria entering the food system. Prebiotics (isolated compounds that
enhance natural microflora and thereby decrease pathogens) and probiotics (live
microbes that are administered to livestock to enhance microbial diversity and crowd
out pathogens) represent two unique opportunities for alternative measures in
pathogen reduction. This review addresses the link between animal production and
human health, the agricultural sources of pathogenic organisms, and the probiotic and
prebiotic approaches that have been evaluated in an effort to reduce carriage of
foodborne pathogenic bacteria by livestock.

Keywords: food safety, livestock, prebiotic, preharvest intervention, probiotic
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Probiotics and Prebiotics in Human Nutrition and Health

1. Introduction: why is farm-based intervention of interest to human
health?

This book is dedicated to the understanding and dissemination of knowledge surrounding
prebiotic use in human health. Thus, it begs the following questions: When a reader finds this
particular manuscript, what is the point? What is the objective of a farm-based perspective
when the focus is on human health? While these may be valid questions to the casual observer,
a full understanding of potential pathogens and intervention in the subject of human health
must by rights include a discussion of the foodstuff at its source. Like all mammals, livestock
harbor a diverse collection of bacteria [1]. In fact, the gastrointestinal tract of these animals can
harbor in excess of 2000 bacterial species at concentrations of 10" cells/g of digesta [2]. While
the majority of these organisms are beneficial to the host and part of the stable native microflora
of the gut [3], certain instances or conditions allow pathogenic bacteria to colonize within the
animal. Some of these bacteria can make their way from the gut or the hide during processing
[4], introducing pathogens into the abattoir (slaughter plant) at harvest that must then be dealt
with in final food products. As noted in Reference [1], a great number of these pathogenic
bacteria in the realm of human health are also of interest in that of livestock animal health and
can commonly be traced back to those very animals. Since these pathogens are a threat to the
well-being of both humans and livestock, one must then investigate intervention strategies by
which the microbial burden may be reduced at the source so that these pathogenic organisms
would never enter the human food chain.

Traditionally, farm-level or feeder/finisher-level control of pathogens has been achieved
through prophylactic antibiotic and antimicrobial addition to feeds. The main source of
prevention of pathogenic bacterial entry into the food system is through Hazard Analysis and
Critical Control Point (HACCP) plans at the abattoir [5]. It should be noted that HACCP control
measures are only effective to a certain point (i.e., they are not perfect), but any reduction of
pathogen shedding prior to entry into the abattoir will reduce the burden and assist in the
efficacy of in-plant HACCP-based controls [6]. In fact, with the subtherapeutic antibiotic use
ban in the European Union [7,8] and increased public scrutiny of antibiotic use in livestock in
the United States [9], alternative preharvest control strategies must be devised and imple-
mented, especially given the direct correlation between live animals shedding foodborne
pathogenic bacteria, such as Escherichia coli O157:H7, and the incidence of positive carcasses
at the abattoir [5]. Thus, preharvest intervention strategies, such as use of probiotics and
prebiotics, need to be viewed as an additional critical control measure that can be included in
the food safety continuum.

So how then do preharvest interventions in animals work? Much of the efficacy of products
that will be described in the present review can be loosely grouped under an umbrella concept
known as a “competitive enhancement” approach to pathogen reduction [1,10-13]. The first
facet is based upon the introduction of naturally-occurring microflora isolates from the
gastrointestinal tract of an animal of the same species [1], occupying all available ecological
niches in the gastrointestinal tract and thereby excluding pathogens [1,14]. When used in
neonatal (or newly hatched) animals, this technique is known as “competitive exclusion” (CE),
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which reduces pathogen penetration of the naive and essentially sterile neonatal gastrointes-
tinal tract [1,14]. Use of probiotics (also known in the animal industry as direct-fed microbials
[DFMs]) is a slightly different approach in which existing gastrointestinal microbial popula-
tions can be diversified or modified/attenuated by daily inclusion of a bacterial or fungal
population or end-product, and this may have an inhibitory effect on pathogenic bacteria,
including foodborne pathogens [1,15]. A further competitive enhancement strategy is the
addition of prebiotics, which are limiting nutrients or isolated compounds that are indigestible
by the host but give specific innate microbes a competitive advantage that can have a delete-
rious effect on pathogenic bacteria, to the diet [1]. Furthermore, several of these approaches
can be synergistically combined and are termed “synbiotics”; for example, a DFM dependent
on the inclusion of prebiotics can be maintained in the gut and given a further competitive
advantage to remain in the population to benefit host animal health and production or to
improve food safety.

2. Pathogens: what are the sources?

As previously noted, the body , and especially the gut, of most food animals contains many
microorganisms [2]. While the vast majority of these are beneficial (commensal) to the host,
there are select species and serovars (e.g., Salmonella) that exhibit pathogenic or toxigenic
effects in both humans and livestock. These pathogens are naturally occurring organisms that,
given the opportunity, can colonize the environment of the innate gut microflora and take hold
of niches in an otherwise healthy animal. This section provides a discussion of some of the
more common pathogenic bacteria in livestock and how these microbes may become a problem
in the safety and security of the food chain.

2.1. Campylobacter

Campylobacter has been identified as one of the most common foodborne pathogenic bacteria.
Most commonly, Campylobacter has been linked to poultry products and linked to human cases
of gastroenteritis in most cases as well as the Guillain-Barré syndrome, reactive arthritis, and
irritable bowel syndrome or inflammatory bowel disease in the most severe cases [16,17].
Campylobacter is a major concern for infection in poultry production [16-18]. One route of
contamination, also common to most other pathogens, is through livestock water sources [19].
In an area of intense livestock (dairy) production in England, Campylobacter jejuni was found
in 14.3% of water sources sampled (predominantly in running water or troughs), Campylobacter
coli was found in 18.5% (predominantly in stagnant water), and Campylobacter lari was
identified in 4.2% [20]. In this same study, variables were regressed to show their impact on
the prevalence of Campylobacter spp. In a multiple regression model, water source and soil type
played the most significant role in determining the environmental prevalence of Campylobact-
er, with natural water sources and high clay content both increasing its prevalence [20].
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2.2. Enterohemorrhagic E. coli (EHEC)

Enterohemorrhagic E. coli is a group of highly virulent foodborne pathogenic bacteria that is
of great interest to human health. The well-known E. coli serotype O157:H7 was first identified
in a clinical outbreak of undercooked hamburger patties at a commercial fast food chain in the
United States [21]. In fact, this pathogenic serotype has been linked to one of the greatest
foodborne pathogen outbreaks in American history [22,23]. In this landmark case, in which
over 150 cases were reported and multiple deaths occurred [22], E. coli O157:H7 was isolated
from ground beef patties and subsequently sourced to the abattoir in which meat was
contaminated from pathogenically infected animals [23]. These human infections commonly
resulted in postdiarrheal hemolytic uremic syndrome (HUS) and disproportionately affected
the young and elderly [22]. While inoculation of the livestock host is generally achieved
through fecal-oral contamination or contaminated drinking sources [19,24], this does not
account for the transmission of pathogens from the live animal to the meat during processing.
Much of the contamination in the plant, especially with regard to E. coli O157:H7, can be traced
to contamination of the hide and interaction during hide removal and evisceration [25]. In a
sampling of over 2500 cattle hides from across North America, researchers discovered that
over half of the hides were contaminated with nearly 300 unique isolates of E. coli O157:H7 [4].
Additionally, the frequency of the unique isolates obtained from cattle hides was very similar
to the prevalence of isolates identified in human clinical cases [4]. In a survey of high-through-
put Midwestern United States abattoirs, 11% of all hides, 43% of pre-eviscerated carcasses, and
2% of postprocessed carcasses tested positive for EHEC O157:H7 [5]. This included positive
tests for hides in 38% of introduced lots, pre-eviscerated carcasses in 87% of lots, and post-
processed carcasses in 17% of lots [5]. While E. coli O157:H7 is the best known of the EHEC
group, other members (e.g., 026, O111) also pose significant threats to the food supply around
the world. Although E. coli O157:H7 was quickly categorized by the U.S. Food Safety Inspection
Service as an adulterant [26], an additional six serotypes are now included in this important
category [27] and thus carry an important public health and economic impact.

2.3. Salmonella

Salmonella is another bacterial pathogen of significant concern both as a foodborne pathogen
and as a threat to animal health, having been identified in all vertebrates [28]. More than 2500
separate serotypes comprise Salmonella enterica [29], which is the most common species found
in food animals. Salmonella accounted for 55% of the foodborne illness outbreaks in the United
States from 1993 to 1997 [30] and 26% of the outbreaks from 1998 to 2008 [31], with one of the
most massive outbreaks being from ice cream hauled in tanker trucks that had improperly
handled raw eggs [30]. Although researchers identify Salmonella as a ubiquitous microbe, it
hasbeennoted that the primary reservoir for such a pathogen is the digestive tract of the animal
(indicating fecal-oral transmission or accidental contamination at the abattoir) and conditions
under intensive production where animals are in close contact with one another are favored
[32]. It should be noted, however, that a common vehicle for Salmonella contamination in
human food is not livestock per se but instead vine-stalk vegetables [31]. That said, in an
evaluation of butcher shop poultry in Portugal, 60% of the products were found to be conta-
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minated with Salmonella and the pathogen S. enteritidis was found to make up 44% of those
cases [32].

2.4. Others of interest

While Campylobacter, E. coli, and Salmonella are all identified and targeted as the primary
pathogens of interest for reduction in the human food system [19], there are other pathogens
of importance that are far less commonly addressed in scientific research. Clostridium, like
many other pathogens discussed herein, is a Gram-positive, spore-forming pathogenic bac-
terium [33]. Clostridium difficile infection is characterized by severe diarrhea and pseudo-
membranous colitis [33]. C. difficile is a known potential resident of the livestock intestinal
tract and has been identified in up to 12% of sampled retail ground beef and ground pork in
a Canadian study [34]. Clostridium perfringens, the leading cause of necrotic enteritis, can also
become a human health issue and has been isolated as a portion of the natural microflora of
the jejunum, cecum, and cloaca of poultry [35]. Listeria monocytogenes is a pathogen most
commonly associated with dairy products [36]. At the time of their review, Skovgaard and
Morgen [37] stated that most human cases of listeriosis are of unknown origin, although
food was suspected, and recent high-profile outbreaks have definitely confirmed such suspi-
cion [36]. Listeriosis has been linked to central nervous system infections, bacteremia, and
endocarditis [37]. Listeria has been isolated from dairy feces as well as feedstuffs and attrib-
uted to mastitis in these animals [38]. Staphylococcus aureus has been associated with all live-
stock species [39]. It is an opportunistic pathogen that will colonize both livestock and
humans in an infectious nature [40].In dairy cattle, the pathogen is known as one of the lead-
ing causes of mastitis, and mastitis is among the leading losses to the dairy industry [41]. In
one study, 296 individual isolates of S. aureus of animal origin were discovered; while none
of the isolates from cattle or swine were found to be common with human infection, a signif-
icant number of the poultry isolates were common with those found in the bloodstream of
humans [40].

3. Probiotics/direct-fed microbials (DFMs)

A list of probiotics that have been used in food animals to reduce pathogenic bacteria is
presented in Table 1. Probiotics used in animals are known as DFMs and defined as live,
biologically active microbes (bacterial or fungal), or dead cultures that include the end-
products of their fermentation, that are administered to an animal in hopes of enhancing the
natural gastrointestinal ecosystem and occupying any niches in which pathogenic organisms
may thrive [10,42]. Again, this concept is broadly categorized as competitive enhancement in
which live, naturally occurring microbes are added to the host animal to enhance the innate
population in the gut [10,15]. As noted in Reference [43], the concept of CE specifically
originated with the application of mature broiler gastrointestinal contents for the reduction of
Salmonella [44]. While addition of DFMs to mature animals yields mixed and often negative
results, their administration to livestock early in life (as early as the day of hatch in broilers)
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has been shown to be effective in reducing pathogenic bacterial loads by kick-starting the
natural succession of commensal bacterial colonization of the gastrointestinal microflora [18].
In addition to the direct addition of probiotics to neonatal diets, passive immunity may also
be conveyed to the neonate through supplementation of the dam before birth [45].

In addition to the benefits to livestock and human health in terms of a reduction in colonization
and shedding of pathogenic microbes, probiotics have also found a niche in the livestock
market because of their added benefit of enhanced production performance. Because there are
currently no economic incentives to implement food safety interventions in live animals,
interventions should be able to “pay for themselves” by improving animal growth or produc-
tion efficiency. Many studies report the beneficial effects of DFMs on production efficiency in
cattle [9,46,47], swine [48], and poultry. The supplementation of feedlot cattle with a combi-
nation of Lactobacillus acidophilus NP45/NP51 and Propionibacterium freudenreichii NP24 resulted
in an increase in the graded fat thickness of the animals at slaughter [9], indicative of improved
gain and efficiency. The use of Enterococcus faecium in feedlot cattle was able to increase the
energetic efficiency of the rumen by increasing the proportion of propionate (a glucogenic
volatile fatty acid) produced through ruminal fermentation, but all other digestive and
production traits were not altered although fecal coliform shedding was increased, potentially
due to colonic acidification [46]. Feeding multiparous dairy cows a combination of Saccharo-
myces cerevisige (Diamond V-XP, Diamond V, Cedar Rapids, IA) and Propionibacterium spp.
P169 resulted in an increase in fat-corrected milk yield, percent lactose, and weight gain
postpartum [47]. When nursery piglets were supplemented with a combination of Bacillus
subtilis and Bacillus amyloliquefaciens, their average daily gain increased and gain-to-feed ratios
decreased [48]. However, because the focus of this publication is on human health, the
beneficial effects of probiotics on animal production will be disregarded in this review,
although it is important to understand that the economic benefits may indeed pay for the
inclusion of a food safety enhancement.

Product Species Effective against Reported results Source

Bacillus spp. Broilers Campylobacter jejuni 1 to 3 log reduction intracloacally [17]
Samonella Percentage reduction in the crop and  [55]
Typhimurium|[21] ceca

B. subtilis Swine Clostridium perfringens Increased litter survival, weaning [50]
Escherichia coli weights and Lactobacillus populations

Biofeed™ (Bifidobacterium Swine - Reduced pathogen load and incidence of[1]

longhum, B. thermophylum, - diarrhea

Lactobacillus acidophilus and

Streptococcus faecium)

Bovamine™ (L. acidophilus ~ Beef cattle  Escherichia coli Reduces populations of O157:H7 [1]
and Propionibacterium
freudenreichii)

Enterococcus faecium Swine Swine influenza A Up to 4 log reduction in virus titers [59]
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Product Species Effective against Reported results Source

Enhancement in nitric oxide production

Lactic acid bacteria Cattle Escherichia coli High efficacy in reduction by two [49]
Samonella Typhimurium  isolates

Moderate efficacy by 12 isolates

L. acidophilus NPC 747 Cattle Escherichia coli 49% reduction in fecal shedding [45]
L. crispatus Cattle (in  Escherichia coli Reduction on agar spot plates, no [46]
vitro) antibiotic resistance, and survival in

manure and rumen fluid

LiveBac™ Dairy cattle - Pathogenic protection agent [1]

Pedicoccus acidilactici Cattle (in  Escherichia coli Effective inhibition on agar spots [46]
vitro)

Spiromac-C™ (Bacillus, Cattle - Reduced disease incidence 1]

Cellulomonas, Lactobacillus,
Saccharomyces cerevisiae and

Spirulina)

Table 1. Experimental results reported for selected probiotics for use in control of pathogenic bacteria in livestock
species.

3.1. Cattle

In an evaluation of multiple potential candidates as probiotics for use in beef cattle, Brashears
et al. [49] found several viable isolates from small and large intestinal and fecal samples in
vitro, all of the lactic acid bacteria (LAB) family. Twenty-seven of the 86 isolates exhibited
greater than 50% survival after 3 hours at pH 3; of these, 8 isolates that could withstand 3 hours
in a bile solution with greater than or equal to 60% survival were identified [49]. Finally, LAB
S7 and F30 had a high level of efficacy against E. coli ATCC 25923 and 80% of the isolates used
in bile testing had moderate efficacy in Salmonella Typhimurium activity. When feedlot cattle
were administered a combination of L. acidophilus NP51 and P. freudenreichii NP24, fecal
shedding of E. coli 0157 was reduced 1 week prior to and on the day of shipment to the abattoir
[9]. However, the trend shifted in terms of hide contamination in which the highest reduction
in pathogen incidence was found when a high concentration of L. acidophilus NP45 was added
to the previously mentioned microbial cocktail [9].

The dietary addition of the DFM L. acidophilus NPC 747 reduced shedding of E. coli O157:H7
in feedlot cattle [50]. While this trend was observed in the feedlot, fecal shedding was not found
to be different at the time of slaughter, mainly due to the overall shedding level to which the
animals had been reduced (1.47% of treated animals). A decrease in shedding prevalence in
the feedlot, however, was seen as a significant benefit given that the pathogen load at abattoir
entry was highly reduced and the subsequent opportunity for contamination by transfer of E.
coli O157:H7 from hides (1.66% infection) or the environment (in both the feedlot and the
abattoir) was therefore not as great [50].
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Brashears et al. [51] conducted a systematic review and meta-analysis of studies in which DFMs
were used in the suppression of verotoxin-producing or Shiga toxin-producing E. coli O157.
Their study found that there was an odds ratio of 0.46 (0.46 times as likely to exhibit presence)
for the efficacy of DFMs on the suppression of E. coli O157 at the conclusion of an experiment,
with over 50% of the variability in efficacy coming from the heterogeneity in experiments [51].
When looking at the combination effect of DFMs NP51 and NP24, there was an odds ratio of
0.43, with 58% of the variability due to heterogeneity. This effect somewhat changed, however,
when the evaluation was made throughout the individual trial [51]. In this instance, the efficacy
of DFMs exhibited an odds ratio of 0.55.

In an effort to isolate and identify LAB for E. coli control in cattle, Nurmi et al. [52] were able
to identify several microbes with the characteristics necessary for introduction as probiotics.
Pediococcus acidilactici was identified as having the most control of E. coli O157:H7 in vitro,
exhibiting 129% of the spot plate inhibition of L. acidophilus [52]. However, P. acidilactici was
shown to be resistant to common antibiotics and therefore dropped from the final selection of
potential candidate organisms. Based on its lack of antibiotic resistance, effective inhibition of
E. coli, and survival and efficacy in both manure and rumen fluid, Lactobacillus crispatus was
recommended for further work as a probiotic for cattle feed inclusion to reduce E. coli O157:H7
[52].

3.2. Poultry

Competitive exclusion has its origins in poultry production. Following a severe Salmonella
outbreak in Finland in 1971, researchers began administering obligate anaerobes to populate
the gut of poultry, albeit with little success [44]. However, when natural microflora were taken
from adult poultry and administered to newly hatched chicks, the results gave rise to the
concept of CE (also known at that time as the Nurmi concept) by early population of intestinal
microflora [53]. Stemming from this, most probiotic research studies dealing with CE have
taken place in the poultry industry [54], given that poultry production is riddled with concerns
surrounding Salmonella and Campylobacter, the production setting lends itself to immediate
inoculation of naive hatchlings, and poultry have a very short growth phase (approximately
42 days from hatch to processing) [1].

The efficacy of probiotics is impacted by the ability of bacteria or isolates to pass through the
harsh conditions of the gastric stomach (or proventriculus) to make it to the lower intestine,
where conditions are favorable for microbial growth. In an investigation of the administration
of Bacillus spp. isolated from broiler ceca, oral administration was only able to reduce C.
jejuni populations in the cecum by 1login 1 of 10 instances, whereas intracloacal administration
reduced C. jejuni populations by 1 to 3 log;, [17]. This was attributed to the inability of the
Bacillus spp. to survive the conditions of the proventriculus for colonization of the lower gut.
It should be noted that this is not a practical route of administration in a commercial setting
and thus only demonstrates a need for probiotic survival to demonstrate proof of concept for
product efficacy. The results of this trial are supported by the work of Arsi et al. [18], who
reported that certain isolates of Bacillus spp. and Lactobacillus spp. reduced Campylobacter
colonization in vitro by 1 to 2 log. However, when tested in vivo, these same isolates were
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ineffective in reducing Campylobacter populations, demonstrating the inconsistency of probi-
otic intervention with pathogen colonization of poultry [18]. However, an in vitro evaluation
of Bacillus spp. isolates revealed that three strains (AM 0902, AM1109A, and B2) were able to
tolerate pH 2 for up to 4 hours, with an additional two strains (NP122 and RW41) able to tolerate
this pH for up to 2 hours, indicating a potential to survive the proventriculus [55]. It was further
deduced that NP122 could reduce Salmonella Typhimurium concentrations in the crop by 16%
and in the ceca by 50%, with AM1109A/B exhibiting a slight reduction in both locations in
young broilers [55].

3.3. Swine

While most research studies are directed toward establishing an innate microbial population
in neonatal livestock, other work has shown positive results with administration of DFMs to
mature animals. Bacillus species are Gram-positive bacteria that, in the spore stage, are resistant
to acidic conditions (due to the enhanced spore coat that protects the bacteria through the
stomach [56]) and have been shown to reduce pathogenic clostridial strains, such as C.
difficile and C. perfringens [45,57]. When B. subtilis was administered to mature sows, nursing
piglets at 3 days of age were shown to have increased ileal concentrations and piglets at 10
days of age were shown to have increased colonic concentrations of Lactobacillus gasseri or
Lactobacillus johnsonii as well as decreased incidence of E. coli and C. perfringens [57]. These
benefits were linked to a decrease in pathogen shedding in the sows and a more rapid
gastrointestinal colonization of commensal bacteria in piglets. A preliminary study demon-
strated that when piglets were treated with a porcine-derived bacterial culture at farrowing
and weaning, they exhibited decreased Salmonella serovar Choleraesuis shedding from 65% to
70% postweaning as well as decreased colonization in both the colon and the cecum [58].

Enterococcus faecium NCIMB 10415 is a recognized probiotic approved by the European Union
and has been evaluated for its efficacy in reducing swine influenza virus (SwlV), specifically
HIN1 and H3N2 [59]. E. faecium was shown to increase cell survivability (40-80%) and reduce
viral titers (up to 4 log) of both SwIV strains in two media [59]. In this publication, it was
hypothesized and demonstrated that E. faecium operates through the adsorption of viral
particles as well as the stimulation of nitric oxide production, which in itself has antiviral
properties.

The link between livestock production and human health exists not only in their direct
relationship through the food chain but also in the coexistence of the species in close proximity
to human housing. Puphan et al. [48] reported a reduction in fecal ammonia and hydrogen
sulfide, both highly noxious gases, from swine that were supplemented orally with a combi-
nation of B. subtilis and B. amyloliquefaciens. Furthermore, when a combination of B. subtilis and
Bacillus licheniformis was administered to growing pigs, manure from the pens dispersed more
quickly, meaning that pens could be cleaned and manure solubilized more quickly for a less
noxious waste product [60]. These data indicate that a positive impact on humans that goes
far beyond the direct health/non-health dichotomy can be mediated by probiotics.
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4, Prebiotics

Prebiotic treatment involves the inclusion of non-host-digestible compounds (often oligosac-
charides) in diets to provide a competitive advantage to a segment of the microbial population.
Unfortunately, prebiotics have previously not been a common adjunct in livestock production
settings, largely due to their cost and the narrow profit margins associated with agricultural
production. The use of prebiotics is most often seen coupled with a complementary probiotic
(often described as “synbiotics”), and recent research has demonstrated the benefits that may
exist with the coordinated use of such a complementary intervention. A list of the prebiotics
identified for pathogen reduction in the literature is presented in Table 2.

Product Species Effective against Reported results Source
Avigaurd™ (freeze-dried  poultry Clostridium - [1]
extract from healthy Escherichia coli -

poultry) Salmonella -

Chitosan broilers Campylobacter jejuni 1 log reduction with 0.5% in [16]

vitro and in vivo

FOS broilers Escherichia coli B cell reduction; increased IgM and IgG titers [7]
Clostridium >Reduced population [8]
perfringens Reduced population

Mannan-oligosaccharides  broilers Escherichia coli Reduced population [8]

(MOS) Clostridium Reduced population
perfringens

Tasco-14/EX® (brown cattle  Escherichia coli 79% reduction in fecal O157:H7 [58]

seaweed; Salmonella Reduction in shedding [53]

Ascophyllum

nodosum)

Table 2. Experimental results reported for selected prebiotics for use in control of pathogenic bacteria in livestock
species.

As previously discussed, Campylobacter is among the leading foodborne pathogenic bacteria
found in livestock and the majority of bacteria are introduced into the human food chain via
poultry [16,17]. In an evaluation of Campylobacter colonization in hatchling chicks, chitosan (a
compound from the chitinous shells of crabs and shrimp) was shown to reduce the population
of C. jejuni both in vitro and in vivo when added to the feed [16]. This reduction of colonization
was attributed to a down-regulation of fliA, motA, motB, and CadF genes, which are all involved
in the synthesis and function of the flagella used in cellular function and movement [16].

Fructooligosaccharides (FOSs) and mannan-oligosaccharides (MOSs) have been evaluated for
oral administration in broiler chickens in hopes of reducing the colonization of C. jejuni[7,8,18].
When used in isolation, neither of these substances was effective in reducing pathogen
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colonization in broiler chicks. However, the synergistic combination of Bacillus spp., Lactoba-
cillus spp., and MOSs reduced Campylobacter colonization. As an added benefit, FOSs were
demonstrated to induce weight gain in broiler chicks both alone and in combination with
probiotics [18]. This is in contrast to the work of Janardhana et al. [7] and Kim et al. [8], with
both groups having examined FOSs and MOSs for prebiotic addition to the feed of broiler
chicks. The dietary addition of FOSs has been shown to reduce B cells and increase IgM and
IgG titers in broiler chicks, both indicators of an enhancement of gastrointestinal immune
function [7]. Likewise, FOSs were shown to decrease the incidence of C. perfringens and E.
coli at 0.25% inclusion as well as bolster the population of Lactobacillus spp. [8]. This same
reduction in C. perfringens and E. coli was achieved with 0.05% inclusion of MOSs [8].

Essential oils and polyphenolics have also been tested in relation to the reduction of pathogen
spread from livestock [61]. Noted essential oil components that have been tested include
carvacrol (from savory), curcumin (from turmeric), eugenol (from allspice, betel pepper, and
cloves), piperin (from black pepper), and thymol (from thyme) [35,62]. Fecal shedding of C.
perfringens was reduced up to 30 days following supplementation with two essential oil blends
[35]. Intestinal concentrations of C. perfringens were reduced for up to 21 days with essential
oil administration, but this effect was negated by day 30 [35]. Tedeschi et al. [63] demonstrated
that purified coumaric and cinnamic acids, both components of lignin, were able to reduce E.
coli survival by 10- to 20-fold when mixed with feces, although diets containing forage rich in
such compounds had no such effect. Berard et al. [62] also noted that catechol and pyrogallol
(hydroxylated phenols) have toxic effects in the presence of microorganisms, mainly through
substrate deprivation. Callaway et al. [64] discussed the concept that saponins (natural plant-
based detergents) may have an antimicrobial effect by binding cholesterol, thereby disrupting
the microbial membrane, in addition to tannins, which may act in substrate deprivation by
binding protein and essential cations. Orange peel, a source of essential oils in the citrus family,
has been shown to reduce cecal and rectal populations of E. coli O157:H7 with 5% and 10%
dietary inclusion in sheep 96 hours following inoculation, but fecal shedding was only reduced
at 10% inclusion [65]. Inclusion of orange peel at 10% of the diet was also shown to reduce
Salmonella populations, although diet palatability issues were detected in excess of 10%
inclusion [66].

Brown seaweed (Ascophyllum nodosum) is another prebiotic additive that has been noted for
both its production and antimicrobial characteristics [61,67]. The use of Tasco-14® increased
the marbling in carcasses from supplemented animals [67] and reduced fecal shedding of E.
coli O157:H7 from 34% of the population to 7% of the population with supplementation [68],
but there was no effect in Salmonella. However, unpublished data from the Callaway laboratory
at USDA-ARS in College Station, Texas, demonstrate a small reduction in both E. coli O157:H7
and Salmonella populations in vitro.

5. Conclusions

The gastrointestinal tracts of humans and animals are living ecosystems teeming with
diversity, and harnessing that ecology is a vital step toward a full understanding and appre-
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ciation of both livestock and human health. As was stated in the beginning, an understanding
of the human-animal interface is crucial to the homogeny of food safety protocols and health
concerns. While most prebiotic and probiotic innovations in livestock production have sought
to increase performance characteristics for maximization of potential, these ventures have
often led to the discovery of novel avenues in the improvement of food safety. These new
approaches to health and safety come at a crucial time when governmental regulation and
public scrutiny necessitate an alteration in current practices in animal health and management.
It is through the use of novel and innovative techniques that we will enhance our knowledge
of the ecosystem in which we live and will forge new paths in scientific discovery and healthy
living.
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Abstract

Probiotics are live microorganisms that live in gastrointestinal (GI) tract and are
beneficial for their hosts and prevent certain diseases. In this chapter, after a complete
introduction to probiotics, definition, mechanism of action, and their classification,
currently used organisms will be discussed in detail. Moreover, different kinds of
nutritional synthetic products of probiotics along with their safety and drug interac-
tion will be noticed. This chapter mentions all clinical trial studies that have been done
to evaluate probiotic efficacy with a focus on gastrointestinal diseases.

In the end, findings of our pilot study regarding the effect of probiotic on Small Intestinal
Bacterial Overgrowth (SIBO) will be presented. The nutritional effects of Probiotics on
a host’s health will be collected and their usage criteria will be discussed. Some
suggestions for the Probiotics daily consumption will be presented and the follow-up
for their new adverse reaction will be emphasized, if any.

Keywords: probiotics, gastrointestinal (GI) tract, nutrition, related disorders, probiotic
products

1. Introduction to probiotics

The term probiotic is derived from Greek and literally means “for life.” It was first coined in
1965 by Lilley and Stillwell to describe substances secreted by one microorganism that
stimulate the growth of another [1, 2]. In 1974, Parker modified this definition to “...organisms
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and substances which contribute to intestinal microbial balance” [1, 3]. The current definition
of probiotics by Food and Agriculture Organization of the United Nations (FAO) and the
World Health Organization (WHO) is “live microorganisms which when administered in
adequate amounts confer a health benefit to the host” [4-6]. Probiotic organisms require certain
characteristics to enable them to exert maximum therapeutic effects. Of these characteristics,
there are some that are considered almost essential for a probiotic to have therapeutic effects,
including gastric acid and bile salt stability, ability to adhere to the intestinal mucosa, and
ability to colonize the intestinal tract [1, 7].

2. Mechanism of action

The exact mechanisms by which probiotics accomplish their beneficial actions have not been
well documented. However, there are several postulated mechanisms that explain many of
their favorable effects [8] (Figure 1).

One of such mechanisms is a competition for adhesion sites, which means probiotics fight for
cellular attachments. Many pathogenic organisms must associate with the GI tract epithelium
to colonize effectively [9]. However, some strains of bifidobacteria and lactobacilli can adhere
to the epithelium and act as “colonization barriers” by preventing pathogens from adhering
to the mucosa [1, 10]. This effect was demonstrated with the Lactobacillus rhamnosus strain GG
and Lactobacillus plantarum 299v. Both of these organisms showed the ability to inhibit
attachment of Escherichia coli to human colon cells [1, 11].

Another possible mechanism of action is the modification of the microbial flora through the
synthesis of antimicrobial compounds [12]. Many types of lactobacilli and bifidobacteria
produce bacteriocinsor and other antimicrobial compounds. Bacteriocins are defined as
“compounds produced by bacteria that have a biologically active protein moiety and a
bactericidal action” [1, 13]. Other biologically active compounds produced by lactic acid
bacteria include hydrogen peroxide, diacetyl, and short-chain fatty acids. The release of these
compounds by probiotic organisms results in a beneficial modification of the microflora [1,
14]. However, not all strains of lactobacilli or bifidobacteria produce antimicrobial compounds,
and some produce compounds that are fairly nonspecific in their activity, so that beneficial
bacteria, as well as pathogenic organisms, may be negatively affected [1].

It has also been observed that probiotics can stimulate the immune response [15]. This immune
response may take the form of increased secretion of immunoglobulin-A (IgA) [1, 16], elevated
numbers of natural killer cells, or enhanced phagocytic activity of macrophages [1, 17].
Increased secretion of IgA may decrease numbers of pathogenic organisms in the gut, thus
improving the composition of the microflora [1, 10]. Due to these immunomodulating effects,
some researchers think probiotics might not only fight intestinal and urogenital pathogens,
but might also be helpful for conditions, such as inflammatory bowel disease (IBD), pouchitis,
food allergy, and for use as an adjuvant to vaccination [18-22]. Probiotics may also compete
for nutrients that would otherwise be utilized by pathogens [1, 23]. This situation occurs with
Clostridium difficile, a potentially pathogenic organism that is dependent upon monosacchar-
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ides for its growth. Probiotic organisms in sufficient numbers can utilize most of the available
monosaccharides, which results in the inhibition of C. difficile [1, 24].
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Figure 1. Schematic diagram illustrating potential or known mechanisms whereby probiotic bacteria might impact on
the microbiota. These mechanisms include (1) competition for dietary ingredients as growth substrates, (2) bioconver-
sion of, for example, sugars into fermentation products with inhibitory properties, (3) production of growth substrates,
for example, EPS or vitamins, for other bacteria, (4)direct antagonism by bacteriocins, (5) competitive exclusion for
binding sites, (6) improved barrier function, (7) reduction of inflammation, thus altering intestinal properties for colo-
nization and persistence within, and (8) stimulation of innate immune response (by unknown mechanisms). IEC : intra
epithelial cells, DC: dendritic cells, T:T-cells.

3. Classification

There are many different microorganisms currently used as probiotics [1, 20, 25] (Table 1). To
better understand how bacteria are named and classified, the following discussion may be
helpful. Genus is the first name of a bacterium (e.g., Lactobacillus). It is somewhat general and
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refers to a grouping of organisms based on similarity of qualities, such as physical character-
istics, metabolic needs, and metabolic end products.

Species is a bacterium’s second name (e.g., acidophilus). It is a much more narrow classification
based on shared common characteristics that distinguish them from other species. Strain is an
even more specific classification that divides members of the same species into subgroups
based on several properties that these bacteria have in common that are distinct from other
members of the species (e.g., strain LA5) [1, 26].

Lactobacillus spp. acidophilus
plantarum
rhamnosus
paracasei
fermentum
reuteri
johnsonii
brevis
casei
lactis
delbrueckii gasseri

Bifidobacterium spp. Breve
infantis
longum
bifidum
thermophilum
adolescentis
animalis
lactis

Bacillus spp. coagulans

Streptococcus spp. thermophilus

Enterococcus spp. faecium

Saccharomyces spp. cerevisiae

Table 1. Common probiotic microorganisms.

3.1. Lactobacillus species

Lactobacillus refers to a group of lactic acid—producing Gram-positive rods that are obligate
and facultative anaerobes in the human gastrointestinal and genitourinary tracts [27, 29-32].
The name lactobacillus refers to the bacterium's ability to produce lactic acid, not to the ability
to digest lactose [28]. Lactobacilli are used therapeutically as probiotics, the opposite of
antibiotics. They are considered "friendly" bacteria and are taken for the purpose of recolo-
nizing areas of the body to provide nutritional benefits including inducing growth factors and
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increasing the bioavailability of minerals [32]. Lactobacilli also stabilize the mucosal barrier
and decrease intestinal permeability [33].

Altering the normal flora allows for potential colonization by pathogenic organisms [34],
which can result in side effects, such as diarrhea, cramping, and less commonly pseudomem-
branous colitis (PMC), caused by C. difficile. The theory is that taking lactobacillus probiotics
during antibiotic treatment can prevent or minimize normal flora depletion and pathogenic
bacteria colonization. There is some evidence to support this theory [35, 36]. Hydrogen
peroxide—producing lactobacilli are bactericidal to the vaginal pathogen Gardnerella vaginalis,
and their presence in the vagina has been associated with decreased frequencies of bacterial
vaginosis and trichomoniasis [37]. In the vagina, lactic acid from lactobacilli lowers vaginal
pH, which can prevent pathogen growth.

There is some preliminary evidence that lactobacilli and other probiotics might help protect
against cancer. In animal models, lactobacillus has been shown to bind dietary carcinogens
[38] and decrease development of tumors in the colon after carcinogen challenge [39, 40].
Preliminary research also suggests that lactobacilli, especially L. plantarum, can reduce the
severity of chemotherapy-induced enterocolitis [41]. According to other research studies,
Lactobacillus bulgaricus and Lactobacillus sporogenes might have hypolipidemic and antiathero-
sclerotic effects. Limited clinical evidence suggests that it can reduce total and low-density
lipoprotein (LDL) cholesterol with no effect on high-density lipoprotein (HDL) [42, 43].
Fermented dairy products, such as yogurt and acidophilus milk, also seem to have a beneficial
effect on cholesterol. Lactobacilli and other probiotic bacteria seem to bind bile acids to
cholesterol. They also seem to increase fatty acid production in the intestine, which decreases
circulatory fatty acid concentrations either by inhibiting hepatic cholesterol synthesis or
redistributing cholesterol from the plasma to the liver.

Most researchers agree that the effectiveness of lactobacilli and other probiotics for all
indications depends on their ability to colonize an area of tissue. To do this, lactobacillus
preparations must contain live and viable organisms. Products stored for long periods of time
or stored improperly may contain few live and active organisms. For oral preparations,
bacteria must also remain viable after passing through the gut, and then they must be able to
latch on to the intestinal epithelium. Lactobacilli strains might vary in their effectiveness due
to differences in their ability to adhere to the epithelial cells by host factors such as hormone
levels [30, 44, 45]. This ability can change during a woman's menstrual cycle in response to
changing hormone levels. In postmenopausal women, correcting low estrogen levels can help
restore lactobacillus colonization without supplementation [29, 30].

3.2. Bifidobacterium species

Bifidobacterium is an anaerobic, Gram-positive, nonspore-forming, pleomorphic rod. Bacteria
in the Bifidobacterium genus produce lactic and acetic acids as by-products of glucose utiliza-
tion. BB536 is a type of probiotic bacteria, which, according to secondary sources, was first
isolated from the intestinal tract of healthy infants. Bifidobacteria, in combination with
Lactobacillus species and the probiotic yeast Saccharomyces boulardii, seem to reduce the adverse
effects of Helicobacter therapy, but do not seem to improve compliance [46]. In addition,
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Bifidobacterium infantis in combination with Lactobacillus acidophilus seems to reduce the
incidence of NEC and NEC-associated mortality in critically ill neonates [47].

3.3. Bacillus species

Bacillus coagulans is a Gram-positive rod, which produces lactic acid, and therefore is often
misclassified as lactic acid bacteria, such as lactobacillus. In fact, some commercial products
containing B. coagulans are marketed as Lactobacillus sporogenes or "spore-forming lactic acid
bacterium." It forms spores, which is an important factor in differentiating these species. B.
coagulans is used therapeutically in a similar manner as other probiotics such as lactobacillus
and bifidobacterium; however, B. coagulans is not a component of the normal human flora. In
order to be effective for restoring normal flora and prevent pathogenic colonization, probiotics
must have the ability to persist and colonize in the intestinal mucosa. When the Bacillus spore
is ingested by humans, it is unknown what happens to the spore. It is unknown if the Bacillus
spore is capable of germinating in the intestinal tract or if colonization occurs [48].

B. coagulans might reduce pathogenic bacteria colonization through several mechanisms. B.
coagulans produces coagulin and lactic acid, which have antibacterial activity and might reduce
pathogenic bacteria growth through this mechanism [29, 49, 50]. Animal model research also
suggests that ingesting bacillus spores increases immune response [48]. Proponents of B.
coagulans suggest that this species of probiotics offers advantages over others such as lactoba-
cillus because Bacillus species can be stored indefinitely in desiccated forms [48]. Bacillus
spores are also resistant to high temperatures and to acid.

3.4. Saccharomyces spp.

S. boulardii, also known as Saccharomyces cerevisiae, is a nonpathogenic yeast strain that has
been used for the treatment and prevention of diarrhea resulting from multiple etiologies.
S. boulardii has been isolated from the skins of tropical fruits found in Indochina. The
indigenous population of Indochina has long used these fruit skins to prevent and treat
diarrhea [51].

S. boulardii is prepared by lyophylization (freeze drying) of live yeast organisms and encap-
sulation using lactose in the preparation. S. boulardii cannot be distinguished from other S.
cerevisiae strains by phenotypic criteria, so identification of these infections requires molecular
typing. Comparative molecular studies show that S. boulardii is genetically very close or nearly
identical to S. cerevisiae [52]. Results suggest that microsatellite polymorphism analysis of the
YKL139w and YLR177w genes and the analysis by Ty917 hybridization are the most useful
tools for the correct identification of S. boulardii strains [53]. However, metabolically and
physiologically, S. boulardii shows a very different behavior than S. cerevisiae, particularly in
relation to growth yield and resistance to temperature and acidic stresses, which are important
characteristics for a microorganism to be used as a probiotic. The German Commission E
monograph lists S. boulardii as S. cerevisiae Hansen CBS 5926.
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4., Commercial forms

There are two main forms in which probiotic organisms can be ingested —fermented foods
and supplements. Fermented foods can be of both dairy and vegetable origin, with the most
commonly known of each being yogurt and sauerkraut, respectively. Probiotic supplements
consist of freeze-dried (lyophilized) bacteria in powder, capsule, or tablet form. Regardless of
the form in which the microorganisms are consumed, for clinical efficacy, products containing
probiotic organisms must provide live organisms in sufficient numbers to exert therapeutic
effects. Both types of fermented foods and supplements are able to do this. Pros (advantage)
and cons (disadvantage) of common probiotic delivery systems are compared [1] (Table 2).

Delivery Pros Cons
system
Fermented  -Affordability and easy Availability -Contains dairy proteins and lactose
dairy -Ease of incorporation into daily patterns -Taste can be issue
-Additional nutritional benefits -Not suitable when travelling
-Enhanced bacterial survival -Not suitable for vegans

through upper GI tract (100x less bacteria can be given per
dose)
-Effective in the upper GI tract

Capsules -Ease of administration -Not therapeutic in upper GI tract (unless
-Contain no binders opened or chewed)

-May contain allergenic excipients

-Higher cost
Tablets -Ease of administration -May contain allergenic or otherwise
-Effective in the upper GI tract problematic binders and excipients (e.g.,
gluten)
-Higher cost

Powders -Effective in the upper GI tract
-Dosages can be easily adjusted
-Can be incorporated into foods or drinks

-Contain no binders

Table 2. The pros and cons of different probiotic delivery systems.

4.1. Using the right strain

To achieve successful and reproducible clinical outcomes, it is imperative to use the exact
probiotic strain that has been proven to have the specific therapeutic action that is desired. For
example, L. rhamnosus GG was found to prevent viral gastroenteritis [1, 54] and maintain
ulcerative colitis in remission [1, 55]. Other strains of L. rhamnosus cannot be assumed to act in
asimilar manner. The clinician who chooses to use the exact strain that had the effects in clinical
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trials can be confident of similar results. Using another closely related strain may or may not
have any effect. Whenever possible, use the exact strain used in research, as other strains, even
closely related ones, may not have the same effects [1].

4.2. Dosage

The dosage of probiotic foods and supplements is based solely upon the number of live
organisms present in the product. Successful results have been attained in clinical trials using
between 107and 10" viable bacteria per day [1, 56, 57]. Interestingly, it appears that 100 times
fewer viable bacteria need to be given in a dairy medium than in a freeze-dried supplement
to achieve similar numbers of live bacteria in the lower bowel [1, 58]. Dairy appears to work
as an ideal transport medium for the bacteria, enhancing their survival through the upper GI
tract [1, 59].

4.2. Safety and adverse reactions

While probiotics are used widely and adverse effects are uncommon, there is no systematic
reporting system for probiotics. Most studies did not report a statistically significant increase
in adverse events compared with controls, but it has been questioned if probiotics are safe in
immunosuppressed individuals [60]. There are isolated case reports of bacteremia with
Lactobacillus and fungemia with S. boulardii. A case-review study found sepsis, liver abscess,
and endocarditis from Lactobacillus GG to occur mostly in patients with severe illness [61]. The
same paper reviewed S. boulardii fungemia and found numerous cases, some related to
ingestion of S. boulardii, but others resulting from suspected contamination of central lines
when the product capsules were opened, and the lyophilized yeast was allowed to become
airborne. Again, most, but not all, cases were in immunosuppressed individuals [60, 62]. Two
systematic reviews and an Agency for Healthcare Research and Quality study have evaluated
the safety of probiotics and concluded that adverse effects are uncommon, but serious
infections with Lactobacilli or S. boulardii can occur [63, 64]. Given this conclusion, it is prudent
to avoid probiotics in individuals who are immunosuppressed or severely ill.

4.3. Drug interaction

Lactobacilli and bifidobacteria are negatively affected by alcohol and antibiotics [1, 65].
Although there is no evidence that the organism interferes with the activity of most antibiotics,
the metabolism of sulfasalazine, chloramphenicol palmitate, and phthalylsulfathiazole may
be affected by some strains of L. acidophilus [1, 66].

4.4. Clinical studies of probiotics

Table 3 lists conditions for which probiotics have been studied in more than 800 randomized,
controlled clinical trials (RCT) [4]. It is notable that there has been at least one clinical trial in
a variety of clinical conditions. GI tract conditions, such as inflammatory illnesses (e.g.,
inflammatory bowel diseases or necrotizing enterocolitis in neonates) or enteric infections,
have been studied most often [4, 67].
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Abdominal conditions

Acute amebiasis

Acute pancreatitis

Alcoholic liver injury
Collagenous colitis
Constipation

Colorectal neoplasia prevention
Diverticular colonic disease
Gas and bloating

Gastrointestinal transit time

and gastric emptying

Gastrointestinal symptoms

after loop ileostomy reversal
Helicobacter pylori infection

Hematochezia in breastfed infants

and in presumed infant allergic colitis
Hepatic encephalopathy
Infant colic

Inflammatory bowel diseases

(Crohn’s disease, ulcerative colitis, pouchitis)

Irritable bowel syndrome (IBS)

Lactose intolerance

Nonalcoholic steatohepatitis

NSAID-induced small bowel injury

Prevention and treatment of pediatric cow’s milk allergy

Prevention and treatment of

diarrheal diseases (infectious and noninfectious)
Prevention of antibiotic-associated diarrhea (AAD)
Prevention of necrotizing enterocolitis (NEC)

Primary sclerosing cholangitis (PSC) in patients with IBD
Small intestinal bacterial overgrowth (SIBO)

Tolerance of enteral feeds in ICU patients

Viral shedding

Oral and respiratory tract conditions

Gingivitis
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Dental caries

Halitosis

Prevention of upper respiratory tract infections (URTI)
Pulmonary exacerbations in cystic fibrosis (CF)
Urinary and reproductive tract conditions

Prevention and treatment of bacterial vaginosis

and fungal vulvovaginosis

Prevention of preterm deliveries associated

with bacterial vaginosis

Recurrent urinary tract infections (UTI)
Recurrent bladder cancer

Allergic or skin conditions

Atopic dermatitis

Allergic rhinitis and rhinosinusitis

Allergic asthma

Cutaneous viral warts

Prevention and treatment of pediatric eczema
Skin burns

Other

Acute otitis media

Chronic kidney disease

Effect on infant mortality in preterm infants
Effect on CD4 count in patients with HIV
Estrogen metabolism

Fasting glucose, insulin sensitivity, and

glucose control in diabetic patients
Hyperlipidemia
Hypertension

Infant blood pressure and metabolic profile

from mothers treated with probiotics

Inhibition of nasal, oral, or fecal colonization

with pathogenic bacteria
Markers of metabolic syndrome and cardiovascular disease
Mastitis

Pediatric otitis media



Probiotics: A Comprehensive Review of Their Classification, Mode of Action and Role in Human Nutrition
http://dx.doi.org/10.5772/63646

Pregnancy after in vitro fertilization (IVF)
Prevention and treatment of gestational diabetes
Prevention of type-1 diabetes mellitus

Prevention of infections in preterm infants,

infants, and young children

Prevention of nosocomial infections in ICUs

Prevention of infections in the postoperative setting
Prevention of skeletal muscle damage under oxidative stress
Psychological distress, mood, and cognition

Reduction of biologically active aflatoxin

Rheumatoid arthritis (RA)

Spondyloarthropathy

Urinary oxalate excretion (risk factor for nephrolithiasis)
Vaccine-specific antibody development

Waist circumference and obesity

Table 3. Clinical conditions or settings studied in randomized, controlled clinical trials to evaluate probiotic efficacy.

Indication

Efficacy and quality of evidence

Infectious diarrhea

Prevention
Treatment

Traveler’s diarrhea prevention
Antibiotic-associated diarrhea prevention
Clostridium difficile infection (CDI)

Prevention

Treatment
Recurrent CDI treatment
IBD

UC treatment
Pouchitis treatment and prevention

Crohn’s disease treatment

IBS treatment

Moderate
High
Moderate

High

Moderate

None

Low to moderate

Moderate
High
Low

Moderate

Table 4. Indications, efficacy, and quality of evidence for probiotics in GI diseases.
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4.5. Efficacy in GI diseases

An ambitious meta-analysis of 11 species of probiotics evaluated their efficacy in the preven-
tion and/or treatment of eight major GI tract diseases and concluded that there was efficacy in
treatment of infectious diarrhea, antibiotic-associated diarrhea (AAD), C. difficile infection
(CDI), Helicobacter pylori eradication, IBS, and pouchitis; there was a lack of efficacy for
traveler’s diarrhea (TD) and necrotizing enterocolitis (NEC) [60, 68]. Some of these results
conflict with meta-analyses of individual diseases, and results of all studies should be
interpreted with caution. Rigorous blinded RCTs of specific probiotics are needed to provide
robust data on efficacy, adverse events, and cost benefit before widespread use can be
recommended for many products on an evidence-based approach (Table 4);despite the lack
of data, these products are widely used [60].

5. A pilot study to evaluate the efficacy of probiotic on treatment in patients
with small intestinal bacterial overgrowth (SIBO)

Generally, small intestinal bacterial overgrowth (SIBO) can be the result of a change in the
clinical condition which has altered the pH and the bowel movements. In addition, immune
deficiency and malnutrition are the other risk factors accompanying it [69, 70]. SIBO can leads
to steatorrhea, vitamin B12-absorptive impairment, injury to the small intestinal microvilli,
which itself causes malabsorption, coma, neurological deficit, and acidosis-induced shock [70].
SIBO has also been proposed to be a common causative factor in the pathogenesis of irritable
bowel syndrome (IBS) [71]. The diagnosis of this syndrome is made by hydrogen breath test
(HBT) [71, 72].

This study was performed on the patients with chronic stomach pain and discomfort or
changes in their defecation, who were referred to the Infectious and Internal Diseases Clinics
of Quaem Hospital, Mashhad, Iran, from May 2010 to October 2011 [73]. The study protocol
was approved by the Research Council Ethics Committee of Mashhad University of Medical
Sciences. Accordingly, the diagnosis was confirmed by hydrogen breath test (HBT) after
obtaining informed written consent. Thirty consecutive cases with a positive test result were
included in the study and were randomized in a double-blind manner into two groups:
probiotic drug user and control group. After an initial 3-week aggressive therapy with broad-
spectrum antibiotics, a 15-day maintenance antibiotic therapy with minocycline, 100 mg twice
a day, and 15 days with a probiotic (named Lactol), including Bacillus coagulan spores and
fructo-oligosaccharides (Bioplus Life Sciences Pvt. Ltd., India), twice a day after meals, were
administered for the study group, and the same regimen without probiotic for the control
group. After 6 months, the HBT result and the GI symptoms were analyzed and compared
between the two groups.

As presented in the following tables, the number of patients with complaints of bloating,
belching and diarrhea was remarkably less in the patients receiving a probiotic in comparison
to controls (Tables 5 and 6 ). In spite of the aggressive and maintenance treatments adminis-



Probiotics: A Comprehensive Review of Their Classification, Mode of Action and Role in Human Nutrition
http://dx.doi.org/10.5772/63646

tered for all the cases, 93.3% patients showed negative result of the HBT at the end of treatment
in the study group compared to 66.7% in the control group, showing the effectiveness of the
probiotic treatment. As an additional finding, 33.3% patients of the study group and 53.3% of
the controls had a Bachelor degree or higher education, with no significant difference [75-79].

Parameter Study group Control group Total
Gender(M/F)

Male 8(53.3) 7 (46.7) 15(50.0)
Female 7 (46.7) 8 (53.3) 15(50.0)
Age (years) 34.60 +10.68 42.86 +16.61 38.73 +14.35

Location of pain

Epigastric 8(53.3) 5(33.3) 13 (43.3)
Umbilical 6 (40.0) 6 (40.0) 12 (40.0)
Other sites 1(6.7) 4(26.7) 5(16.7)
Flatulence

Yes 6 (40.0) 11(73.3) 17 (56.7)
No 9 (60.0) 4(26.7) 13 (43.3)
Belching

Yes 9 (60.0) 10 (66.7) 19 (63.3)
No 6 (40.0) 5(33.3) 11 (36.7)
Nausea

Yes 3(20.0) 3(20.0) 6 (20.0)
No 12 (80.0) 12(80.0) 24 (80.0)
Vomiting

Yes 4(26.7) 3(20.0) 7(23.3)
No 11(73.3) 12(80.0) 23 (77.7)
Constipation

Yes 9 (60.0) 3(20.0) 12 (40.0)
No 6 (40.0) 12 (80.0) 18 (60.0)
Diarrhea

Yes 2(13.3) 8(53.3) 10 (33.3)
No 13 (86.7) 7 (46.7) 20 (66.7)

Loss of appetite

Yes 6(40.0) 5(33.3) 11 (36.7)
No 9(60.0) 10 (66.7) 19 (63.3)

Table 5. Clinical characteristics of subjects at baseline (values in parentheses are percentages).
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In conclusion, the results of this pilot study showed that addition of a probiotic to the main-

tenance regimen may improve the GI tract symptoms and prevent the probable complications

in patients with SIBO. Therefore, based on low side effects of the probiotics, it seems that their

long-term prescription in SIBO, considering the recurrence favor of this syndrome, is desirable

(e.g., probiotic containing dairy products or supplement daily drugs).

Parameter Study group Control group Total P value
Location of pain

Epigastric 0(0.0) 3(20.0) 3 (10.0) 0.002
Umbilical 0(0.0) 3(20.0) 3(10.0)

Other sites 0(0.0) 2(13.3) 2(6.7)

Without pain 15 (100.0) 7 (46.7) 22 (73.3)

Flatulence

Yes 2(13.3) 8 (53.3) 10 (33.3) 0.049
No 13 (86.7) 7 (46.7) 20 (66.7)

Belching

Yes 3 (20.0) 9 (60.0) 12 (40.0) 0.025
No 12 (80.0) 6 (40.0 18 (60.0)

Nausea

Yes 0(0.0) 1(6.7) 1(3.3) 0.999
No 15 (100.0) 14 (93.3) 29 (96.7)

Vomiting

Yes 1(6.7) 1(6.7) 2(6.7) 0.999
No 14 (93.3) 14 (93.3) 28 (93.3)

Constipation

Yes 1(67) 2(13.3) 3 (10.0) 0.999
No 14 (93.3) 13 (86.7) 27 (90.0)

Diarrhea

Yes 1(6.7) 8 (53.3) 9 (30.0) 0.014
No 14 (93.3) 7 (46.7) 21 (70.0)

Loss of appetite

Yes 1(6.7) 4(267) 5(16.7) 0.330
No 14 (93.3) 11 (73.3) 25 (83.3)

Hydrogen breath test

Positive 1(6.7) 5(33.3) 6 (20.0) 0.169
Negative 14 (93.3) 10 (66.7) 24 (80.0)

Table 6. Clinical characteristics data of subjects after 6 months of treatment (values in parentheses are percentages).
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Abstract

Prebiotics are non-digestible food ingredients that beneficially affect the host by
selectively stimulating the growth and activity of probiotic bacteria in the colon. All
dietary prebiotics and/or dietary fiber provide the physiological and beneficial effects
and, therefore, are considered as essential nutrients. According to the Codex Alimen-
tarius and the Canadian Bureau of Nutritional Sciences, dietary fiber consists of
carbohydrates with a degree of polymerization (DP) of three or more that naturally
occur in foods of plant origin and that are not digested and absorbed by the small
intestine. The same definition goes well along with the term dietary prebiotics. Food
and Drug Administration (FDA)|Institute of Medicine (IOM) states that dietary fiber
only comes from plant foods and anything else is regarded as “added fiber” or “novel
fiber.” Dietary fiber and/dietary prebiotics can be industrially produced for a broad
range of food applications. They can also be processed into capsules for the purpose of
microencapsulating probiotics. In this chapter, the most recognized physiological and/
or beneficial effects of the prebiotics are clarified. New evidence on the concentrations
of the short-chain fatty acids (SCFAs) and their metabolic relationship with better health
or disease prevention in the host is provided.

Keywords: Prebiotics, Probiotics, Synbiotic, Microencapsulation, SCFA (short-chain
fatty acids)

1. Introduction

All dietary prebiotics have the physiological and/or beneficial effects in humans and, thus, are
regarded as essential nutrients. According to the Codex Alimentarius, Canadian Bureau of
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Nutritional Sciences, IOM, and American Association of Cereal Chemistry International
(AACCI), dietary fibers are identified as the edible parts of plants or analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine with complete or
partial fermentation in the large intestine. Dietary fiber includes polysaccharides, oligosacchar-
ides, lignin, and associated plants substances. Dietary fibers promote beneficial physiological
effects including laxation and/or blood cholesterol attenuation, and/or blood glucose attenua-
tion [1]. Ordinarily, a prebiotic is defined as a non-digestible food ingredient that confers
beneficial effects in 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 and well-being [2—4].
From those two descriptions, it is clear that “dietary fiber” and/or “prebiotics” are certainly a
complex of many different plant sources, with different chemical and physiological proper-
ties. Collectively when ingested, they are a cohesive unit for essentiality. In the United States of
America, the joint recommendation by FDA |IOM says that dietary fiber only comes from plant
food (fruits, vegetables, or grains); and anything else was regarded as “added fiber” or “novel
fiber.” Interestingly, that FDA |IOM recommendation fits well with the terminology “dietary
prebiotics”. A dietary prebiotic is defined as a selectively fermented ingredient that results in
specific changes in the composition and/or activity of the gastrointestinal microbiota, thus
conferring benefit(s) upon host health [5]. Polymers and oligomers are the common types.
Besides, a proof of the new oligomers and/or polymers about whether they confer the physio-
logical, or beneficial effects would be required before being started to be used in the public.

The primary reason that the prebiotics transit through the stomach and small intestines
undigested is because humans do not have the intestinal enzymes needed to digest them. They
characteristically make their way intact to the colon, where they will be bacterially fermented,
together with the unabsorbed nutrients [6]. The salivary and pancreatic a-amylases are the
only enzymes needed for starch digestion. It is also necessary to emphasize here that all sources
of dietary fiber are potential prebiotics, and every source of dietary prebiotics (with a few
exceptions) is selectively fermented, thus mutually providing energy and simple sugars to the
host through the gut microbiota. Therefore, due to similarities between these two terms, we
will use the term “prebiotics” to refer to both the “dietary fiber and dietary prebiotics”
throughout this chapter.

2. Whole grain, roughages, and prebiotics as essential nutrients: linked
with probiotics for health

Whole grain and roughage are terms that have been easily confused with prebiotics in research
and sometimes used interchangeably. Whole grains are cereal grains that consist of the intact,
ground, cracked, or flaked kernel, which includes the bran, the germ, and the innermost part
of the kernel or endosperm [7]. Apart from prebiotics alone, whole grains provide a variety of
other nutrients too. Roughages are the coarse indigestible constituents of food or fodder, which
provide bulk to the diet and promote normal bowel function. Hence, it has now become clear
that where deficiency occurs, the whole-grain products can be enriched with the prebiotics or
else roughages. This fortification would be necessary and may clarify some of the confusions
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among the consumers who still believe that whole grains and prebiotics are one and the same.
In Figure 1, for example, it can be observed that the average intake of prebiotics among
Americans (male and female) between 2009 and 2010 was around 18 g/day, which was far
below the daily recommended intakes (DRIs). The optimum daily requirement for prebiotics
is estimated to be between 35 and 50 g/day [8]. This quantity would be needed for proper
intestinal functions and to adequately support the immune functions. Fascinatingly, an
additional severe deficiency of the prebiotics in some foods linked to whole grain and non-
whole grain can be witnessed in Figure 2. Yeast bread and breakfast cereals each seem to
provide nearly 1/3rd of the whole-grain per serving. Others such as the grain-based snacks
appear to offer about 1/5th in addition to <1/10th which appears to come from rice, pasta, quick
breads, pastries, cakes, pies, cookies, and miscellaneous grains [9]. Research has further
revealed that whole-grain consumers had significantly better nutrient profiles (including
higher intakes of minerals and vitamins as percentages of 1989 Recommended Dietary
Allowances and as nutrients per 1000 kcal, and lower intakes of total fat, saturated fat, and
added sugars as % of food energy) than the nonconsumers. It was found that consumers were
more likely to meet pyramid recommendations for the grain, fruit, and dairy food groups than
the nonconsumers [9].
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Figure 1. A parallel link of prebiotics made from the average intakes and projected daily recommended intakes or
DRIs (g/day) among the American males and females, respectively. Source: Remade from Ref. [8].
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When the probiotic bacteria selectively ferment the prebiotics in the colon, a symbiotic synergy
has been observed. During the metabolic process, that interdependent relationship exerts
beneficial health effects to the host. For instance, probiotics selectively receive different
prebiotics as nutrients from the host, initiate fermentation in the colon, provide the host with
additional genetic and metabolic attributes, boost the immune system, and be able to harness
nutrients that are otherwise inaccessible. Perceptibly, synbiotic is a mixture of both probiotics
and prebiotics, which beneficially affect the host by improving the survival and implantation
of live microbial dietary supplements in the gastrointestinal (GI) tract [2]. Therefore, prebiotics,
probiotics, and synbiotics (combination of prebiotics and probiotics) can make up a distinct
class of the essential functional ingredients in foods. Probiotics are defined as live microor-
ganisms, which when administered in adequate amounts confer a health benefit on the host
[10]. As a live microbial food supplement, probiotics have been linked to numerous beneficial
effects of improving the intestinal microbial balance in humans. Naturally, the number of
bacteria living in the human body and inside the gut is vast and is estimated to be 100 trillion
bacteria [11, 12].

Besides commensal bacteria, probiotics, such as bifidobacteria, enterococci, streptococci, and
lactobacilli, must co-exist with their host and must evade or endure the diversity of responses
that the host has already developed to eliminate pathogenic bacteria while at the same time
selectively ferment all the prebiotics. All these functions are mutually coordinated and provide
a significant synergy to the host. An advancement of intestinal microbiota including bifido-
bacteria (representing some of the probiotic bacteria) in early childhood from birth to 24
months is being demonstrated in Figure 3 [13]. In fact, an understanding on how the human
immune system could differentiate between probiotics and harmful bacteria is no longer a
serious challenge as it used to be in the past [12, 14].
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Figure 3. Succession flows of gut microbiota in a healthy infant from birth. Source: From Ref. [13].
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3. The most quintessential beneficial effects of the prebiotics

The most recognized physiological and beneficial effects of the prebiotics are as follows:
improving laxation or regularity by increasing stool bulk; reducing blood glucose and/or low-
density lipoprotein (LDL)-cholesterol levels; increment of high-density lipoprotein (HDL)-
cholesterol; reducing post-prandial blood glucose and/or insulin levels; providing energy-
yielding metabolites through colonic fermentation; enhancing feeling of satiety; reducing
energy intake (which results in weight management especially in combination with probiot-
ics); having positive effects on immune system (e.g., less risk for allergy in both infants and
adults especially in combination with probiotics), and others (see Figure 4). However, among
those, only two quintessential properties of all prebiotics are historical and common, specifi-
cally to promote intestinal function (laxation), and to serve as the primary energy source of
the gut microbiota. Both functions are synergistic and essential for the development of the
immune system. Furthermore, these quintessential properties as “physiological and beneficial
effects” of prebiotics are cumulative and also increase with a rise of prebiotics intake every
day. However, an appropriate dose of probiotics in addition to the prebiotics would be
required because bacterial overgrowth in the small intestine may lead to SIBO (small intestinal
bacterial overgrowth) and, subsequently, a compromised immune system [11].
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Figure 4. A classical model of the well-documented physiological and beneficial effects of adequate and continual in-
take of prebiotics in individuals.

Individual types of prebiotics, their beneficial roles, and additional characteristics are given in
Table 1. Oligosaccharides (such as inulin and its derivatives), fructooligosaccharides (FOS),
and others are some of the food ingredients recognized to meet the prebiotics’ criteria. These
low molecular weight carbohydrates naturally occur in artichokes, wheat, onions, chicory,
garlic, leeks, and, to a lesser extent, in banana and cereals. Other oligosaccharides such as
raffinose, stachyose, and verbascose are the major prebiotics in beans and peas. Interestingly,
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these simple molecules of soluble dietary fiber can be produced industrially, and more novel
prebiotics continue to be developed as functional foods in the food industry (see Table 2).
Various methods can be applied to produce prebiotics. These include an enzymatic method
[e.g., galactooligosaccharides (GOS), FOS, and oligofructose]; extraction method (e.g., inulin
and soy oligosaccharides from vegetable sources); chemical synthetic method (e.g., lactulose
and polydextrose); and a combination of both chemical and enzymatic techniques (e.g.,
resistant maltodextrin). Inulin, GOS, and FOS, for instance, have been increasingly added to
foods in many parts of the world. The practice started in Japan and some European countries
afew decades ago. In Canada, pulses, peas, and others are acceptable in foods as “added fibers”
and more ways to put prebiotics in different kinds of diets keep emerging with new technology.

Prebiotics Fermen Primary Beneficial role*
tability source
Cellulose/hemicellulose/lignin/ Low Plant foods Laxation
waxes
Guar gum High Guar bean (legume) Viscofier, blood lipid lowering,
attenuates blood glucose response
Inulin/oligofructose/FOS High Chicory root, wheat, Prebiotic effects, calcium absorption,
Jerusalem artichoke, attenuates total cholesterol
banana, onions, leeks, Rises HDL-cholesterol
garlic, can be synthesized
from simple sugars
Chitooligosaccharides (COS) Low Derivative of chitin Rises HDL-cholesterol, attenuates
total cholesterol
Galactooligosaccharide (GOS) High Human and cow's milk, Prebiotic effects, calcium
synthesized from lactose absorption, lipid profiles
improvement
Xylooligosaccharides (XOS) High Corn cobs, rice hulls, Blood lipid lowering
straws, bagasse, malt
cakes, and bran
Soybean oligosaccharides High Soybean Blood lipid lowering, attenuates
total cholesterol
B-Glucan and oat bran High Oats and barley Blood lipid lowering, attenuates
blood glucose response
Pectin, gums High Plant foods Blood lipid lowering, attenuates
blood glucose response, emulsifier,
thickener
Polydextrose High Synthesized from Laxation, bulking agent, prebiotic
dextrose (glucose) effects
Psyllium High Psyllium husk (plant) Laxation, blood lipid lowering
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Prebiotics Fermen Primary Beneficial role*
tability source
Resistant dextrin High Corn and wheat Blood lipid lowering, attenuates

blood glucose response

Resistant starch Intermediate’ Plant foods Laxation/fermentation

Soluble corn fiber High Corn Laxation

Sialyllactoses (SLs) High Human milk SCFA production, bifidogenic
effect

1 Most of the beneficial roles have been repeatedly confirmed by many authors in the literature and as the results of
that, the references were neglected; T The classification of resistant starch has been a challenging task because it seems
to be the only prebiotics that differs in individuals especially by means of the regulatory body controls (such as its
mobility and amount of enzymes required) and, inhibitors also varied greatly. The source of resistant starch plays a
significant role in its characterization as well.

Table 1. Individual prebiotics, their sources, and other properties.

Prebiotics Manufacturer Product Flavor and/or
name application

Inulin Kraft Cottage Plain, pineapple, mixed berry
cheese

Inulin Attune Wellness Chocolate crisp, cool mint chocolate,
bars blueberry vanilla, yogurt and granola

strawberry bliss, yogurt and granola
wild berry, and yogurt and granola

lemon creme

Inulin General mills Yo-Plus Strawberry, cherry, vanilla, peach
yogurt
Inulin Sensus, NL Frutafit® Applied in beverages, infant foods,

confectionaries, ice creams, bakery

products, and others

Inulin Cosucra, B Fibruline® Tasteless, odorless, can be applied in
beverages, confectionaries, bakery

products, breakfast cereals, and others

Inulin Orafti, B Beneo® Can be applied from beverages to baby food,
from dairy to bakery, from confectionary to

cereals and from soups to sauces

Oligo Sensus, NL Frutalose® Can be applied in beverages, infant foods,
fructose confectionaries, ice creams, bakery products,

and many more

Oligo Cosucra, B Fibrulose®  Can be applied from beverages to baby food,
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Prebiotics Manufacturer Product Flavor and/or
name application
fructose from dairy to bakery, from confectionary to

cereals and from soups to sauces
Oligo Orafti, B Beneo Can be applied from beverages to baby food,
fructose from dairy to bakery, from confectionary to
cereals and from soups to sauces

GOSs Friesland Vivinal® For dairy products
Campina GOS

Table 2. Samples of some of the prebiotic-enhanced foods available in the international market.

The Food scientists appear to be on the verge of being capable of manipulating the gut
situations by diet control, thus possibly increasing an individual's health. It is also known that
diets consisting of different components that are fermentable by gut microbiota are substrates
for various kinds of probiotic bacteria in the gut. Moreover, the fact that minerals absorption
and vitamin synthesis have been observed in the host confirms the symbiotic synergy of the
prebiotics with probiotics in promoting health and suggests the existence of a multifunctional
metabolism that directly involve a collective participation of many systems.

4. Prebioticious materials for encapsulation

Various kinds of prebiotics today are being processed into capsules (thickness: um —mm) for
the purpose of microencapsulating live and/or lysate probiotic cells. If both probiotic cells and
prebiotics are combined, then the product becomes a synbiotic. Microencapsulation is the
process by which viable and/or lysate probiotic cells are packed within a wall (an outer
packaging) material for the purpose of shielding them from the surrounding environment.
The standard load capacity of viable cells in the encapsulation materials varies from product
to product. Usually, the viable cells occur at the concentration of 10"-10'2 CFU/g, while lysate
cells are being measured in milligrams (mg). Most of the commercial yogurts or probiotic
supplements contain 1-9 registered probiotic strains. In the case of multiple strains, the
proportion of each probiotic strain in a package varies from batch to batch too. It is important
to emphasize here that different combinations of probiotics are more likely to ferment all the
prebiotics selectively and provide the host with the most significant needs. To achieve constant
probiotical colonization in human or animal colon, microencapsulation is so far the best
approach. Microencapsulation protects probiotics against O, toxicity [15], stomach's acid [16],
and bile in the small intestines [16].

So far, the prebiotics in the make include oligofructose-enriched inulin [17], pullulan/starch-
blended edible-films [18], denatured whey protein-alginate [19], alginate/chitosan/carboxy-
methyl chitosan [20], resistant starch, carrageenan, chitosan, alginate, cellulose acetate
phthalate, gellan gum, pectin, gum arabic, xanthan gum, guar gum, locust bean [21-23], starch/
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spherulites [24, 25], and many others. Interestingly, a comparison was made between cocoa
butter (lipid) and starch encapsulation materials, and a lipid system was found to be more
effective at protecting the probiotics [25]. Whether the prebiotics are blended or used individ-
ually, they are all made to be harmonious mediators of probiotical or synbiotical microencap-
sulation. The selected materials (either oligomers or polymers) may also be used for the
formation of microcapsules and body weight control in humans and animals. Moreover, high
survival rates of encapsulated probiotics have been found in Cheddar cheese (6 months of
storage period) [26] and in yogurt (4 weeks of storage period at 4°C [27].

5. Body weight management

All prebiotics appear to have a tremendous impact on body weight control in both animal
models and humans. It has been found that the body fat in rats fed with a diet high in prebiotics
was significantly lowered than the ones fed with a diet high in protein and control diet [28].
In similar studies on humans, it has also been shown that the increase in prebiotics intake was
associated with weightloss due to a decrease in energy intake [11, 29]. Also, none of the polyols
or sugar substitutes (sweeteners) were shown to have exerted any negative effect on the
viability of the starter or probiotic cultures in cheese [30]. Apart from microencapsulation, it
has also been indicated that the fat in cottage cheese provides some protection to the probiotics
as they strive to survive the gastric and intestinal transit to confer health benefits in the terminal
ileum and colon of the human GI tract [31]. Therefore, the inclusion of the adequate amount
of prebiotics in every meal would be effective in controlling the current epidemic of overweight
and few other digestion problems.

Noticeably, the speedy solution of weight control seems to be more in the lower fermentable
prebiotics (such as lignin, waxes, cellulose, and hemicellulose) in combination with the
probiotic strains which selectively favor them. Resistant starches are somewhat characterized
between the lower and higher fermentability as part of the prebiotics (see Table1). The
prebiotics permitted in Canada include acacia gum, barley bran, oat bran, corn bran, $-glucan,
fructooligosaccharide, galactooligosaccharide, inulin, modified wheat starch, oat hull fiber,
partially hydrolyzed guar, pea hull fiber, polysaccharide complex (glucomannan, xanthan
gum, sodium alginate), psyllium seed husk, sieved barley meal, sugar beet fiber, wheat bran,
edible parts of traditional fruits, veggies, legumes, resistant maltodextrin (Fibersol-2), and
many others [32].

6. SCFAs and monosaccharides homeostasis

Probiotics have been recognized to hydrolyze and selectively ferment prebiotics to generate
the SCFAs and monosaccharides which can be absorbed and utilized as energy by the host.
The three predominant SCFAs in the human gut are acetate, propionate, and butyrate. These
have been reported with high levels in the colon. Propionate and butyrate are respectively
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utilized by the liver and colon, whereas acetate enters the systemic circulation and reaches the
peripheral tissues [33]. Further literature highlights that the vast influence of these SCFAs on
the host physiological benefits is through the nutri- and immuno-modulatory functions [34].
For example, butyrate expresses its potential in improving immune functions, intestinal
barrier, and oxidative stress through silencing the histone deacetylation of nuclear factor kappa
B (NF-kB), interferon-y, peroxisome proliferator-activated receptor-y (PPARY), and gluta-
thione-S-transferase (GST) [35].

It is well documented that the two endogenous ligands, G-protein coupled receptor 41 (GPR-
41) and GPR-43 mediate the signaling actions of the SCFAs [36]. GPR-41 and GPR-43 are known
proteins from the GPRs superfamily within the mammalian genome. They are particularly
expressed in the adipocytes and identified as receptors for the fatty acids [37]. Acetate,
preferentially, activates GPR-43 in vitro, whereas butyrate is more selective for GPR-41.
Ordinarily, propionate displays most of the potent effect on both GPR-41 and GPR-43 [38]. It
is important to highlight that GRP-41 has been associated more with a strong influence on the
body weight and glucose homeostasis through increasing the enteroendocrine cell hormone
known as peptide YY (PYY). The literature reported PYY as actually a key factor involved in
energy homeostasis as well as in glucose metabolism [39, 40].
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Figure 5. A represents a classical model of a normal digestion process; B represents a challenging digestion process
due to an excessive intestinal fermentation of prebiotics. Source: Modified from Ref. [11].

Under a normal circumstance, the macronutrients are sensed in different parts of the small
intestines. Also, the diverse types of gut hormones (such as PYY, cholecystokinin or CCK, and
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glucagon-like peptide-1 or GLP-1) control gastric emptying and the motility of food through
the whole digestive tract. Gastric emptying is, in fact, the main controller of viscosity and the
rate of nutrients delivery to the body. Up to now, no any in vitro technique can account for
that sensation. A recent in vitro study revealed that some of the prebiotics (if not all) are slightly
hydrolyzed —first in the stomach and small intestinal conditions—and then fermented in the
colon [41]. In the same study, the SCFAs with lactate were synthesized and bifidobacterial
population also significantly increased.

The GPR-43 as another sensor of metabolic homeostasis suppresses fat accumulation in the
adipose tissue through insulin signaling pathway. Also, GPR-43 promotes the metabolism of
unincorporated lipids and glucose in other tissues [40]. Apart from the amounts and propor-
tions of those SCFAs during the fermentation stage of prebiotics, probiotics also simultane-
ously play other physiological benefits. Those include the balance of microbiological changes,
locations of fermentation, and rates of fermentation for each prebiotic, locations of gas
production, and pH changes throughout the digestion process. Naturally, all these parameters
are difficult to measure in a real life situation. The batch systems which have been used in
many experiments do not reflect the true interactions of a synbiotic community (combination
of probiotics and prebiotics) in the host.

7. Implications of excessive bacteria and highly fermentable prebiotics in
the small intestines

Probiotics too should be able to provide health benefits when administered in sufficient
quantity. However, the recent data support that, beyond prebiotics being able to meet the
nutritional benefits, options of food selection also may regulate various functions in the body
and may play detrimental or beneficial roles in some diseases. For the prebiotics to meet the
beneficial dietary effects, their fermentability status in the colon plays a significant role,
especially to the commensal bacteria when all start to compete for nutrients. For example,
flatulence is often a complaint when large doses of FOS are taken, which suggest that perhaps
there is a tolerance limit for each prebiotics. Additionally, an overgrowth of bacteria in the
small intestines (including those that for some reasons migrated from the colon) may cause
digestion problems and poor overall health [11].

Figure 5(B) represents an example of excessive intestinal prebiotics fermentation. Here, it can
be observed that the excess bacteria in the small intestines may result in the fermentation of
undigested carbohydrates (starches and oligosaccharides) before being metabolized. Then
again, some of the prebiotics may absorb much water from the rest of the body into the small
intestine through osmosis, which can result in watery diarrhea. Fermentation of the undigested
carbohydrates in the small intestine and an excessive fermentation of prebiotics in the colon
create gas. When this happens, the pressure from an abnormal amount of gas inside the small
intestine and colon, respectively, can cause bloating, abnormal pain, flatulence, diarrhea, or
even constipation [11].
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Unlike in the colon, excess gasses generated by excess bacteria in the small intestine cannot be
easily expelled by passing it out and so the result is bloating. Apparently, if the excess bacteria
produce methane (CH,), this gas tells the intestines to move upwards, causing the content in
the intestine to stall or to back up. In contrast, hydrogen (H,) gas in the small intestines is
associated with diarrhea. Furthermore, the unabsorbed monosaccharides in the small intes-
tines can result in osmotic responses [11]. Another author has reported that about 84% of
people with irritable bowel syndrome (IBS) have a bacterial overgrowth in the small intestine
[42]. So, if this estimate is correct, people who complain of bloating, flatulence, diarrhea, or
constipation are encouraged to take probiotics at appropriate doses to balance the intestinal
bacterial structure, content viscosity, and to restore the beneficial and physiological activities
in the intestines. Just like prebiotics, probiotics is as important as multi-vitamins and multi-
minerals too, and all should be taken daily.

Figure 5(A) represents a normal process of digestion with balanced gut flora. Here, proteins,
fats, and monosaccharides (such as glucose, fructose, and galactose) are absorbed from the
small intestines, while water is absorbed from the colon into the bloodstream. The unabsorbed
prebiotics (cellulose, hemicellulose, polyols, fructans, galactans, and others) do not cause any
problem. Thus, diet control can be used to favor the growth of some selected gut inhabitants
[43].

It is necessary to state here that the small intestines are a mysterious and largely inaccessible
part of the body. Endoscopy tests are reported to have only shown about 60 cm of what is
exactly happening inside of that part of the GI tract. Besides, a colonoscopy that goes through
the rectum also shows extremely little of the other end of the small intestine. Therefore, it would
be wise for individuals to ingest strong probiotic bacteria that survive and transit the stomach
acid and bile salts during the digestion process. As discussed earlier on, the use of prebioticious
materials for probiotic microencapsulation appears to be one of the best practices, and other
similar kinds of materials continue to be developed. Usually, the probiotics that pass through
the small intestine will meet on other extreme the commensal bacteria that migrated from the
colon before they start prebiotic fermentation and compete for the nutrients (usually the
monosaccharides) meant for assimilation by the host in a synergetic manner.

8. Conclusion

Prebiotics, either as occurring naturally in fruits, grain products, roughages, vegetables,
legumes, soy, nuts, other foods or as added fibers, they all provide the physiological and/or
beneficial effects in a symbiotic relationship with probiotics. Whole grains are not prebiotics.
Both whole and refined grains need to be enriched with the prebiotics to meet the estimated
daily requirement of 35-50 g/day. The benefits of dietary prebiotics are cumulative and
increase with an increasing intake of the prebiotics in combination with the multi-vitamins,
multi-minerals, and probiotic strains. While probiotic bacteria are easily found in capsules as
dietary adjuncts, the consumers are also advised to opt for foods which provide more prebi-
otics for the overall health. Each prebiotic appears to have its tolerance limit. Beyond such a
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tolerance limit, metabolism problems might occur. Diets consisting of different fermentable
prebiotics are substrates for different probiotics in the gut. Furthermore, more evidence about
the SCFAs to have a relationship with better health in the host has been provided. Extra care
must also be taken into account when dealing probiotics and prebiotics relationship because
the action of excess commensal bacteria in the small intestine may be detrimental in some
disease. The involvement of excess anaerobic bacteria in the small intestine leads to prebiotic
fermentation of which should only take place in the large intestines.
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Abstract

The increasing allergy prevalence in affluent countries may be caused by reduced
microbial stimulation, resulting in an abnormal postnatal immune maturation. This
chapter concerns the theories behind the use of probiotics in randomized prevention
trials, and how this supplementation affects the immunity of pregnant women, the
immune development in their children, and possibly preventing allergic diseases. Most
studies investigating the underlying mechanisms have focused on postnatal microbial
exposure. An increasing body of evidence from studies suggests that the maternal
microbial environment during pregnancy can program the immune development of the
child. In human allergy intervention studies, probiotic supplementation to the mother
during pregnancy, as well as to her baby postnatally, may be important for preven-
tive effects. Also, prenatal environmental exposures may alter gene expression via
epigenetic mechanisms, aiming to induce physiological adaptations to the anticipated
postnatal environment. The maternal microbial environment during pregnancy may
program the immune development of the child.

Keywords: allergy, immune maturation, Lactobacillus reuteri, probiotics, allergy pre-
vention, allergens, TLRs, cytokines, chemokines

1. Probiotics in allergy prevention

Different probiotic strains have been used in allergy prevention trials with successful and
unsuccessful results. Why use probiotics to try and prevent childhood allergic diseases then?
The increasing allergy prevalence in affluent countries may be caused by reduced microbial
stimulation, reflecting an abnormal postnatal immune maturation [1], resulting in allergic
diseases in children. Of course, this is a multifactorial problem where changing climate, living
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conditions, and urbanization have led to a biodiversity loss. Studies show altered microbiota
and general microbial deprivation which characterize people living in urban affluent environ-
ments. Consequently, this seems to be a risk factor for immune dysregulation and impaired
immune tolerance. Itis further enhanced by physical inactivity and a western diet poor in fresh
fruitand vegetables, which may actin synergy with dysbiosis of the gut flora [2]. Probiotics may
be one way to increase microbial stimulation, enrich the gut flora and balance a skewed immune
system, which will be discussed later.

2. A brief introduction to childhood allergic diseases

The cost of allergic diseases is burdening the society; reduced life quality and increased sick
leave are common, asthma in children is one of the most common chronic diseases affecting
children at an early age. About 20% of the population is affected by allergic disease such as
atopic dermatitis, food allergy, asthma, allergic rhinitis, and conjunctivitis [3]. Furthermore,
the “atopic march,” as commonly referred to, is an age-associated variation in allergy-related
symptoms in childhood. The first allergy-related symptoms are often eczema and food allergy
at a young age, later followed by asthma and rhinoconjunctivitis in school-aged children. In
addition to the age variation in allergic diseases, there seems to be a gender issue as well. Boys
early in life have a higher incidence of allergic diseases than girls [4-6] and are also more
susceptible to infections maybe due to the more Th2-deviated immunity [4, 5]. Females are
characterized by increased inflammatory responses and infections clearance, possibly reflect-
ing the stronger Th1 immunity observed in girls [4, 5]. Of course, this has its pros and cons.
This results not only in a better protection against infection but also in increased susceptibility
to autoimmunity later in life. Allergy-related sex differences diminish at puberty; at adult age,
no clear sex differences concerning allergy can be found [7].

3. The importance of the environment and the discovery of the beneficial
effect of exposure to microbes

In the beginning, when elucidating the mechanism behind the increasing rates of allergic
diseases, the focus was on living conditions. In 1989, a researcher named Strachan discovered
that there was an association between siblings, family size, and hay fever [8]. This led to
discoveries that children born in a farm had less allergies than children born in urban areas.
The step after that was to focus on postnatal microbial exposure [9-12]. How infants are
prepared for life outside the uterus, and how can the maternal environment be protective
against allergic development in the offspring? The maternal microbial environment has been
proposed to be able to program the immune development of the child, during pregnancy [13].
Especially, if the mother is exposed to farm environment, in particular during pregnancy,
development of allergic diseases seems to be attenuated. Interestingly, research has showed
that exposure later in life, after pregnancy and later, seems to have a weaker effect [14, 15]
which opens up several other questions. For example, is it possible to program the develop-
ment of immunity in the child? When is the “window of opportunity”? Can we manipulate
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this and protect the child against the development of diseases? How can this be done?
Numerous studies show that exposure to farm environments during infancy and even in fetal
life [16, 17] reduces the incidence of allergic diseases. Furthermore, a recent report in Sweden
presents data that contact with farm animals or dogs during childhood may protect against
asthma development [18]. Exposures to farming areas and also consumption of raw milk have
been associated with the upregulation of certain receptors associated with innate immunity.
In the Protection Against Allergy: Study in Rural Environments (PASTURE) birth cohort study,
1133 pregnant women were recruited in rural areas of Austria, Finland, France, Germany, and
Switzerland and showed that farming-related exposures, such as raw farm milk consumption,
that were previously reported to decrease the risk for allergic outcomes, were associated with
a change in gene expression of innate immunity receptors in early life. Raw milk of course
includes many Lactobacilli strains among others. Therefore, it is believed that microbial
exposure in early life educates the developing immune system, driving postnatal maturation
of immune regulation as discussed in [19]. The author also suggests that the theory should be
referred to as “microbial deprivation hypothesis” since the exposure to a wealth of commensal,
non-pathogenic microorganisms early in life is of benefit. The epidemiological studies are
supported by animal models, demonstrating that microbial exposure during gestation can
prevent allergic responses in the offspring [20, 21].

3.1. Animal models show the benefit of microbial exposure during gestation

The beneficial effect of exposure to microbes have been further explored, primarily in animal
models, to try to pinpoint what the mechanism on immune tolerance and protection of allergic
disease might be. Of importance is the maternal environment, suggesting that maternal
immunity may be transferred or at least influence the offspring. In experimental murine
models, the mother is treated with lipopolysaccharide which attenuated allergic disease and
associated inflammation in offspring [22-24]. One study explored the effect of LPS on female
BALB/c mice before conception and during pregnancy. Several weeks after birth offspring
were sensitized to ovalbumin (OVA) followed by aerosol allergen challenges. LPS may operate
in prenatal life in order to modulate the development of allergies in the offspring since LPS
exposure prenatally enhanced Thl-associated IFN-gamma in offspring. OV A sensitization was
followed with a reduction in anti-OVA IgG1 and IgE as well as unchanged IgG2a antibody
responses, accompanied by a significant decrease in Th2-associated cytokine levels. This was
followed by a reduction of eosinophils and macrophages in bronchoalveolar lavage fluids,
which are often increased in allergic airways. However, clinical manifestations such as airway
hyper-responsiveness, a hallmark of bronchial asthma, were not affected [22]. Another study
also investigated the effect of LPS on pregnant mice and further explored the effect of LPS on
the offspring before allergen sensitization with OVA. Prenatal and postnatal LPS exposure
suppressed allergen-specific IgE production, eosinophilic airway inflammation and in vivo
airway reactivity in response to methacholine. The suppression of allergen-mediated inflam-
matory responses was associated with an increased shift toward Thl responses in culture
(spleen cells) and may be mediated via Toll-like receptor (TLR) and T-bet expression by lung
tissues [23]. Another group used a rat model and investigated the effect of prenatal LPS
exposure on postnatal T cell differentiation and experimental allergic airway disease. The
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expression of T cell-related transcription factors and cytokines was quantified in the lung, and
airway hyper responsiveness was measured. Prenatal LPS exposure induced a Thl immune
milieu in the offspring of rats and also reduced OVA-induced airway inflammation, eosino-
philia, and airway responsiveness [21].

The next step was to use the commensal Acinetobacter lwoffii [20]. Acinetobacter lwoffii is derived
from cow shed and is non-pathogenic. The strain was used in an experimental allergic airway
inflammation mouse model. Maternal intranasal exposure to A. lwoffi F78 protected the
offspring from development of allergic disease and resulted in an induction of proinflamma-
tory cytokines and upregulation of TLRs. On the contrary, suppression of TLRs was observed
in placental tissue. To investigate if TLRs were of importance, a knockout mice was used
(TLR2/3/4/7/9(-/-). In that model, the asthma-preventive effect was completely eliminated.
Additionally, the mild local and systemic inflammatory response was also absent in these A.
lwoffii F78-exposed mothers. Therefore, it is believed that there is a direct relationship between
maternal bacterial exposures, functional maternal TLR signaling and asthma protection in the
progeny. The main receptors for bacterial products are the TLRs. Farm studies have also shown
that these receptors can be upregulated in neonates after maternal contact with farm animals
and after farm-related exposures [14, 25, 26]. One study investigated both atopic sensitization
and the gene expression of receptors of innate immunity (TLRs), and how they were related
to maternal exposure to stables during pregnancy. A dose-response relation was found
between the upregulation of these genes and the number of different farm animal species the
mother had encountered during pregnancy. Interestingly, it seemed like each additional farm
animal species increased the expression of TLR2, TLR4, and CD14 [14]. In another study, it
was also shown that gene expression of innate immunity receptors in cord blood was overall
higher in neonates of farmers, significantly so for TLR7 and TLRS. The study further enhanced
the fact that farming-related exposures, such as raw farm milk consumption, that were
previously reported to decrease the risk for allergic outcomes was associated with a change in
gene expression of innate immunity receptors in early life [26].

3.1.1. Toll-like receptors in the immune system

TLRs are included in the innate immune system and belong to the group of pattern recognition
receptors (PRRs) which recognize the so-called pathogen-associated molecular patterns
(PAMPs). These are evolutionarily conserved structures from bacteria, viruses, parasites and
fungi. The PRRs are expressed on a wide variety of immune cells as well as mucosal and
epithelial cells. Some subgroups of the PRRs include TLRs, NOD-like receptors (NLRs), RIG-1-
like receptors (RLRs), 3-glucan receptors, and other C-type lectins.

3.2. Microbial exposure to counteract the Th2 skewing in allergic diseases?

Continued enhanced postnatal microbial exposure may be required for optimal allergy
protection, however [15]. A reduced microbial pressure could result in insufficient induction
of T cells with regulatory and/or Thl-like properties which counteract allergy-inducing Th2
responses [16, 17, 27, 28]. Farm exposures during pregnancy increase the number and function
of cord blood Treg cells associated with lower Th2 cytokine secretion and lymphocyte
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proliferation. Cord blood Treg cell counts were increased, with maternal farming exposures
and associated with higher FOXP3 and higher lymphocyte activation gene 3 (Ppg) expressions.
Furthermore, Treg cell function was more efficient, and FOXP3 demethylation in offspring of
mothers with farm milk exposure was increased, possibly reflecting an increased immune
regulatory capacity [17]. Also, failure to upregulate the interferon gamma (IFNy) response
during infancy is an important determinant of the risk of allergic disease. Early life exposure
has also been associated with decreased IFNYy gene expression of naive T cells [28]. Allergic
diseases are known to be dependent on Th2 responses to allergens, and microbial stimulation
may be one way to deviate a skewed Th2-associated immunity to a more Th1/Treg-associated
response. The immune system is generally divided into the innate and adaptive arm. The first
line of defense is the innate immunity which responds rapidly to common components of
bacteria, viruses, parasites and fungi, structures preserved through evolution, such as
pathogen-associated molecular patterns (PAMPs). The innate immune system includes
physical barriers of the mucosa, the epithelial cell layer, as well as cell responding immediately
with phagocytosis of microorganisms, extinction of infected cells, and cooperation with
adaptive immunity. The PRRs are expressed on various cells of the immune system such as
monocytes, macrophages, DC, natural killer cells, innate lymphoid cells as well as mucosal
epithelial and endothelial cells. The adaptive immune system requires longer time to develop
but is more specific and can develop memory to encounter antigens. The adaptive part, on the
contrary, consists of T and B lymphocytes and a rich and specific antibody repertoire.

The key players in adaptive immunity may be the CD4+ T helper (Th) cells that have a central
role by orchestrating immune responses to pathogens. As naive cells they exit the thymus. Th
cells may differentiate into four major effector subsets, Th1, Th2, Th17, and Treg cells. Microbial
stimulation of DC leads to secretion of cytokines, such as IL-10 and the proinflammatory IL-12
as well asupregulation of co-stimulatory molecules. It has been suggested that different species
of Lactobacillus exert very different DC activation patterns and, furthermore, at least one
species may be capable of inhibiting activities of other species in the genus [29]. DCs are also
able to attract cells via secretion of chemokines, for example, Th2 cells are attracted by the
secretion of CCL17 and CCL18 and CCL22. There are two major DC populations in blood,
mainly characterized by their different TLR receptor expression and different function, the
myeloid-derived DCs and the plasmacytoid DCs. Surface expression of CD antigens also
distinguish them from each other, both subtypes lack the common lineage markers but express
HLA-DR for antigen presentation [30].

4. Probiotics and immune regulation

Probiotics have been defined as “live microorganisms which when ingested in adequate
amounts confer a beneficial effect on the host” [31]. Probiotics to prevent allergic disease have
gained much attention. Contacts with microbial organisms from the environment [8] and at
mucosal sites, such as the gut [32, 33], may be essential in the induction of T regulatory cells
after birth and have a beneficial effect on infant gut flora. The intestinal flora may vary between
allergic and non-allergic infants. Also, allergic disease among children may be associated with
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differences in their intestinal microflora as evident in two countries with a low (Estonia) and
a high (Sweden) prevalence of allergy. Differences in the indigenous intestinal flora might
affect the development and priming of the immune system in early childhood. In one study
[33], feces samples were diluted and cultured and the allergic. The allergic children in Estonia
and Sweden were less often colonized with lactobacilli. When comparing allergic and non-
allergic infants in Sweden, it was shown that there were differences in the composition of the
gut microbiota before clinical manifestations. In comparison with healthy infants, babies who
developed allergy were less often colonized with enterococci during the first month of life and
with bifidobacteria during the first year of life. Furthermore, allergic infants had higher counts
of clostridia at 3 months, Staphylococcus aureus at 6 months, whereas the counts of Bacteroides
were lower at 12 months [32]. Possibly probiotics and prebiotics may modulate the composi-
tion of the gut flora in a healthy way.

It has also been suggested that certain strains of probiotic bacteria can induce immunoregu-
lation by modulating dendritic cells and induce Tregs [12, 34-36]. A mixture of probiotics (a
combination, or selectively, of L. acidophilus, L. casei, Lactobacillus reuteri, Bifidobacterium
bifidium, and Streptococcus thermophilus) was found to upregulate CD4Foxp3* regulatory T cells
(Tregs). The administration of the probiotics mixture in mice models induced both T cell and
B cell hyporesponsiveness and downregulated Th1, Th2, and Th17 cytokines and generated
Tregs with increased suppressor activity [12]. In another study [34], BALB/c mice were treated
daily with L. reuteri by gavage which also increased Tregs with a great capacity to supress T
effector cells [34]. O’'Mahony and colleagues showed that ingestion with a probiotic strain
enhanced the clearance of pathogens via the generation and function of Tregs that control
excessive NF«B [35]. Lactobacilli species may have different properties to induce Tregs [36].
The intestine provides a unique environment for the development of both immunity and
tolerance, and the initiated immune response is dependent on DC type and state of activation.
The probiotic supplementation during pregnancy and early childhood could possibly provide
microbial stimulation needed for normal development of immunoregulatory capacity,
providing a source of TLR-ligand exposure [37, 38].

4.1. Treg cells in immunity

In addition to conventional Th cells, CD4+ T cells can also differentiate into T regulatory cells
(Tregs) that are not only essential for the regulation of inflammatory responses to pathogens
but also for peripheral tolerance and the protection against autoimmune diseases. There are
two main types of Treg cells, thymic Tregs (also called natural) are generated in the thymus
and are believed to protect against self-reactive immune responses, and peripheral Treg cells
(also called inducible) that are generated in peripheral tissues and may have specificity to self-
and foreign antigens. FoxP3 is a key transcription factor for the development and function of
natural CD4+ regulatory T cells. As other cells, different subpopulations can be defined within
the FoxP3-positive cells. The first definition of Treg cells is the CD4dimCD25hiFoxP3+ Treg
cells, described in [39]. Later on, CD45R A+FoxP3lo resting Treg cells (rTreg cells) and CD45RA-
FoxP3hi-activated Treg cells (aTreg cells) were discovered; both subtypes seem to be suppres-
sive in vitro. In company of these subsets, the cytokine-secreting CD45RA-FoxP3lo non-
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suppressive T cells were defined. Terminally differentiated aTreg cells rapidly died, whereas
rTreg cells proliferated and converted into aTreg cells in vitro and in vivo. Taken together, the
dissection of FoxP3+ cells into subsets enables one to analyze Treg cell differentiation dynamics
and interactions in normal and disease states, and to control immune responses through
manipulating particular FoxP3+ subpopulations [40].

In allergic diseases, the Th1/Th2 paradigm is useful, but it is obviously a simplification. Treg
cells are important in the suppression of allergen-specific responses in several ways [41].

5. Lactobacillus reuteri

Lactobacillus reuteri is an obligate heterofermative [42] Gram positive rod that has been isolated
from the GI tract in several mammals, including humans, as well as from different food
products [43, 44]. In addition to glycerol, L. reuteri produce the antimicrobial metabolite
reuterin during anaerobic conditions [45]. The strain L. reuteri ATCC 55730 is considered to be
safe, and in the USA, probiotics has started getting regulated in a similar way as pharmaceut-
icals [46].

6. Probiotics in human allergy prevention trials

Probiotics have been used in intervention studies with preventive effects on eczema during
infancy with varying results. [47-52]. Different study design, probiotic strain, duration of
follow up, etc. have resulted in different outcomes. However, there seems to be a benefit in
supplementing with probiotics in prevention of childhood eczema. Randomized placebo
controlled trial to prevent childhood eczema have been conducted since the first study in 2001
[53]. One of the main questions to answer is to whom you may supplement. Studies have been
conducted with different modes of supplementation, supplementing only mothers during
gestation, only mothers during breastfeeding, only infants after delivery or both mothers
during gestation and infants after delivery [54]. Probiotic supplementation to the mother
during pregnancy, as well as to her baby postnatally, may be important for preventive effects
on childhood allergic disease [55]. Thus, a preventive effect on atopic eczema, the most
common allergic disease at this age, has primarily been demonstrated in studies where
probiotics were given both pre- and postnatally [48, 49, 56-59], whereas two studies with
postnatal supplementation only failed to prevent allergic disease [60, 61].

6.1. Supplementation with Lactobacillus reuteri to prevent childhood IgE-associated eczema

Furthermore, in human allergy intervention studies, our study, using Lactobacillus reuteri
supplementation, had the most clear effect on infant sensitization to allergens at 2 years of age
[17]. L reuteri ATCC 55730 (1 x 10® colony forming units) was given to pregnant women daily
from pregnancy week 36 until delivery. The infants continued with the same product to 12
months of age and were followed up until 24 months. Primary outcome was allergic disease,
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with or without positive skin prick test or circulating IgE to food allergens. The study was
designed to have enough power to detect true differences between the probiotic-supplemented
group and the placebo group, which was based on a 40% anticipated allergic disease risk at 2
years. The aim was a 50% reduction in frequency of allergic disease which could be detected
at a 5% level of significance with 80% power. The study was also designed to allow a dropout
frequency of 20%. Further considerations were done with differences in living environment
and other possible confounding factors since the study was a randomized placebo-controlled
multicenter trial. To achieve high-quality result study, participants were monitored regularly.
At 2 years of age, children were examined by a pediatrician, 1 year after the termination of
treatment. The L. reuteri-supplemented infants had less IgE-associated eczema during the
second year, 8% versus 20% (P = .02). Skin prick test reactivity was also less common in the
treated than in the placebo group, significantly so for infants with mothers with allergies, 14%
versus 31% (P =.02). Wheeze and other potentially allergic diseases were not affected. A total
of 184 completed a 7-year follow-up. The primary outcomes at 7 year of age were allergic
disease and skin prick test reactivity. The prevalence of asthma (15% in the probiotic vs. 16%
in placebo group), allergic rhinoconjunctivitis (27% vs. 20%), eczema (21% vs. 19%) and skin
prick test reactivity (29% vs. 26%) was similar in the probiotic and placebo groups. No severe
adverse events were reported [62]. Our study is one that has resulted in less IgE-associated
eczema at 2 years of age and is one where both mother and child received the product, the
mother from gestational week 32 and the child from birth to 1 year of age. If prenatal microbial
exposure is vital for the preventive effect, starting supplementation already from the second
trimester of pregnancy, when circulating fetal T cells have developed [63], may have a more
powerful preventive effect on allergy development.

6.1.1. The importance of study design in probiotic trials

There have been implications that besides the design of the study the importance of the
probiotic strain has been highlighted. To exemplify this, probiotics that are being used in trials
to prevent childhood allergic disease, are also used to prevent necrotizing enterocolitis. The
great importance of strain has been shown recently. Necrotizing enterocolitis is one of the most
devastating diseases encountered in premature infants [64].

7. Clinical investigations and sample collection

In vitro studies examining responses to common allergens and determining the cytokine and
chemokine patterns are a way to explore the effect of probiotic supplementation on immune
status in infants. In vitro studies are a good complement to clinical studies in pinpointing the
exact mechanism of probiotic supplementation in clinical trials. One way is to collect cord and
peripheral blood from the infants included in the study at the different follow-up meetings
with research nurses or doctors. From the blood, it is relatively simple to collect cells using
gradient centrifugation and to store these cells for later use in liquid nitrogen. One of the
benefits with this system is that you are able to analyze all samples during a limited time period
instead of analyzing them over years, which is the usual time period for this kind of clinical
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trials. After thawing, counting, and stimulation of cells, it is important to incubate them with
a proper media and in a time period that is optimal for your experiment. To have in mind is
that when you investigate innate responses they are designed to respond rather immediately,
whereas adaptive responses may need antigen presentation first and then start to produce the
cytokines and chemokines associated with that type of response. Commonly thought, antigen
presentation and production of allergen-associated biomolecules may take 6 days to reach
levels of optimal detection.

7.1. Detection of biomolecules in serum and plasma, a way to determine immune status

To be able to investigate effects that are not obvious clinically one rather convenient way is to
measure biomolecules in serum and plasma. Serum and plasma are quite easily collected;
venous blood samples are centrifuged and aliquoted to several small tubes that are kept in the
freezer at —20 or -70°C. If you compare collecting serum and plasma samples to cell samples,
the first is rather time efficient, whereas collecting cells in the laboratory from venous blood
samples is rather time consuming. However, there are some drawbacks with serum and
plasma samples; one is that it is relatively hard to detect cytokines in this kinds of samples
since that type of biomolecules are produced at alower concentration compared to, for example
chemokines, and are acting more locally than the chemo attractive chemokines. Cells have
receptors for both cytokines and chemokines on their surface [65].

The determination of circulating chemokine levels in epidemiological studies may be a tool
for the identification of factors associated with the development of sensitization or allergic
disease.

7.1.1. ELISA

One common method to measure biomolecules in fluids, actually all types of fluids, such as
serum, plasma, blood, saliva, etc. is enzyme-linked immuno sorbent assay (ELISA). This
method is based on two antibodies with two different epitopes that bind the same biomolecule,
in a “sandwich”model. The first thing to do when performing an ELISA is to bind the anti-
bodies to a surface, preferentially one in a well, in a 96-well plate used for the purpose. The
binding is enhanced by adding a buffer. Thereafter, one must block the other surface to prevent
unspecific binding to the plastic of the wells. This is often performed with bovine serum
albumin or milk. The sample is added, and after incubation the capture antibody is added.
ELISA has several ways of detection; one is to add streptavidin-conjugated horseradish
peroxidase (HRP). The streptavidin will form a strong binding to the biotin-conjugated capture
antibody. Then the addition of a substrate for the enzyme that is conjugated to the capture
antibody; if HRP is used, TMB is a good substrate (although toxic) and HRP turns TMB to a
yellow product and the reaction is incubated for about 15-30 min. The addition of a H,SO, will
stop the reaction and turn the liquid blue. The color of the product is relative to the concen-
tration of the biomolecules in the sample and easily detected using an ELISA reader that
measures optical density (OD). To further enhance the capability of your ELISA, you can add
a standard curve with known concentration that you may relate your samples to.
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7.1.2. Multiplex bead assay

Another good method to measure biomolecules in fluids is multiplex bead arrays. These bead
arrays are based on the same principles as ELISA, but you couple the capture antibody to a
bead instead of the well bottom. That antibody binds an epitope on the biomolecule of interest
and a second detection antibody often conjugated with biotin is common; the biotin-conjugated
antibody then reacts with streptavidin with a bound fluorescent molecule, often pycoerythrin
(PE). The main advantage of the multiplex technology is that it enables several simultaneous
analysis, that is, you are able to detect several biomolecules from the same sample at the same
time by mixing beads with distinct fluorescent spectra (a mixture of two or more dyes trapped
inside the beads) in the same well upon analysis. The detection method is also a bit different
from ELISA, which is based on optical density, and the multiplex bead array is a flow cytom-
etry-based system which aligns all beads in a single row to enable single-bead analysis. The
single bead is excited with a laser to determine the bead emission, that is, the biomolecule you
measure and the concentration of the biomolecule trapped on the bead. If you include samples
with known concentration, you can create a standard curve and relate all the measured samples
to that to determine the unknown concentration. Since this method can be labor and cost
effective, it is possible to determine, for example, the immune status in quite large cohorts by
collecting serum and plasma samples and measure biomolecules such as cytokines and
chemokines.

8. What are the mechanisms behind probiotics in allergy prevention trials?

The mechanisms behind probiotic supplementation have not been totally mapped yet; various
effects on the immune system have been reported after probiotic treatment in allergy preven-
tion trials. There is no consensus among studies, possibly due to different study designs, when
probiotics have been introduced prenatally, pre- and postnatally, or only postnatally. The
probiotic strain is also of great importance. Evidence of increased CRP, total IgE, and IL-10
levels, which are characteristic of a low-grade inflammation has been presented [66]. Another
study decreased that after supplementation during pregnancy with L. rhamnosus and B. lactis,
IFN-vy in cord blood increased [67]. Anti-CD3/CD28-induced IL-2 mRNA expression at 13
months of age was showed after probiotic supplementation at weaning [68]. Although no
allergy preventive effect was observed in some cohorts, an immune modulatory effect was
detected [69]. Reduced TNF and IL-10 responses to house dust mite were found [70]. Boyle et
al. demonstrated that prenatal Lactobacillus GG supplementation during the last month of
pregnancy reduced heat-killed LGG-induced CD4+T cell proliferation [71], although no allergy
preventive effects were observed [72]. Taken together, the studies indicate that several strains
of Lactobacillus may modulate immunity in infants.

8.1. Lactobacillus reuteri and chemokines

The analysis of circulating chemokines is a useable tool to investigate the T helper (Th)1/Th2
imbalance in allergic disease and other diseases in vivo. Circulating levels of Thl-associated
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CXC-chemokine ligand (CXCL)9, CXCL10, and CXCL11 and Th2-associated CC-hemokine
ligand (CCL)17 and CCL22 have been related to allergic disease, sensitization, and probiotic
supplementation [73]. Infants are born with a Th2 deviation of the immune system, which is
also reflected in chemokine concentration early in life. The Th2-associated chemokines CCL17
and CCL22 have been shown to be the highest at birth and then decreased, whereas CCL18
and the Thl-associated chemokines increased with age. Allergic children have been observed
to have high Th2-associated chemokine concentration, as expected. Interestingly, different
allergic symptoms may be related to different chemokines. Furthermore, an imbalance in
circulating Th1l- and Th2-associated chemokines may precede the onset of sensitization,
eczema, and recurrent wheeze from birth [73, 74]. Supplementation with specific probiotic
strains [75] may be detected by the presence of strain in stool samples. The presence of L.
reuteri in stool in the first week of life was associated with low CCL17 and CCL22 and high
CXCL11 levels at 6 months of age. However, no other differences were observed between the
probiotic and placebo groups. Low Th2-associated chemokine levels and high Thl-associated
levels may be of benefit to counteract a Th2 deviation and could possibly imply a decreased
tendency to develop allergic diseases. High Thl-associated chemokine levels were associated
with day care. As discussed previously, day care is associated with reduced incidence of
allergic diseases, possibly by inducing a Th1-associated immunity. Also, to keep in mind when
investigating these chemokines is that Th1 and Th2 cytokines are likely important upstream
mediators of these effects, as they induce the production of the respective chemokines. The
names of the chemokines also indicate how they are regulated.

8.2. Lactobacillus reuteri and allergen responsiveness

Probiotic treatment with Lactobacillus reuteri [75] has been shown to be associated with lower
secretion of allergen induced Th2- and Th1-related cytokines during infancy, as well as with
low IL-10 and Th2-associated CCL22 responses [76]. In our study, the differences were more
marked for responses to the perennial and ubiquitously present [9] cat allergen than the food
allergen OVA and the seasonal birch allergen. Allergens may have different route and duration
of exposure, which may imply different regulation. Also, in Sweden, it is uncommon to be
allergic to house dust mite but however quite common to be allergic to birch and grass.
Moreover, low mitogen induced Th2-like responses were also associated with L. reuteri
supplementation. The lower cytokine and chemokine levels in the probiotic group could
indicate an increased immune regulatory capacity, possibly implying a reduced atopic
propensity, consistent with our previous findings in this cohort [75]. We also investigated if
probiotic supplementation affected the pattern of cytokine release after stimulation in this
study; however, the allergen- and mitogen-induced cytokine responses seemed to be inde-
pendently associated with probiotic treatment and allergy development, since logistic
regression indicated separate effects of treatment and allergy on immune responses. Possibly
another mechanism than we were able to investigate is responsible for this effect. However,
this could be due to the fact that only few allergic infants were included. In agreement with
previous studies [77], allergic infants did show high Th2 responses after birch and food allergen
stimulation, whereas probiotic supplementation showed less clear effects.
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In this study, treatment reduced the incidence of clinical manifestations as well as sensitization,
possibly reflected by the lower responses to allergen stimulation in probiotic-treated infants
[75]. It is believed that some strains of probiotics can induce a Th1 immunity to counteract a
deviated Th2 immunity in infants and allergic diseases. To investigate this hypothesis, Thl-
associated factors were investigated in this cohort. The mRNA expression of the transcription
factors T-bet and GATA-3, driving Thl and Th2 differentiation, respectively, was not influ-
enced by probiotic treatment, although T-bet expression correlated to the secretion of IFN-y
and the Thl-associated chemokine CXCL10. Neither Foxp3 nor Ebi3 mRNA expressions were
affected by probiotic treatment, while Ebi3 and Foxp3 expressions were correlated to each
other and associated with IL-10 secretion, supporting an immune regulatory role of Ebi3 [78].

The lower allergen responsiveness in the infants receiving probiotics, as compared to placebo,
is similar to our previously reported observations of lower allergen-induced cytokine secretion
during infancy in a country with a low incidence of allergies (Estonia) [27]. Thus, allergen-
induced IL-5, -13, -10, and IFN-y responses were lower in Estonian than in Swedish children.
Living conditions are different, and besides that, lactobacilli were more often detected in fecal
samples from Estonian than Swedish children [79]. A low lactobacilli colonization has been
associated with allergic disease development [80].

8.3. Lactobacillus reuteri and Toll-like receptors

Can pre- and postnatal supplementation with Lactobacillus reuteri affect the innate cytokine
and chemokine responses to bacterial products and the expression of associated receptors, i.e.,
TLR2, 4 and 9 In this study, TLR2 stimulation leads to lower IL-1§3, IL-6, IL-10, CCL4, and
CXCLS responses in the probiotic treated infants [81]. These differences were not dependent
on the differences in TLR2 mRNA expression in the probiotic and placebo groups. Probiotic
supplementation may thus be associated with an increased immune regulatory capacity
during infancy, in line with our previous findings showing lower allergen responsiveness in
the probiotic-treated children [81].

Low responsiveness to stimulation with lipoteichoic acid after previous supplementation with
the Gram positive bacteria Lactobacillus reuteri could be related to a phenomenon referred to
in the literature as lipopolysaccharide tolerance [82]. Our results could suggest that such a
downregulation occurs in vivo as a consequence of long-term exposure to TLR2 ligands, that
is, supplementation with the Gram positive Lactobacillus reuteri. The expression of TLR
receptors has been shown not to be involved in this phenomenon, but studies suggest that this
is dependent on a downstream effect involving IRAK [83]. This would also explain why the
TLR2 mRNA expression was not affected by probiotic supplementation, whereas studies of
children growing up on a farm have shown that microbial exposure upregulate these receptors
[14, 25, 26]. Our data, however, indicate that the TLR2 mRNA expression and LTA-induced
cytokine and chemokine responses are not correlated. The lower responses to TLR2 stimulation
could be dependent on an induction of regulatory macrophages responding to stimuli with
lower secretion of proinflammatory cytokines and chemokines [84]. Whether this downregu-
lation of TLR2 responses is also related to the decreased incidence of IgE-associated disease in
probiotic-treated children is not known. The logistic regression analyses suggested, however,
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that the effects on TLR2 responsiveness were related to probiotic supplementation but not
allergy development in this study. This could also be due to the fact that there were few allergic
children included in these analyses, although we did detect higher levels of TLR2 mRNA
expression in non-allergic than allergic infants at 12 months of age. Other studies suggest
differences in TLR responsiveness between children who do or do not develop allergy [85-87].

That probiotic supplementation may be associated with an increased immune regulatory
capacity during infancy is also in line with studies suggesting that immune regulatory
mechanisms are established at a later age in Sweden compared to Estonia [27], a country with
higher microbial exposure and a lower allergy prevalence than Sweden [9]. Comparatively,
after allergen stimulation, Estonian infants responded with lower levels of cytokines, both Th1
and Th2, than Swedish infants [27]. Estonian infants also secrete lower levels of proinflam-
matory cytokines after LPS stimulation compared to Swedish infants (unpublished). Another
study comparing countries with higher microbial exposure and less allergies with countries
with less microbial exposure and more allergic diseases demonstrate that neonatal antigen
presenting cells (APCs) are more quiescent in children born under traditional, i.e., Papua New
Guinea, compared to modern environmental conditions, i.e. Australia [88]. This was reflected
by less responsiveness to stimulation in vitro in APCs from newborns born in Papua New
Guinea, while they exhibited higher baseline levels of activation and inhibitory markers in the
resting state compared to APC from Australian neonates [88]. This quiescent function could
potentially be a protective mechanism learned in utero. Thus, lower TLR-induced levels of
proinflammatory cytokines and chemokines may be due to an enhanced immune regulatory
capacity among infants living in conditions with a higher microbial burden.

Of course, there has been an effort in elucidating the passage ways that the bacteria colonize
the body and affect the immune system. Until recently, the infant intestines were supposed to
originate from perineal, vaginal, and fecal microbiota and before delivery thought to be sterile.
However, the microbial colonization might already start before birth by microbial transfer
through the placental barrier. DNA from a wide variety of microbial taxa in the human
placenta, umbilical cord blood, amniotic fluid, and meconium have been found and sequenced.
The bacteria may gain access through ascent from the vagina and/or through the blood stream
for bacteria from intestinal or oral origin. So one might say that the sterile womb theory is
history [89]. These findings suggest that normal colonization may already start before birth,
colonization that is of benefit for the infant and not detrimental and leading to disease. Labeled
Enterococcus faecium in an experimental animal study showed that beyond transplacental
passage, bacteria can be transferred via the gastrointestinal canal [90]. As reviewed in [89],
bacteria may travel via the bloodstream from the mouth, of course without causing sepsis, via
the breast, external through the sebaceous skin to the breast milk. Internally, via the entero-
mammary pathway that brings gut bacteria to the mammary gland via lymph and blood
circulation.

Other possible effector mechanisms of probiotic supplementation could be dependent on
epigenetic changes, although this needs further investigation. Thus, epigenetic regulation has
been suggested as one of the underlying effector mechanisms for the allergy preventive effect
of microbial exposure during pregnancy [91].
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8.4. Lactobacillus reuteri and the composition of breast milk

Breast milk not only provides the necessary nutrients for growth and development, it also
contains many important immunological components to provide the immunological imma-
ture infant for the surrounding environment and the challenges outside the womb. Such
components include immune cells, antibodies (especially IgA antibodies), pro- and anti-
inflammatory cytokines such as TNF, IL-10, and TGF-b, and factors that may modify immune
responses to bacteria, e.g., soluble CD14 (sCD14).

How can probiotic supplementation change the composition of breast milk? Well, nutritional,
metabolic, and immunological processes in the gut are reflected in the mammary gland and
the milk through the entero-mammary link [89]. In addition, the immunological composition
of breast milk differs between mothers, and the reasons for these differences and the conse-
quences for the breastfed infants are not fully elucidated yet. When Lacfobacillus reuteri was
supplemented to pregnant mothers from gestational week 32 during pregnancy, supplemen-
tation was associated with low levels of TGF-b2 and slight and increased levels of IL-10 in
colostrum. The slightly higher levels of IL-10 could be due to the reason that L. reuteri
previously had been reported to induce IL-10-producing regulatory T cells in vitro [36].

9. Probiotics and epigenetic mechanisms?

Epigenetic modifications can alter the DNA sequence without heritable changes [92] and have
been shown to be important in prenatal immune programming. Epigenetic modifications can
alter the DNA compaction and open/close for gene transcription [92]. The most important
mechanisms are posttranslational histone modifications and methylation of DNA CpG
dinucleotide [92]. The methylation pattern is thus preserved with high fidelity through cell
divisions, assuring preservation of cellular inheritance [93]. The epigenetic pattern varies
between tissue and cell type, and also between individuals and over time, representing
immune maturation, ageing and disease states. There are many examples that epigenetic are
not permanent but changes over time. Some are implemented during only a short time to open
or close chromatin state and access transcription of certain genes. In addition, the epigenetic
state is reversible and with the appropriate enzymatic machinery, the whole epigenome can
be modified [94]. Once these islands are methylated, gene transcription might not occur. Once
removed, the promoter allows interaction with various transcription factors and allows gene
activation. In T-cells, epigenetics are important for differentiation [95]. Of course, there are
several ways of keeping/removing the epigenome. The major regulatory enzymes of DNA
methylation are DNA methyltransferases (DNMTs). There are different DNMTs that play
unique roles in the DNA methylation process [94]. DNA methylation patterns may be
responsible for the Th2 skewing in neonates. Possibly, hypermethylation of the IFNG promoter
may restrict expression of the IFNG gene. A permissive epigenetic state at the IL13 locus has
been described for human naive neonatal CD4 cells as consistent with the Th2 skewing of the
immune system early in life [96, 97]. Prenatal environmental exposures may also alter gene
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expression via epigenetic mechanisms, aiming to induce physiological adaptations to the
anticipated postnatal environment, but potentially also increasing disease susceptibility in the
offspring [98]. The maternal microbial environment could possibly influence infant immune
maturation [13, 14, 20] and T effector and T regulatory immunity [17, 28]. Th1, Th2, and Th17
differentiation is controlled epigentically [95, 99, 100], and human T regulatory cell differen-
tiation needs demethylation of the FOXP3 promoter [101]. Also, the immunological interaction
between the mother infants is close during pregnancy [102, 103]. Children growing up in a
traditional farming environment had a lower risk of respiratory allergic disease later in life, as
discussed previously. There is increasing evidence that at least some of the protective effects
are mediated through epigenetic modifications [16, 94].

10. Conclusion and future directions

Recently, the World Allergy Organisation wrote guidelines for probiotic use in prevention of
allergic disease: World Allergy Organization-McMaster University Guidelines for Allergic
Disease Prevention (GLAD-P): Probiotics [104]. After much research effort different strains of
probiotics as supplementation during pregnancy and/or postnatal were used to prevent the
development of allergic diseases in infants. There are some common guidelines to try to sum
up the advances and bring them into practical guidelines in this field. Allergic diseases have
a strong hereditary factor, the prevalence in infants without parents or siblings with allergic
symptoms is 10% but reaches 20-30% if the first-degree has been made in trying to identify
factors critical for allergy development. Of essential importance seems to be the gut microbiota.
Colonization patterns differ between allergic and non-allergic infants, depending on delivery
mode, and geographical factors influence this pattern. The gut microbiota and microbial
environment have been reported to modulate immunity and may be one way to try to stop the
escalating rate of allergic disease prevalence. WAO recommendations about probiotic
supplementation for the prevention of allergy are intended to support parents, clinicians and
other health care professionals in their decisions whether to use probiotics in pregnancy and
during breastfeeding, and whether to give them to infants. “The WAO guideline panel
determined that there is a likely net benefit from using probiotics resulting primarily from the
prevention of eczema. The WAO guideline panel suggests: a) using probiotics in pregnant
women at high risk of having an allergic child; b) using probiotics in women who breastfeed
infants at high risk of developing allergy; and c) using probiotics in infants at high risk of
developing allergy” [104].

Of course, there are many questions to answer and discuss. Several strains have been used in
allergy prevention probiotic trials. There is a consensus that the strain is of importance, since
different strains have different properties and also, as evident in allergy prevention trials,
different outcome after use. Also, exactly when are the best “window of opportunity” and
which population is the most susceptible for intervention methods?
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Abstract

Phytophenols are found ubiquitously among all plants. They are important in diets rich
in fruits and vegetables because these compounds provide health benefits to the host,
ultimately decreasing the incidence of chronic diseases. These compounds act as natural
antioxidants and provide anti-inflammatory, antiviral, antibiotic, and antineoplastic
properties. Reactive oxygen species (ROS) are produced under normal physiological
functions, and low/moderate levels are required for cellular turnover and signaling.
However, when ROS levels become too high, oxidative stress can occur. Phytophenols
quench ROS and ultimately avoid the damaging effects ROS elicit on the cell. The highest
sourceofbioavailable phytophenolscomesfromourdietasacomponentusuallyesterified
in plant fiber. For phytophenols to be absorbed by the body, they must be released by
esterases, or other related enzymes. The highest amount of esterase activity comes from
the gastrointestinal (GI) microbiota; therefore, the host requires the activity of mutualis-
tic bacteria in the GI tract to release absorbable phytophenols. For this reason, mutualis-
tic bacteria have been investigated for beneficial properties in the host. Our laboratory
hasbegun studying the interaction of Lactobacillus johnsoniiN6.2 with the host since it was
found to be negatively correlated with type 1 diabetes (T1D). Analyses of this strain have
revealed two important characteristics: (1) It has the ability to release phytophenols from
dietary fiber through the secretion of two strong cinnamoyl esterases and (2) L. johnso-
nii also has the ability to generate significant amounts of H,0,, controlling the activity of
indoleamine 2,3-dioxygenase (IDO), an immunomodulatory enzyme.

Keywords: Lactobacillus, Lactobacillus johnsonii N6.2, Indolamine 2,3-dioxygenase, 5-
hydroxytryptamine, reactive oxygen species, esterase
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1. Phytophenols

Phytophenols, also called polyphenols or simply phenols, are a unique group of monocyclic
and polycyclic phytochemicals found within fruits, vegetables, and other plants as a compo-
nent of plant fiber. Phytophenols are ubiquitously found as secondary metabolites in plants and
are therefore consumed in relatively high quantities. They are a very diverse and multi-
functional group of active plant compounds with substantial health potential in many areas,
and numerous scientific studies demonstrate that increasing the intake of plant foods rich in
fiber can minimize the incidence of modern diseases [1-3].

Consumption of foods and beverages containing phytophenols may impact nutrient levels in
the body by preventing their oxidation. Their activity is based on functional groups’ capacity
to accept a free radical’s negative charge [4, 5]. In order to be absorbed by intestinal epithelial
cells, phytophenols attached to fiber can only be released by the enzymatic activities of the
gastrointestinal (GI) microbiota [6-9] because the phenolic esterase enzymes necessary to
release antioxidant phytophenols from plant fiber are not produced by the host GI system. It
has been shown in vitro that after hydrolysis with purified enzymes, more biologically active
compounds can be released, including hydroxytyrosol and elenolic acid from oleuropein [10,
11] and dihydroxyphenyllactic acid from rosmarinic and salvianolic acids [12, 13]. Neverthe-
less, very little is known about the modifications that these natural compounds undergo after
ingestion.

All phytophenols arise from a common intermediate, phenylalanine, or a close precursor,
shikimic acid [14]. Often they are present in conjugated forms, with sugar residues linked to
hydroxyl groups, although in some cases, direct links of the sugar to an aromatic carbon do
exist. In addition, associations with other compounds are also common, including linkages
with carboxylic and organic acids, amines, and lipids, as well as associations with other
phenols [15].

Plants produce an impressive array of phenolic compounds, and it is thought that these plant-
based constituents have a stronger biological antioxidant effect when compared to synthetic
antioxidants. This is mainly because phytophenols are part of the normal function of living
plants and therefore are thought to have better compatibility with the body [4, 16, 17]. Although
there are more than 8000 identified polyphenolic compounds, they can be sorted into four main
classes: phenolic acids, flavonoids, stilbenes, and lignans [18]. Figure 1 illustrates the different
groups, which are divided by the number of rings they contain as well as the structural
elements that bind these rings together.

Phenolic acids are derivatives of either benzoic acid or cinnamic acid and can thus be divided
into two classes. They make up about a third of the polyphenolic compounds found in human
diets. These phenolic compounds can be found in all plant-based material, although they are
most commonly found in acidic fruits [19]. Flavonoids are the most abundant polyphenolic
compounds found in our diet and are also the most well-studied group. More than 4000
varieties have been accounted for, often contributing to the color of flowers, fruits, and leaves
[20]. Six subclasses exist, as shown in Figure 2, based upon variations in structure: flavonols,
flavones, flavanones, flavanols, anthocyanins, and isoflavones.
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Figure 1. Chemical structures of the different classes of polyphenols, broadly divided into four classes [14].
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Figure 2. Chemical structures of subclasses of flavonoids [14].

Stilbenes contain two phenyl moieties connected by a two-carbon methylene bridge. Their
synthesis is typically initiated as a result of injury or infection in plants, and as a consequence,
their occurrence in our diet is much lower than either phenolic acids or flavonoids. The best
studied stilbene is resveratrol, found mainly in grapes and as a result also in red wine. Lignans
are diphenolic compounds formed by the dimerization of two cinnamic acid residues, as seen
in Figure 1.
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Estimating the total polyphenol content is most accurately done through analysis of every
individual phytophenolic compound. Due to the large diversity in phytophenolics, the only
way to complete this task is through a compilation of the literature data. Fortunately, the USDA
database contains a nearly complete source of food composition data [21-23]. This database
combined with other literature sources for the remaining phytophenolic compounds was used
to develop the Phenol-Explorer database. This recently developed database is the most
complete source on the content of polyphenols in foods, including glycosides, esters, and
aglycones of flavonoids, phenolic acids, lignans, stilbenes, and other polyphenols [24].

The occurrence of dietary phenolics in plants is not uniform, even at the cellular level. Insoluble
phytophenols are often found in cells walls, while soluble phytophenols are found within the
vacuoles of plant cells [25]. In many instances, plant-based foods contain a variable mixture of
polyphenols. Some polyphenols, such as flavanones and isoflavones, are found only in specific
foods, whereas others such as quercetin are found in nearly all plant products. Conventionally,
the outer tissues of a plant contain higher levels of phenolics than the inner tissues [26].

Various other factors can affect the concentration of dietary phytophenols, including ripeness
of the plant when harvested, environmental factors, storage, and processing of plant materials
[14]. Before harvesting, abiotic factors such as soil type, exposure to sunlight, and amount of
rainfall can alter phenolic compounds in plants. In addition, the degree of ripeness when
harvested can be positively or negatively correlated with the concentration of polyphenols,
depending upon which compound is under observation [27]. Storage of plant-based foods also
affects polyphenol levels, and the oxidation of polyphenols over time can be beneficial (as in
the case of black tea) or harmful (as in the case of browning of fruit) to polyphenolic compound
concentrations [27]. Cooking also has a major effect on phytophenolic compounds, and
depending on how the material is processed, cooking may account for a 30-80% loss of
phenolic content [28].

Bioavailability is described as the proportion of the nutrient that follows natural pathways to
be digested, absorbed, and metabolized in the body. For phytophenols, there is no relationship
between the quantity of phenolic compounds found in food and their bioavailability, and every
one of the numerous known polyphenols differs in its bioavailability. Furthermore, the most
ubiquitous phytophenols found in plant-based foods are not necessarily the same as those that
show the highest concentration of metabolites in tissues. Often, polyphenols are present in a
form that cannot directly be absorbed by the body, including esters, glycosides, or polymers
[29]. Due to the microbial modification of phytophenols during absorption in the intestinal
cells and later in the liver, the compounds reaching the bloodstream and bodily tissues are
drastically different from those originally ingested. As a consequence, identifying all the
metabolites and subsequently evaluating their activity is a difficult task. It is the chemical
structure of the phytophenolic compound that determines absorption rate and extent rather
than the concentration of the compound found in the diet [30]. Evidence does indirectly suggest
that phenols are absorbed to some extent through the gut barrier due to an increase in
antioxidant capacity of plasma after ingestion of phytophenol-rich foods [31, 32].

The potential pharmacological properties of these natural plant compounds have been
demonstrated in vitro and include anti-inflammatory [9], antioxidant [33-35], antineoplastic
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[10, 36], antiviral [37], and antibiotic [38] properties. Although several mechanisms of action
combine to provide the widespread health benefits offered by phytophenols, their role as
antioxidants is the mostly frequently studied mechanism. The intestinal inflammatory process
is primarily a consequence of the overproduction of inflammatory mediators, triggered by an
excess of reactive oxygen species (ROS) [39-41].

ROS are the by-products of cellular redox processes in the body. These free radical compounds
contain one or more unpaired electrons in their outer orbit, creating instability that leads to
significant reactivity. ROS species include superoxide (O**"), hydroxyl ("OH), peroxyl (ROO*),
lipid peroxyl (LOO®), and alkoxyl (RO*) radicals. Oxygen free radicals can also be converted
to other non-radical reactive species, which are dangerous for health due to their tendency to
lead to free radical reactions in living organisms. These species include hydrogen peroxide
(H,0,), ozone (O,), singlet oxygen (1/20,), and hypochlorous acid (HOCI). ROS are capable of
modifying structural proteins or inactivating enzymes, and as a consequence disrupting
normal physiologic functions in the body [42—44]. Production of free radicals is a normal part
of our physiology and occurs continually to keep the body functioning properly. Processes
that generate ROS include activities of the immune system, metabolism, and inflammation
responses, along with stress, pollution, radiation, diet, toxins, exhaust fumes, and smoking. [4,
16, 42, 45].

Excessive production of ROS can easily overwhelm both the enzymatic and non-enzymatic
antioxidant defense systems, leading to oxidative stress and inflammation. It has been widely
discussed in scientific literature that increasing the intake of natural antioxidants minimizes
the deleterious effects of ROS [34, 46-48]. Evidence collected from feeding assays using diets
rich in antioxidant plant phenolics supports this claim [2, 7, 49]. The intake of phytophenols
has been shown to minimize the production of ROS and mitigate their harmful impact on the
Gl system [3, 33, 50].

Oxidative stress leads to disease through four destructive pathways: membrane lipid peroxi-
dation, protein oxidation, DNA damage, and disturbance of reducing equivalents in the cell
[4]. These steps often lead to altered signaling pathways and cell destruction. Oxidative stress
has been connected to various diseases such as cancer, cardiovascular diseases, neurological
disorders, diabetes, and aging. Each molecule in the body is at risk of damage by ROS, and
damaged molecules can impair cellular functioning and lead to cell death, which ultimately
results in diseased states [43, 44, 51]. Due to the antioxidant properties of phytophenolic
compounds, they are associated with the prevention of a large array of diseases, including
cardiovascular disease, cancer, diabetes, rheumatoid arthritis, neurodegenerative diseases, GI
diseases, renal disorders, pulmonary disorders, eye disorders, infertility, and pregnancy
complications, as well as slowing the progression of aging [4].

Although reduction of ROS has been shown to decrease risk of a huge array of diseases, the
classical model of ROS generation and resulting oxidative stress contrasts with some emerging
scientific evidence. Benefits of ROS can in fact occur when these species are present in low/
moderate concentrations, as part of normal physiological functions [43]. The majority of cells
produce superoxide and hydrogen peroxide constitutively, while other cells possess inducible
ROS release systems. Beneficial effects can include defense against infectious agents by
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phagocytosis, killing of cancer cells by macrophages and cytotoxic lymphocytes, detoxification
of xenobiotics by Cytochrome P450, generation of ATP in mitochondria (energy production),
cell growth, and the induction of mitogenic responses at low concentrations. ROS also plays a
role in cellular signaling, including activation of several cytokines and growth factors, non-
receptor tyrosine kinase activation, protein tyrosine phosphatase activation, release of calcium
from intracellular stores, and activation of nuclear transcription factors. ROS can also initiate
vital actions such as gene transcription and regulation of soluble guanylate cyclase activity in
cells [44, 50].

Reactive oxygen species (ROS) are known to play a dual role in biological systems; they are
well documented for playing a role as both deleterious and beneficial species [43, 44, 52]. We
hypothesize that redox homeostasis in the GI tract is dependent on the dynamic interplay
between the generation of ROS and the ROS quencher ability of antioxidant phytophenols
released by intestinal microbes. Although there are possible benefits to maintain low levels of
ROS in the proper functioning of the body, the diet and lifestyle of the majority results in
increased levels of ROS in the body are known to be harmful and can lead to the progression
of disease. In this way, it is critical to maintain the proper balance of ROS in the body, and
phenolic compounds have been shown to reestablish a healthy level of ROS. Next, we turn to
the vital interaction of phytophenols and microflora of the gut system that can lead to creation
of redox balance critical to health.

2. Lactic acid bacteria

The group known as lactobacilli is composed of several genera of bacteria (Leuconostoc,
Pediococcus, Lactococcus, and Streptococcus), Lactobacillus being the largest order in the phylum
Firmicutes and the class Bacilli [53]. These free living lactic acid bacteria flourish in different
biological niches such as soil, plants (fruits, beverage, and silage) and fermented foods (cheese,
fermented milk, yogurt, meat products, alcoholic beverages, and pickled products). They are
also associated with mammals as members of the microbial community characteristic of the
oral cavity, GI system, urinary tract, skin, etc. [54-57]. The genus Lactobacillus is composed of
nutritionally fastidious gram-positive, non-spore-forming rods or coccobacilli, catalase-
negative, aerotolerant or anaerobic bacteria. The main characteristic of their homo- or hetero-
fermentative metabolism is the production of lactic acid as the primary end fermentation
product. The genus Lactobacillus is represented by over 212 species described to date, including
several industrially relevant microorganisms such as L. acidophilus, L. bulgaricus, L. casei, L.
lactis, L. paracasei, L. plantarum, L. reuteri, L. fermentum, L. salivarius, L. rhamnosus, L. delbrueckii,
and L. johnsonii.

The Lactobacillus genus is widely studied because of the bacterias’ capacity to produce lactic
acid. Thus, most studies regarding their physiology were centered on acidifying bacteria such
as L. delbrueckii subsp. bulgaricus, which in combination with Streptococcus thermophilus acidify
milk in a few hours. This process is critical to optimize the production of fermented dairy
products such as cheese and yogurt, or other non-dairy products such as pickles, sauerkraut,
and sourdough bread.
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The extensive use of these bacteria in food and beverage industries drove the scientific
attention toward the evaluation of their impact on health, mainly on the GI system’s integrity
and responsiveness. Regardless, lactic acid bacteria were safely used for centuries to modify
food flavor and texture, modern genomics bring back to light the scientific discussion toward
their impact on human health [54, 58].

Studies of the human microbiome revealed that lactobacilli could occupy different microha-
bitats in the human body, such as the buccal cavity and nasal fossa, but they mainly thrive in
the gut and the urogenital tract [59]. In women, it was observed that variations of estrogen and
glycogen stimulates the growth of lactic acid bacteria. Depletion of vaginal lactobacilli could
give rise to adverse microbial flora colonization inducing urogenital infection [60]. Gustafsson
et al. evaluated the population of lactobacilli in healthy fertile and postmenopausal women in
correlation with hormone levels [57]. They demonstrated that L. crispatus is the most abundant
bacteria and, together with L. vaginalis, L. jensenii and L. gasseri are responsible in protecting
the urogenital tract against vaginal infection. This effect was associated with the capacity of
these Lactobacillus species to produce H,0,, which negatively affects the viability of pathogenic
bacteria [61, 62]. The GI system is home to many different kinds of microorganisms, which
globally is referred as the gut microbiota. Among these microbes, one of the most abundant
groups, in this complex microbial population, is Lactobacillus. Although it is not the most
abundant genus in the microflora, it is considered one of the most important genus due to
potential beneficial effects associated with them. Scientific studies revealed that the Lactoba-
cillus abundance in the gut microbiota changes according to the portion of the GI tract. The
highest presence of Lactobacillus sequences was found in the jejunum and ileum lumen, 16%
respect to the total microbiota. Their abundance in the colon/rectal lumen decreased to 9.9%.
Surprisingly, Lactobacillus sequences were lower than 0.5% in the fecal samples studied [63—
66]. The main Lactfobacillus strains found in feces are L. acidophilus, L. crispatus, L. gasseri, L.
reuteri, L. brevis, L. sakei, L. curvatus, L. casei, L. paracasei, L. rhamnosus, L. delbrueckii, L. brevis, L.
johnsonii, L. plantarum, and L. fermentum [67]. In the GI context, these bacteria interact with
other intestinal microbes, with food components and with the GI mucosa. The consequences
of these interactions are endless; in addition, it is extremely difficult to isolate the effects and
study them separately. Probably one of the most complex and interesting systems effected is
the host immune system. Commensals can help in educating and maturing the host immune
response and prompt the immunological defensive arsenal. All members of the Lactobacillus
group are classified as GRAS (generally recognized as safe) organisms; consequently, they are
considered innocuous or beneficial for health. The specific mechanisms by which these bacteria
are considered beneficial are still the subject of important discrepancies and the center of
scientific debates.

Lactobacilli are excellent organic acid producers, converting sugars into lactic acid and other
by-products such as acetate, ethanol, CO,, butyrate, and succinate. They produce small
molecules, as well, such as H,O,, or compounds such as diacetyl, or acetaldehyde [67]. Several
of these metabolites are bioactive, with beneficial effects for the human GI. At the same time,
they are essential for the dairy industry because they provide flavoring and display natural
preservative properties [68]. They help to maintain the integrity of GI layers, favoring the
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renewal of the epithelium. A continuous renewal of the GI layers is critical to maintain an
adequate barrier function to minimize several significant human diseases, including autoim-
munity and cancer. According to recently published studies, the production of low amounts
of H,O, at the GI level is beneficial to the host. Besides its well-characterized antimicrobial
activity, this molecule could directly down-regulate the early stages of the host inflammatory
response and improve epithelial cell restitution and healing via the oxidation of cysteine
residues in the host tyrosine phosphatases [62, 69].

Other important metabolites synthesized by Lactobacillus species are larger molecules such as
polysaccharides (viscosifying agents) [70] and enzymes (proteases, bacteriocins, esterases, and
lipases) [6, 71, 72], which improve dairy product quality (flavor development, texture modi-
fication) and provide beneficial effects to boost human health [73]. L. helveticus is considered
one of the most efficient species associated with proteolysis in cheese ripening. L. helveticus
also produces bioactive peptides with antihypertensive and antimicrobial activity [74]. Indeed,
Lactobacillus antimicrobial activity is directly related to its ability to secrete bacteriocins. A
subset of Lactobacillus strains produce these kind of antimicrobial peptides such as L. sakei
(bavaricin, sakacin) [75], L. curvatus (curvaticin), L. plantarum (pediocin), L. salivairus (bacter-
iocins) [76], and L. acidophilus (acidocin) [77]. These antimicrobials may play an essential role
in regulating the composition of the microbial communities within the GI system, influencing
the host’s health; however, not all of them showed promising effects on human [71].

Maintenance of the GI redox homeostasis is essential in minimizing human diseases. The
production of enzymes, which could increase the amount of free and active antioxidant agents
in the GIlumen, is another important characteristic associated with several Lactobacillus strains.
These enzymes, such as esterases and/or lipases, are synthesized by the intestinal microbiota
and can release redox quenchers like the above-described phytophenols that are ingested with
the host diet. Thus, the ingestion of probiotic bacteria able to produce these enzymes is a
healthy and natural alternative to modulate the redox status in the GI tract. Lactobacilli are
excellent producers of lipases and esterases, and several of the best producing strains were
selected by the dairy industry due to their contribution in cheese ripening. The esterases are
active toward a wide range of ester substrates from free fatty acids to tri-, di-, and monoacyl-
glyceride substrates. Cinnamoyl esterases (CE) are one of the most important enzymes
involved in releasing antioxidant molecules from dietary fibers. These enzymes break down
the ester linkages between hydroxycinnamates and sugars, commonly found in the fiber of
dietary plants, releasing phenolics such as hydroxycinnamic, ferulic, coumaric, and caffeic
acids with high ROS scavenging activity. Genes encoding various esterases have been
described in L. fermentum and L. reuteri, L. leichmanni, and L. farciminis, and the first two species
are frequently found in animal and human feces. These enzymes have also demonstrated to
be active toward soluble polyphenols such as chlorogenic acid to release caffeic and quinic
acids [78]. The accumulation of the enzymatic products released (monophenols) in Lactobacil-
lus cultures suggests that these microorganisms do not (or do so extremely slowly) metabolize
the phenolic acids released. The enzymatic action correlates directly with increased amounts
of phenolics (i.e., caffeic acid) detected in the bloodstream of model animals fed with fibers in
combination with probiotics formulated with those strains [78]. Guglielmetti ef al. studied the
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activity of CE produced by L. helveticus MIMLh5 on soluble phenolics, such as chlorogenic
acid, to enrich food with free caffeic acid [79]. L. helveticus enzymes are mainly intracellular,
but some of them could be surface-associated as observed in L. fermentum [80]. L. plantarum,
frequently found in plant-derived food products where hydroxycinnamoyl esters are abun-
dant, produces the enzyme Lp_0796 (esterase), which hydrolyzes the four model substrates
for feruloyl esterases (methyl ferulate, methyl caffeate, methyl p-coumarate, and methyl
sinapinate). This esterase is generally present among several L. plantarum strains and provides
new insights into the metabolism of hydroxycinnamic compounds in this bacterial species [81].
Further studies on L. plantarum showed another esterase encoded by the est_1092 gene is able
to hydrolyze hydroxycinnamic esters, such as methyl ferulate or methyl caffeate, and is active
on a broad range of phenolic esters [82]. L. acidophilus produces a novel CE with high similarity
(70%) with the main CE characterized in L. johnsonii LJ1228 [72]. Other L. acidophilus and L.
johnsonii strains displayed, as well, high CE activity [79]. One strain of L. johnsonii showed high
ferulic acid esterase activity, stimulates insulin production, and alleviates symptoms caused
by diabetes [83]. However, there is no direct evidence to associate the ability to release
phenolics with the capacity to stimulate insulin production. The strain L. johnsonii N6.2
presented two different proteins with ferulic acid esterase activity. These enzymes showed
high affinities and catalytic efficiencies toward aromatic compounds such as ethyl ferulate and
chlorogenic acid [6]. L. johnsonii NCC533 also hydrolyzes rosmarinic acid, the main compo-
nents of rosemary extracts, and it is ascribed to many health benefits.

The released monophenols (caffeic acid or other cinnamic acids) may exert its biological
activities on the host, either at the level of the colonic mucosa itself, or in other tissues and
organs, possibly after further modification by mammalian enzymes in the liver [80]. The release
and solubilization of these phenolics, from fiber, also favor its absorption and further modifi-
cation by other GI commensals. In vitro fermentation assays demonstrate that the fecal
microbiota can efficiently metabolize caffeic, chlorogenic, and caftaric acids. With the use of
highly sensitive analytical techniques, it was possible to identify two major metabolites: 3-
hydroxyphenylpropionic (3-HPP) and benzoic acids (BA) once the original compounds were
fully metabolized. Similar metabolic patterns were observed for other polyphenolic acids,
suggesting a large and important metabolic flexibility of the gut microbiota [84]. Evidence for
a metabolic pathway leading to the formation of BA from 3-HPP is supported by the estab-
lished quality of intestinal microorganisms to carry out biological dehydroxylation of 3-HPP
to 3-phenylpropionic acid, which can itself be further p-oxidized into BA by the colonic
microbiota [85]. Alternatively, the absorbed cinnamic and phenylpropionic acids undergo -
oxidation in the liver to produce BA, which is subsequently conjugated to glycine to form
hippuric acid in the liver [86].

The capacity of lactic acid bacteria to transform phenolic compounds into smaller novel
molecules able to be absorbed in the GI system reoriented modern research to use combinations
of probiotics and prebiotic products together. A large variety of dietary fibers were used for
this purpose. Yet, the microbial metabolism of the released compounds by different biocon-
version pathways, such as glycosylation, deglycosylation, ring cleavage, methylation, glucur-
onidation, and sulfate conjugation, depends on the microbial strains and substrates used. The
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results of such combinations are a large array of new metabolites, many of them recognized
as bioactive molecules. This strategy demonstrates to have the potential to produce extracts
with a high-added value from plant-based matrices (soybean, apple, cereals, among others).

Studies of apple juice fermentation to manage hyperglycemia, hypertension, and modulation
of microbiota composition were also carried out. Apple juice, fermented by L. acidophilus,
showed outstanding effects enhancing the free radical-scavenging activity in blood samples.
Lactobacillus fermented samples inhibited H. pylori in vitro. However, the fermented extracts
did not exert inhibitory effects on the beneficial intestinal species such as Bifidobacterium
longum. Thus, these data provided biochemical rationale for the development of new ferment-
ed food to reduce hyperglycemia (diabetes) and other chronic diseases [87]. The development
of probiotics with therapeutic and preventative effects for various diseases and metabolic
disorders is the trend of new healthy nutrition. The main limitation for oral probiotics is the
harsh conditions of the GI system. For that, the beneficial bacteria have to reach the intestines
alive, colonize, and locally release enzymes or bioactive metabolites.

The benefits of Lactobacillus intake is not only linked to the capacity to hydrolyze phytophenols
inside the lower GI system but also to prehydrolyze those present in plant extract (juice, fruits,
etc.) and increased the phenolic content in food and beverages. Predigestion will enhance their
absorption once they reach the small intestine to exert their healing properties. For example,
the use of three Lactobacillus strains (L. johnsonii LA1, L. reuteri SD2112, and L. acidophilus LA-5)
improved the bioavailability of the dietary phenolics present in barley and oat flour by 20-fold
[88]. The free ferulic acid in the pretreated cereals increased from 1 pg/g dried weight up to
39-56 pg/g dried weight. Comparing the three strains used, L. johnsonii demonstrate to be more
active in releasing phenolic acids than the other strains. These data showed that cereal
fermentation with specific probiotic strains can significantly increase the quantity of free
phenolic acids, improving their bioavailability [89]. L. johnsonii NCC 533 synthesizes esterases
and a hydroxycinnamate decarboxylase responsible for the biotransformation of chlorogenic
and caffeic acids. The complete hydrolysis of 5-caffeoylquinic acid in vitro occurred during the
first 16 h of incubation. After 48 h, caffeic acid was completely transformed to 4-vinylcatechol
(4-VQ). In this case, the bacteria increased the presence of caffeic acid and simultaneously
generated flavor compounds from plant phytophenols [90]. These data provide solid evidence
that the same microorganism is able to hydrolyze caffeoyl quinic acids into 4-VC, combining
chlorogenate esterase and a hydroxycinnamate decarboxylase activity [6, 91]. Similar results
have been reported in the case of some L. brevis strains [92].

The ability of lactic acid bacteria to metabolize dietary phytophenols prompts the use of new
component combinations in fermented products. Several of these new blends were formulated
with plant extracts rich in aromatic compounds. Example of this is the addition of green tea in
bioyogurts fermented with selected lactic acid bacteria. Species such as St. thermophilus, L.
acidophilus LA-5, B. animalis subsp. lactis BB-12, or acidophilus enhanced the antioxidant
capacity of these preparations in dose-dependent manner. Similar studies were carried out
with different tea extracts, green, white, and black tea (Camellia sinensis) in yogurt combined
with L. acidophilus LA-5, Bifidobacterium Bb-12, L. casei LC-01, S. thermophilus Th-4, and L.
delbrueckii ssp. bulgaricus. In general, the three types of tea extracts did not significantly affect
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the viability of the bacteria used during storage [93]. The tea extracts could be successfully
used as a functional additives in fermented food, adding extra value to the known health
benefits of probiotics. Others extracts prepared from olive, garlic, onion, and citrus were also
evaluated using similar formulations [94].

3. A model case study, Lactobacillus johnsonii N6.2

The intestinal epithelium is one of the most immunologically active surfaces of the body due
to the high abundance of microbes and food antigens that are constantly exposed to the GI
system. The mucosal surface of the intestinal epithelium is the first line of defense from
invading pathogens in the Gl tract. Breaching this barrier and subsequently activating aberrant
immune signaling have been involved in many diseases, both locally and systematically
related. In this context, it has been proposed that there is a complex interplay between gut
resident microbiota [95, 96], gut permeability [97], and altered immune function in the
development of type 1 diabetes [98].

Currently, our scientific efforts are directed on characterizing a strain of Lactobacillus (L.
johnsonii N6.2). This lactobacilli is abundant in GI microbiome in a line of animals used as a
T1D model, in contrast to the scarcity observed in the counterpart diabetes prone animals.
Type 1 diabetes (T1D), also referred to as diabetes mellitus type 1, is an autoimmune disease
in which pancreatic (3-cells produce little to no insulin due to their destruction. Its more
commonly known and more prevalent counterpart, type 2 diabetes, occurs when the body
becomes resistant to insulin. Both of these conditions result in increased blood glucose levels,
called hyperglycemia. Insulin is the hormone responsible for absorbing sugar, in the form of
glucose, from circulating blood to be stored in skeletal muscles and fat cells. Although type 1
diabetes has a genetic component and primarily occurs in adolescents and children, it is
possible for adults to develop the disease too. Five to 10 percent of diabetes cases in adults are
the result of T1D, and an estimated 80 people per day are newly diagnosed with T1D [99,
100]. Unfortunately, recently epidemiological studies have suggested that the incidence of T1D
is increasing up to 3—4% globally every year, most notably among youths [101, 102].

L. johnsonii N6.2 was discovered when it was negatively correlated with diabetes development
when analyzing the stool samples from BioBreeding diabetes-prone (BB-DP) and BioBreeding
diabetes-resistant (BB-DR) rats. Stool embodies a representative microbiome of an individual
and is a useful sample for understanding the microbial diversity of the GI tract. Currently, it
is estimated that more than 1000 microbial species encompassing more than 100 trillion
microorganisms colonize the GI system, collectively outnumbering human genes by 150-fold
[103]. These microorganisms grow more in number and diversity progressing through the GI
tract. The BioBreeding rat is popular model when studying type 1 diabetes, as it spontaneously
develops this disease through its genetic predisposition. After using culture-independent
methods, it was found that two genera, Bifidobacterium and Lactobacillus, showed a higher
abundance in BB-DR rats [104]. Quantitative PCR of 165 rRNA revealed a higher abundance
of Bifidobacterium and Lactobacillus in BB-DR samples [104]. However, it was unknown whether
the higher abundance of these bacteria was just the common microflora of a “healthy” gut or
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if they played a part in preventing the onset of T1D. Further analyses of the Lactobacillus strains
in the BB-DR rat model revealed that those with CE activity, such as L. johnsonii N6.2 and L.
reuteri TD1, were negatively correlated with T1D development [6].

As it was described before, the release of antioxidant compounds by probiotic bacteria is
relevant since an enhanced oxidative stress response triggered by the excessive production of
reactive oxygen species is observed in T1D and other diseases [105-107]. This characteristic
was relevant in the study because a low dosage of ferulic acid stimulates the release of insulin
and alleviates symptoms common to T1D in rodents [83, 108, 109]. Therefore, it would seem
plausible that orally administering lactic acid bacteria containing CE qualities would help
reduce blood glucose levels and ultimately prevent the onset of diabetes. To confirm this, a
feeding experiment of L. johnsonii N6.2 and L. reuteri TD1 on BioBreeding rats was conducted
to determine whether these strains were responsible for the lack of T1D development. While
L. johnsonii N6.2-fed rats were associated with reduced diabetes onset, L. reuteri T1D showed
similar diabetes development characteristics as vehicle-fed control groups [110]. A feruloyl
esterase screening assay of bacterial stool sample isolates from BB-DR rats on MRS media
supplemented with feruloyl esters demonstrates that L. johnsonii N6.2 contained the highest
feruloyl esterase activity [6]. Enzymatic screening of two purified L. johnsonii proteins, Lj0536
and Lj1228, showed high preference and good enzymatic activity using aromatic esters as
substrates (Figure 3). Lj1228 displayed the best hydrolytic activity with ethyl ferulate, chloro-
genic acid, and rosmarinic acid, while Lj0536 showed a preference to ethyl ferulate. Sequence
analyses of these proteins revealed a 42% similarity and the classical serine nucleophilic motif
characteristic for some feruloyl esterases [111, 112]. Biochemical analyses of these enzymes
suggested that they maintain excellent activity in the presence of emulsifiers. Their activity
was tested in the presence of conjugated and deconjugated bile salts of which none of the
compounds assayed decreased their activity. Interestingly, with increasing concentrations of
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Figure 3. L. johnsonii LJ0536 hydrolyze a wide range of substrates. The product(s) of hydrolysis for each substrate are
boxed.
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sodium glycocholate, Lj0536 showed increased activity. In this condition, both enzymes were
active against a wide variety of substrates, showing the highest affinity toward aromatic esters.

L. johnsonii post-weaning feedings has demonstrated a decreased incidence of diabetes in BB-
DP rats compared to vehicle-fed controls and L. reuteri TD1-fed rats [110]. With this in mind,
it was then determined what type of altered environment L. johnsonii created compared to
healthy controls and diabetic animals (including those animals from L. johnsonii feedings and
controls that developed T1D). The first thing that was noticed was the modification of the
intestinal microbiota as determined by real-time quantification. While all animals showed an
abundance of Lactobacillus in stool samples, differences in species seem to differ among feeding
groups (L. johnsonii, L. reuteri, and vehicle control). Vehicle control animals displayed a
predominance of L. murinus (65%), while 88% and 92% of L. johnsonii and L. reuteri, respectively,
corresponded to the fed bacteria in each group. Analyses of ileal mucosa unveiled a significant
increase of the Lactobacillus population in all rats that did not develop diabetes, and a significant
increase of enterobacteria was found in all diabetic animals. Since no differences in the
microbiota were obtained in stool samples, but were statistically significant in ileal mucosa,
the positive effect of L. johnsonii N6.2 could be exhibited primarily in the intestinal mucosa
[110].

As it was observed that an altered intestinal microbiota was associated with diabetes onset, as
previously suggested [95, 96], gut permeability and barrier function were investigated next
between L. johnsonii-fed, healthy controls, and diabetic animals. It was previously reported
that changes in intestinal morphology and permeability, partly due to decreased levels of
claudin-1, were observed before the onset of T1D [97]. Claudin-1 is an intercellular tight
junction protein responsible for cell-to-cell adhesion in epithelial cell layers. This protein is
important in strengthening the physical barrier that keeps the contents of gut lumen from
passing into the lamina propria. It has been suggested that unregulated passage of environ-
mental antigens through the intercellular space of the intestinal epithelial could trigger the
autoimmune response that contributes to T1D. Expression analysis of the claudin-1 gene in L.
johnsonii-fed animals exposed its higher abundance when compared to healthy controls or
diabetic animals [110]. Furthermore, a significant increase in goblet cells was unveiled in
healthy controls and L. johnsonii-fed animals compared to those that developed diabetes.
Goblet cells produce mucin, the main constituent of the mucosal lining of the GI tract. This
feature is important when considering the harsh environment of the GI tract and the constant
exposure to potential invading pathogens and inflammatory antigens. The mucosal layer
serves as one’s first line of defense against these threats by acting as a physical, viscous, and
continuously moving layer that rests above epithelial cells. Most harmful substances get
trapped in the mucous and before even making it to the epithelial layer, get swept down the
intestines. The increase in claudin-1 and goblet cell levels in L. johnsonii-fed animals strength-
ens and physically protects the epithelial cell layer and undoubtedly intensifies intestinal
barrier function contributing to the decrease in diabetes onset.

Among the destructive properties of reactive oxygen species (ROS) generated during early
disease development is its ability to disrupt the function of epithelial tight junction proteins
[113]. To determine the extent of the oxidative stress environment, ileal mucosal hexanoyl-
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lysine levels were quantified by ELISA and a significant increase of levels was observed in
diabetic animals when compared to healthy controls and L. johnsonii-fed animals [110]. Due to
the difference in the oxidative environment between diabetic and non-diabetic animals, the
expression of genes involved in ROS detoxification pathways were also quantified. It was
evident that L. johnsonii helps the host to cope with intestinal oxidative stress response as levels
of superoxide dismutase 2, catalase, glutathione reductase, and glutathione peroxide were
induced in diabetic animals. Meanwhile, superoxide dismutase and glutathione peroxidase
were induced in healthy controls compared to L. johnsonii-fed groups. Taken collectively,
catalase and glutathione reductase were negatively correlated with a healthy status, while
superoxide dismutase 2 and glutathione peroxidase were negatively correlated with L.
johnsonii feeding. Also among the stress response genes assayed was inducible nitric oxide
synthase (iNOS), which produces nitric oxide in the presence of ROS. The mRNA levels of
iNOS were significantly reduced in L. johnsonii-fed rats compared to healthy controls and those
that developed diabetes. When further examining the iNOS protein levels via Western blot,
L. johnsonii-fed rats and healthy controls showed similar levels of detection, suggesting that
expression of iNOS is associated with healthy status. Amid the inducers of iNOS expression
is INFy, a pro-inflammatory cytokine [114, 115]. It was hypothesized that a negative correlation
existed between pro-inflammatory cytokines, specifically INFy, and the reduced stress
response due to L. johnsonii feeding. This hypothesis was proven as diabetic animals showed
a significant increase in INFy gene expression compared to healthy animals; meanwhile,
healthy controls and L. johnsonii-fed animals did not show any statistical differences.

Since it has been determined that L. johnsonii N6.2 feedings can promote a healthy gut
microbiota and strengthen epithelial barrier function, it was next examined whether L.
johnsonii could influence immune function. At the intestinal mucosal layer, resident microbiota
and host cells reside in constant homeostasis, epithelial cells tightly controlled by the recog-
nition and tolerance of local bacteria. Host cells recognize the resident microbiota or their
associated components through pattern recognition receptors (Toll-like receptor, TLR) and/or
by cytoplasmic nucleotide-binding oligomerization domain (NOD)-like receptors, which can
subsequently initiate an immune response. Of the first things noticed with L. johnsonii
administration was the overexpression of pro-inflammatory chemokine mRNA levels,
particularly CCL20 (MIP3A), CXCLS (IL-8), and CXCL10 (IP-10), suggesting that L. johnsonii
may prime the innate immune system to become more resistant to a subsequent strong
inflammatory response [116]. Investigation of the ability of L. johnsonii to activate TLR and
NOD:-like receptor revealed that exposure to L. johnsonii created a 4.2- and 10-fold increased
expression of TLR7 and TLRY, respectively. Because both of these receptors are involved in
nucleic acid recognition, cell free extracts and purified L. johnsonii nucleic acid extracts were
tested on their ability to induce expression of these TLRs. In both cases, cell-free extracts and
purified L. johnsonii nucleic acid were able to increase the mRNA levels of TLR7 and TL9,
suggesting that the ability for epithelial cells to sense foreign nucleic acids may be involved in
the observed increased of some chemokine levels. This also suggests that L. johnsonii predom-
inantly exerts its signaling capability through RNA/DNA recognition, as opposed to other cell
components, such as peptidoglycan that is sensed by TLR2 and NOD2. Lastly, consequences
of TLR9 induction by L. johnonii were determined by exploring the expression of Frizzled 5
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receptor (fzd5), which is responsible for Paneth cell maturation, and INF-a, which is secreted
by TLR9 activity and induces the chemokine CXCL10 [117-119]. Paneth cells are located at the
base of intestinal glands throughout the small intestines and secrete antimicrobial peptides.
L. johnsonii administration showed higher levels of Paneth cells in agreement with the higher
levels of fzd5, and a higher level of INF-a, in agreement with the observed increased levels of
CXCL10[116]. As discovered in this study, L. johnsonii may be able to prime the immune system
by activating an innate immune response early on and therefore protecting the host from more
prominent stimuli later on.

As more is studied about L. johnsonii N6.2, it has been found that its protective functions are
very diverse, supporting its probiotic qualities. In addition to the activation of innate immune
response, adaptive immune response stimulation was discovered when diabetes-resistant L.
johnsonii-fed rats were correlated with a T helper 17 (Th17) cell bias [120]. Th17 cells protect
the host from extracellular pathogens by recruiting neutrophils and macrophages to the site
of infection. This activity could aid in defending the host from aberrant microflora that could
ultimately trigger the autoimmune response leading to T1D. While experimenting with other
host-effected pathways, our recent focus has been on the ability of L. johnsonii to modulate the
tryptophan catabolism pathway. This pathway involves the rate-limiting enzyme indoleamine
2,3-dioxygenase (IDO), which is the first enzyme along the pathway that breaks down
tryptophan into kynurenine. Kynurenine is a potent aryl hydrocarbon receptor (AhR) ligand;
however, the largest source of AhR ligands is found in the diet among which are vegetable
and fruit phytophenols [121-123]. Interestingly, IDO induction has also been linked to AhR
[124-126]. AhR is a ligand-activated, basic helix-loop-helix transcriptional activator that is
associated with many diseases, including autoimmunity [127-129]. Since it was previously
found that L. johnsonii associates with the ileal mucosa and its colonization correlated with
decreased expression of pro-inflammatory cytokine INFy, the ileal tissue seemed to suggest
the best site for observing L. johnsonii effects on host cells [110, 130]. More importantly, INFy
has been noted as a primary inducer of IDO in many cell types. Indeed, while surveying
different tissues via quantification of the IDO gene expression, the ileum appeared to have a
decreased appearance of IDO transcripts in L. johnsonii-fed animals compared to control
animals [130]. Healthy control rats expressed a 4.7-fold higher level of IDO transcripts, while
diabetic animals expressed 11.8-fold increase in mRNA levels compared to L. johnsonii-fed
animals [130]. This correlated with an observed decrease in blood serum kynurenine levels
through HPLC in L. johnsonii-fed animals compared to healthy controls and diabetic animals
[130]. However, since this study was performed at 120 days, after diabetes onset, it could not
reveal early developmental or physiological effects of the bacterial feeding in the host. To
address this, a study was completed to evaluate the effects of L. johnsonii feedings in a
prediabetichost. As areliable indicator of IDO activity, systemic kynurenine: tryptophan ratios
were quantified via HPLC in 30- and 60-day-old prediabetic BBDP rats. At both ages, serum
kynurenine levels decreased significantly from the controls while only at 30 days of age did
serum tryptophan levels show a significant increase [130]. To verify that IDO activity was
responsible for the reduced systemic kynurenine: tryptophan ratios between bacterial-fed
groups and controls, the activity of a related enzyme more commonly found in the liver,
tryptophan 2,3-dioxygenase (TDO), was examined. TDO, unlike IDO, was previously reported
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to be unresponsive to inflammatory stimuli and is important in homeostatic control of
tryptophan levels under normal conditions. However, recently TDO expression has been
correlated to neurological diseases, such as Alzheimer’s, and various cancers, such as ovarian
carcinoma, breast, and gliomas [121, 131]. After examining activity levels from tissue lysates,
there was not a significant difference between the TDO activities in L. johnsonii-fed rats and
vehicle-fed controls. IDO is widely distributed throughout the human host, and therefore,
significant levels can be found throughout the GI tract. Since this enzyme, and its downstream
catabolite kynurenine, is activated during inflammatory conditions, it could be involved in the
inflammatory response associated with diabetes. Interestingly, we have reported that L.
johnsonii feedings can reduce the expression of INFy, a pro-inflammatory cytokine, in the ileum
of rats after diabetes onset [110]. Upon performing Western blots of lysates of the colon, cecum,
duodenum, jejunum, ileum, liver, and pancreas, it was found that the colon and ileum had
variable, but overall decreased, levels of IDO in L. johnsonii-fed animals compared to control
animals [130]. This correlates well with reduced ileal INFy expression and overall decreased
inflammation in L. johnsonii-fed hosts. At this point, it appeared that L. johnsonii effected IDO
activity and subsequent systemic kynurenine concentrations.

L. johnsonii produces an inhibitor of IDO affecting the enzymatic activity and the products
synthesized downstream the pathway. Diluted cell-free supernatant (CFS) of L. johnsonii was
incubated with purified recombinant IDO, and the resulting kynurenine concentrations were
quantified. Increasing concentrations of L. johnsonii CFS caused an increased inhibition of IDO
activity. Furthermore, CFS from L. johnsonii N6.2 most potently inhibited IDO when compared
to other enteric Lactobacillus species CFS effect on IDO activity [130]. This observation stimu-
lated the characterization of L. johnsonii N6.2 supernatant in order to locate the IDO inhibitor.
It was found that increased concentrations of hydrogen peroxide (H,0O,) correlated with
increased L. johnsonii culture incubation time before centrifugation and collection of the CFS
[130]. Upon increasing concentrations of catalase, which decreases the pool of H,0O, IDO
activity increased, supporting the role of H,O, in CFS as an inhibitor of IDO. Likewise, upon
increasing concentrations of H,O,, IDO activity decreased in a dose-dependent manner. This
strongly supported H,0, as an inhibitor of IDO enzyme activity. This enzyme contains heme
in the catalytic center to carry out its dioxygenase activity. When the active ferrous centers are
oxidized to its inactive ferric form, the dioxygenase activity of IDO is restricted [132]. This
causes an accumulation of tryptophan and a decrease in kynurenine levels that can be detected
throughout the host. Hydrogen peroxide has the ability to oxidize the reactive heme ferrous
centers of IDO, rendering the enzyme inactive. In this current study, the biological relevance
of H,0, was tested by measuring the levels of H,O, in the GI tract of L. johnsonii-fed animals.
Since ileal IDO levels were reduced, the hypothesis was that an increase of hydrogen peroxide
would be found in these tissues compared to other sites of the body. This could potentially
explain the difference in IDO expression of the ileum compared to other sites of the GI tract.
Indeed, when measuring H,O, levels from GI contents, the ileum contained higher levels
compared to other sections of the digestive tract [130]. Since L. johnsonii most strongly
associates with the host mucosa at this site, it further supports the hypothesis of the ability of
L. johnsonii to produce an inhibitor of IDO [110]. Upon RNA-seq analysis of L. johnsonii grown
under different aeration conditions, a gene (1T285_08005) regulating H,O, production was
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identified. The encoding protein contained a Per-Arnst-Sim (PAS) domain and regulated the
H,O, production from heterodimeric FMN reductases, FRedA and FRedB (WP_004898036.1
and WP_011162530.1, respectively) [62].

After experiencing reduced kynurenine production and IDO inhibition in response to L.
johnsonii, it was hypothesized that other tryptophan metabolite concentrations could be
effected. Tryptophan is a precursor to the neurotransmitter 5-hydroxytryptamine (5-HT,
serotonin), which is predominantly produced in enterochromaffin cells along the GI
epithelium. IDO also has the enzymatic activity to catalyze 5-HT to 5-hydroxykynuramine,
aiding in increased 5-HT turnover [133, 134]. Using ELISA, 5-HT levels in ileum tissue lysates
and blood serum collected from 60-day-old BBDP rats were quantified. Serotonin levels were
significantly elevated, both locally and peripherally, in L. johnsonii-fed animals [130].

Figure 4 most accurately summarizes the work our group has done in characterizing
Lactobacillus johnsonii N6.2, starting with its discovery in 2008 and most recently revealing its
regulating effects on IDO. This bacterial genera was correlated with a reduced diabetes onset
when comparing BioBreeding diabetes-prone and diabetes-resistant rats [104]. It was
identified that Lactobacillus strains that contain CE activity were more correlated with diabetes
resistance, and through subsequent feeding assays of these potential bacterial targets, L.
johnsonii N6.2 was identified as being negatively associated with T1D [6, 110]. Since this
discovery, L. johnsonii N6.2 has been characterized in regard to its diabetes resistance. L.
johnsonii strengthens gut permeability through a higher abundance of the tight junction
claudin-1 levels and goblet cells, and it reduces GI stress by reducing the expression of
oxidative stress genes and inflammatory INF-y levels [110]. Among the most recent and most
interesting findings of the qualities of L. johnsonii is its ability to modulate IDO activity through
its production of H,0O, [130]. However, this bacterium’s esterase activity has the ability to
quench its own H,O, production through the release of phytophenols. These antioxidants have
the potential to eliminate part of the pool of produced H,0O,, along with other even more
dangerous ROS that precede chronic diseases. In the case of L. johnsonii N6.2, sufficient H,O,
production is observed in the ileum, where L. johnsonii is localized [110, 130]. Conversely,
reduced levels of oxidative stress genes are observed in the ileum of L. johnsonii-fed rats [6,
110]. Thus, one of the main probiotic properties of L. johnsonii could be its ability to maintain
redox homeostasis in the GI tract. This balance is dependent on the dynamic interplay between
the generation of H,0, and the ROS quenching ability of antioxidant phytophenols released
by this bacterium. The H,O, released by this bacterium in the intestinal lumen would stimulate
oxidative stress defense mechanisms in host cells, while controlling the activity of IDO [130,
132]. Meanwhile, enzymes unique to L. johnsonii will increase the pool of free, bioavailable
antioxidant phytophenols in the intestinal lumen. The phenolic released will differentially
quench the most reactive ROS.

Although L. johnsonii N6.2 was found and characterized in regards to its correlation with
reduced T1D onset, it has the potential to expand its beneficial functions into the realm of other
chronic diseases. IDO is an immunoregulatory enzyme whose altered activity has been
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Figure 4. Gastrointestinal (GI) epithelium with proposed mechanisms of phytophenol and H,O, action. This figure
summarizes the results published by the group between 2009 and 2014.

observed in a multitude of diseases, including autoimmunity and cancer [135-137]. L. johnso-
nii N6.2 has the ability to regulate IDO activity by inactivating its redox-sensitive heme centers
through H,O, production [130]. The effect of this inactivation has the potential to expand over
into other chronic disease and reduce their occurrence. This makes regulators of IDO an
important immunotherapy target in preventing some of today’s most serious diseases.
Resident microbiota provide many protective functions for the host, such as outcompeting
pathogenic threats, releasing necessary resources from digested foods, and maintaining GI
homeostasis. It is to no surprise that disturbances to microfloral composition could dictate
disease onset. There are numerous probiotics in the market, encompassing many different
genera. These probiotics exert beneficial properties through their unique enzymes, their
released metabolites, or a combination of both as in the case of L. johnsonii N6.2. Therefore,
probiotic administration serves as an important defense in preventing some of the most
common and chronic diseases.
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Abstract

The ability to adhere to intestinal epithelial tissue and mucosal surfaces is a key criterion
in selecting probiotics. Adhesion is considered to be a prerequisite for successful
colonization and survival in the gastrointestinal tract to provide persistent beneficial
effects to the host. Bacteria express a multitude of surface components that mediate
adherence. Pili or fimbriae are surface adhesive components implicated in initiating
bacterial adhesion and mediating interaction with the host. These nonflagellar proteina-
ceous fiber appendages were identified and explored over several decades in pathogen-
icbacteria, and many distinct types are known. However, the presence of piliin probiotics
and/or commensalic bacteria has only recently been recognized. Thus knowledge about
pili in probiotics is relatively limited, but structural and functional data have begun to
emerge. Availability of these data in the future would enable us to understand the pili-
mediated adhesion strategies of probiotics. This knowledge could be utilized to develop
antiadhesion-based therapies against bacterial infections as well as probiotic designs for
beneficial effects. This chapter will briefly summarize the current knowledge of pili in
probiotics with emphasis on members of lactobacilli and bifidobacteria.

Keywords: Adhesion, Bifidobacteria, Lactobacilli, Pili, Probiotics

1. Introduction

Bacterial colonization of humans seems to commence at birth and evolves throughout life. It
depends on several factors including mode of birth, age, geographical location, local environ-
ment, diet, stress, illness, medications, and antibiotic treatment. Bacteria colonize all parts of
thehumanbody thatare exposed to external environment. Specifically, the gastrointestinal tract
(GIT) harbors more than 1000 species, and this complex microbial community is referred to as

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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the “gut microbiota” [1, 2]. The gut microbiota are well recognized because of their impact on
health and disease. However, knowledge on the precise mechanism(s) by which the microbio-
ta exerts its influence remains largely unknown. Lactobacillus and Bifidobacterium species
constitute a major part of the microbiota and are believed to play an essential role in modulat-
ing immune system, resisting pathogen colonization, metabolism, and energy balance [3, 4].
Some members of these two genera are also popular as probiotics. Though the specific contri-
bution of these members to the beneficial effects is subject to investigation and speculation, itis
widely accepted that their presence in the GIT often confers health benefits. The molecular
mechanisms that allow these members to colonize the GIT have not yetbeen elucidated in detail,
though their persistence was shown to be essential for the beneficial effects.

Most pathogenic bacteria are known to express multitude of surface components for estab-
lishing contacts and mediating interactions with the host for bacterial colonization. Among
these, long, hair-like filamentous structures known as pili or fimbriae have been often
implicated in adhesion processes and shown to be required for bacterial colonization on host
tissues (for reviews, see [5-11]). Typically, these structures are made up of building blocks
called pilins or fimbrilins. Genes for these pilins along with other genes required for the pilus
assembly are located in the same place in the genome called pilus gene cluster or Pathogenicity
Island. Distinct pilus structures (e.g., chaperone-mediated, type IV, Curli, and CS1) are known
in Gram-negative pathogens. Their structure, function, and biogenesis have been well explored
to some extent. The details of pili have begun to emerge for Gram-positive pathogens a decade
ago (for reviews, see [8, 10-15]). The sortase-mediated pili seem to be conserved across the
Gram-positive pathogens. Some of the pilus types (e.g., type IV) exist both in the Gram-
negative and Gram-positive pathogens. The pilus types have been majorly categorized based
on secretion systems, biogenesis, architecture, and function. The sortase-mediated pili differ
from other known types by being a covalent polymer in which pilin subunits are covalently
tethered to each other by sortase-mediated isopeptide bonds. The pili and their components
in the pathogens are recognized as virulence factors as they play a key role in pathogenesis.
Also, they are considered as potential vaccine candidates because of their immunogenic
properties.

Although the focus is traditionally on pili in pathogenic bacteria for last few decades, they
have been recently identified in many gut commensalic bacteria and often shown to be essential
for their colonization and persistence in the the GIT and for immune modulation. Although
the pili in pathogenic bacteria are regularly reviewed, this chapter attempts to give a brief
overview of pili in beneficial bacteria, which is relatively recent.

2. Sortase-mediated pili

As demonstrated first in pathogen Corynebacterium diptheriae [15, 16], the sortase-mediated
pilus (SpaA-type) model consists of three different types of pilins (one major pilin and two
ancillary pilins). Typically, the loci for the pilins and at least one sortase are located together
in the genome as a pilus operon or gene cluster (Figure 1A). Similar to microbial surface
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component recognizing adhesive matrix molecules (MSCRAMMSs), the pilin precursors
contain signal sequence at the N-terminal and sorting signal at the C-terminal. The C-terminal
sorting signal is composed of a conserved LPXTG (Leu-Pro-any-Thr-Gly) motif, a hydrophobic
domain, and a positively charged tail (Figure 1B). Multiple copies of major pilin form the pilus
backbone like beads on a string (Figure 1C). Hence, they are also referred to as backbone or
shaft pilins. The major pilins often contain a conserved YPKN (Tyr-Pro-Lys-Asn)-like motif
close to the N-terminal (Figure 1B). The pilin-specific sortase, whose gene is located in the pilus
gene cluster, generates the covalently cross-linked pilus shaft as follows. Prior to polymeriza-
tion into pilus fibers, the prepilins or pilin precursors are exported across the membrane
through the Sec apparatus. These precursors are then embedded into the membrane by their
C-terminal hydrophobic domain and positively charged tail. The membrane-bound pilin-
specific sortase forms acyl-enzyme intermediate by cleaving the LPXTG motif of major pilin
between threonine and glycine, and creates a thioester bond between its catalytic cysteine
residue and the nascent C-terminal threonine. This intermediate receives nucleophilic attack
from the lysine residue of pilin motif of another major pilin that results in an amide bond
formation between the cleaved threonine and lysine side chain. The repeated reaction pro-
motes the growth of pilus structure on the cell surface (Figure 1). The ancillary pilins are
incorporated into the pilus structure, presumably by similar transpeptidation reaction.
Ancillary pilin 1, which is larger in size, is generally located at the pilus tip. This pilin, also
known as tip pilin, often plays a role in adhesion to host. Ancillary pilin 2 or basal pilin is often
observed at the base of pilus and smaller in size. These basal pilins are shown to contain a
pilin-like motif for their incorporation into the pilus base [21]. A different transpeptidase
known as housekeeping sortase, which is not part of the pilus gene cluster, anchors the
assembled pilus structure on the cell wall. Similar to pilin-specific sortase transpeptidase
reaction, the housekeeping sortase forms acyl-enzyme intermediate with basal pilin. This
intermediate receives nucleophilic attack from the peptidoglycan cross-bridge that results in
the formation of covalent link between the carboxyl threonine in the basal pilin and the free
amino group of the cell wall lipid II precursors.

The pilins are commonly made up of two building blocks, which are variants of immunoglo-
bulin fold known as CnaA [17] and CnaB [18], often with intradomain isopeptide bond [19]
(for reviews, see [20-22]) (Figure 2). In addition, the tip pilins also contain adhesin modules
such as von Willebrand factor type A domain (vWFA) with two inserted arms [23, 24] and
thioester containing domains [25-27] (Figure 2). The pilus model of C. diptheriae appears to be
conserved across the Gram-positive pathogenic strains (e.g., Streptococcus agalactiae, Strepto-
coccus pyogenes, Streptococcus pneumoniae, Streptococcus parasanguinis, Streptococcus salivarius,
Streptococcus sanguinis, Enterococcus faecalis, Enterococcus faecium, Bacillus cererus, and Actino-
myces naeslundi) with some variations in number of pilus gene clusters, number of pilins,
number of pilin-specific sortases, and pilus architecture. They majorly participate in cellular
adhesion and colonization processes. More than one sortase-mediated pilus gene cluster are
often present in the same bacterial strains suggesting their different cellular targets and
functions.
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Figure 1. Schematic diagram of typical sortase-mediated pili. (A) Pilus gene cluster for sortase-mediated pilus assem-
bly. It encodes genes for a major (red), basal (blue), tip (green) pilins, and a pilin-specific sortase (purple). More than
one sortase (e.g., SpaD- and SpaH-pilus gene cluster in C. diphtheriae) and less than three pilins (e.g., type 1 and 2 pilus
gene clusters in A. oris) have also been observed. In the pilus gene cluster, differences in the order of gene's arrange-
ment and the presence of transposon elements in the vicinity are often observed. (B) Conserved features of sortase pi-
lins. Signal sequence (SS) and LPXTG-containing cell wall sorting signal (CWSS) are at the N- and C-terminals of all
the (basal, major, and tip) pilins. In addition, the basal and major pilins have pilin motif (YPKN) in the vicinity of N-
terminals. A conserved element called E-box (LXET) has also been observed in the sortase pilins. The basal pilins con-
sist of 1-3 CnaB domains (Figure 2A). The major pilins contain 2-4 CnaA/B domains. CnaB domains are often at the N-
and C-terminals, and CnaA at the middle (Figure 2B). The tip plins have adhesive domains (vVWFA/thioester
containing domains) in addition to CnaA/B domains (Figure 2C). (C) Sortase-mediated pilus structure. The pilus is
made up of three distinct types of pilins: basal (blue), major (red), and tip (green) pilin. In the pilus, the pilins are teth-
ered to each other by sortase-mediated covalent links (see the text for details). Multiple copies of the major pilins form
the pilus shaft in a head-to-tail fashion like beads on a string. The tip pilin is often located at tip projecting adhesive
domain for favoring adhesion. The basal pilin is often located at the base of pilus shaft and helping for anchoring the
polymerized pilus on the cell wall through the housekeeping sortase.

The sortase-mediated pili, which are being actively investigated in Gram-positive pathogens
and considered as virulence factors, have been detected in several gut commensals as men-
tioned in the following sections. The pilus-like gene clusters were earlier noticed in probiotic
Lactobacillus johnsonii NCC 533 [28], but first received attention through probiotic Lactobacillus
rhamnosus GG in 2009 [29, 30]. Since then, it has been identified in several species and strains
of probiotic and other commensal bacteria by genomic analysis and shown to be essential for
their adherence and colonization in GIT. Their presence was further confirmed by imaging
analysis in the L. rhamnosus GG [29, 31], genus of Bifidobacterium [32, 33], Lacococcus lactis IL1403
and TIL448 [34, 35], and recently in Lactobacillus ruminis ATCC 25644 [36]. Hence, the view of
surface piliation has now been expanded to include its role also as a niche-adaptation factor.
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Figure 2. Three-dimensional structures of sortase-pilins from pathogenic bacteria. (A) Basal pilin, GBS52 (PDB id:
3PHS), from S. agalactiae. It consists of two CnaB domains, and the lysine from the pilin motif is shown as stick (in red).
A proline-rich C-terminal tail is shown in magenta. (B) Major pilin, SpaA (PDB id: 3HR6), from C. diphtheriae consists
of three domains. CnaB domains (in blue) are at N- and C-terminals, and CnaA (in red) at the middle. Pilin motif ly-
sine is shown in stick (red). (C) Tip pilin, RrgA (PDB id: 2WWS8), from S. pneumoniae contains four domains. CnaB do-
mains (in blue) are at the terminals and CnaA (in red) at the middle. Metal (pink)-ion-dependent adhesion site
(MIDAS) containing vWFA domain with two inserted arms are shown in green.

2.1. Pili in L. rhamnosus GG

L. rhamnosus GG is one the of well-documented and widely used probiotic strains [37]. The
pilus-like protrusions in L. rhamnosus GG were initially seen in 2009 [30]. L. rhamnosus GG
contains two pilus gene clusters SpaCBA and SpaFED as shown by comparative genomic
analysis [29] (Figure 3A). The SpaCBA encodes a major pilin SpaA, two ancillary pilins SpaB
and SpaC, and a pilin-specific sortase (SrtC1). As further confirmed by western blotting and
immunogold electron microscopy [29, 31], the SpaCBA pilus of L. rhamnosus GG has similar
morphology to the three-pilins architecture model of C. diptheriae [15, 16]. The repeating SpaA
makes the pilus backbone. The cell wall anchoring SpaB and adhesive SpaC ancillary pilins
are found at the base and tip of the pilus, respectively (Figure 3C). However, in contrast to the
pili from most Gram-positive pathogens, the tip pilin (SpaC) and, to a lesser extent, basal pilin
(SpaB) are found sporadically throughout the SpaCBA pilus backbone. Such a distribution is
thought to enhance adherence to the intestinal mucosa and epithelial layer and thereby then
extend the relative longevity and transient colonization of L. rhamnosus GG cells in the gut.
The SpaCBA pilus was demonstrated to be pivotal for efficient adherence to mucus [29, 38,
39], collagen [40], and Caco-2 intestinal epithelial cell line and biofilm formation [41]. The
immunomodulation of SpaCBA pili includes toll-like receptor 2 (TLR2)-dependent activation
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and dendritic cell cytokine production [42], dampening endogenous interleukin (IL)-8 mRNA
levels [41], eliciting macrophage-mediated anti-inflammatory cytokine mRNA expression [43],
inducing TLR-related gene expression in a human fetal intestine model [44], and stimulating
cellular responses in intestinal epithelial cells [45]. Interestingly, the SpaC plays a role in most
of the SpaCBA pili-triggered host cell immune responses. The surface piliation apparently
provides a niche-specific fitness to L. rhamnosus GG cells for extending their transient coloni-
zation in the gut [46]. Presumably, this is an advantage over nonpiliated probiotic bacteria. For
example, the non-SpaCBA piliated L. rhamnosus LC705, which is genetically similar to L.
rhamnosus GG, shows decreased adherence to intestinal mucus in the comparative study [29].
More recently, the key role of L. rhamnosus GG pili in interaction with (3-lactoglobulin has also
been demonstrated [47].
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Figure 3. Schematic diagram of sortase-mediated pili in L. rhamnosus GG. (A) SpaCBA and SpaFED pilus gene clus-
ters identified in L. rhamnosus GG. Each cluster encodes a tip pilin (SpaC/SpaF), major pilin (SpaA/SpaD), basal pilin
(SpaB/SpaE), and pilin-specific sortase (SrtC1/SrtC2). (B) Predicted elements required for the pilus assembly in the
SpaCBA pilins. The basal pilin SpaB contains a single CnaB domain with FPKN pilin motif and LPQTG-containing
CWSS at C-terminal. Residue numbers and positions were labeled and marked by arrow. The major pilin SpaA contain
two CnaB domains, and its pilin and sorting motif are marked. The tip pilin SpaC contains a vVWFA domain and its
MIDAS (DMSGS) motif is marked. (C) The SpaCBA pilus model consists of SpaA, SpaB, and SpaC. The possible sor-
tase-mediated intercovalent link is marked by arrow with details of residues involved. A possible mode of association
for SpaC and SpaB along the pilus shaft other than at the tip and base of the pilus needs to be further shown by a high-
resolution imaging technique or structural studies.

Similar to SpaCBA, the SpaFED operon encodes the pilus backbone (SpaD), the pilus tip (SpaF)
and the base (SpaE) pilins, as well as a putative sortase enzyme (SrtC2) required for pilus
assembly (Figure 3A). Though the recombinant SpaF has been shown to bind intestinal mucus
[39], the genes associated with the spaFED pilus gene cluster are not constitutively expressed
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in the tested laboratory conditions [31]. Thus, the native form of the SpaFED pilus remains
hypothetical, not only in L. rhamnosus GG, but also in other strains carrying the spaFED operon
(e.g., L. rhamnosus LC705) [31, 46]. However, L. rhamnosus GG SpaFED pili can be readily
produced as an assembled structure in recombinant L. lactis [48].

Obtaining three-dimensional structural insights into pilus assembly and adhesion mecha-
nisms through the structural biology techniques has been instrumental for Gram-negative
pathogens in the past (for reviews, see [5, 8, 49, 50]), and it was begun much later for Gram-
positive pathogens in 2007 ([19, 51], for reviews, see [11, 20-22]). The structures of individ-
ual major as well as ancillary pilins from several pathogenic strains have been determined
(for recent review, see [21]) (Figure 2). A Cryo-EM study on S. pneumoniae pili has also
supported the sortase-mediated three pilins architectural model [52]. According to current
structural knowledge, the basal pilins consist of 1-3 CnaB domains often with intradomain
isopeptide bonds (Figure 2A). Conserved proline-rich C-terminal tails in the known basal
pilins suggest their likely role in pilus anchoring via housekeeping sortase. The presence of
a pilin-like motif with a lysine in the basal pilin indicates that they could be incorporated
into the pilus base by sortase (Figure 2). The major pilins are made of 2-4 CnaB/A do-
mains (Figure 2). The CnaB domains are at the N- and C-terminals, whereas the CnaA
domain is in the middle. The pilin motif is present at the C-terminal region of N-terminal
CnaB domain (Figure 2B). The N-terminal domain in many pilins seems to be flexible with
no or slow forming internal isopeptide bond. In some crystal structure studies, a fiber-like
pilus arrangement in the crystal packing has been observed though the sortase-mediated
intermolecular amide bond between the backbone pilins was absent. The tip pilins contain
adhesive domains at the tip in addition to CnaA and CnaB domains that form a stalk and
connect adhesive domains to the pilus shaft (Figure 2C). These adhesive domains are often
a modified vVWFA domain with two inserted arms [23, 24], and thioester containing domain
[25]. The complicated domains arrangement and folding in tip pilins makes difficult to
predict them from their sequence.

Detailed structural knowledge is yet to emerge for pili and related components for probiot-
ic bacteria. However, preliminary crystallographic data are available for some of the pilins
(SpaA [53], SpaD [54], and SpaC [55]) in L. rhamnosus GG. Our initial analysis of ongoing
structural investigations on pilus constituents of L. rhamnosus GG and comparison with their
counterparts in pathogens suggest that SpaA may consist of two CnaB domains (Fig-
ure 3B), and SpaD contains three domain with CnaB domains at the terminals and CnaA
domain in the middle. Though it is yet to be validated, it is tempting us to describe Lys171
from the pilin motif SpaA as the possible linking lysine that could involve in the SpaA-
SpaA and SpaA-SpaC pilins covalent association during SpaCBA pilus shaft polymeriza-
tion by pilin-specific SrtC1 (Figure 3B and C). Similarly, Lys182 in SpaB seems a likely
candidate for its incorporation into the pilus (Figure 3B and C). Such a linking lysine is yet
to be predicted for SpaC for its incorporation other than at the pilus tip. In contrast to known
pathogenic tip pilins (e.g.,, GBS104 [24] and RrgA [23]), but similar to eukaryotic proteins
(e.g., integrins, complement C2a, and Fb), the vWFA domain predicted in SpaC [55] seems
not to have the two inserted arms, suggesting both possible differences and similarities in

121



122

Probiotics and Prebiotics in Human Nutrition and Health

binding mechanism via a metal-ion-containing vVWFA adhesin domain. Certainly, knowl-
edge generated from our ongoing structural investigations would provide new insights into
pilus assembly and adhesion mechanisms in L. rhamnosus GG, and serves as a model for
probiotics.

2.2. Pili in L. ruminis

L. ruminis, one of the dominating Lactobacillus species in the mammalian intestines, is routinely
isolated from the feces of human, cattle, and pigs. It is one of the few motile members known
in lactobacilli. It is also recognized as an autochthonous microbiota in the GIT. The pilus gene
identified in the human-derived intestinal isolate L. rumini ATCC 25644 has been named as
IrpCBA (L. rumini pilus) [36] since they appear to be different from the known lactobacillar
pilus types (SpaCBA and SpaFED) at the primary structural level. The LrpCBA pilus operon
encodes tip (IrpC), basal (IrpB), and major (IrpA) pilins and a pilin-specific sortase (SrtC).
Sequence of L. ruminis pilins displays the common pilin features such as LPXTG-like motifs,
E-box motif, and pilin motifs (in major and basal pilins) [36] (Figure 2). The expression and
surface localization of IrpCBA pilus gene product have further confirmed by immunoblot
analysis and immune-electron microscopic visualization (for details, see [36]). Interestingly,
the pilus genes have also been detected in L. ruminis ATCC 27782 from bovine gut origin [56],
but the microarray analysis showed that the corresponding genes were upregulated in human
strain compared with the bovine isolate. The ability of LrpCBA pilus to adhere to gut epithelial
cells and extracellular matrix (ECM) proteins, and immune-modulation activities has been
demonstrated using recombinant-piliated lactococci (for details, see [36]). Interestingly, the tip
pilin LrpC supports L. ruminis binding to ECM-related substrates but not to the mucosal
surfaces.

2.3. Pili in other Lactobacillus species

The presence of sortase-mediated pilus gene clusters has been reported in many strains of
Lactobacillus casei [57-60] and Lactobacillus paracasei [61], which are members of the normal
human gut microbiota and used extensively as probiotics and in the food industries.
Although the pilus expression and function are yet to be studied in detail, the most analyzed
strains in the L. casei and L. paracasei group show that they contain SpaCBA and SpaFED pilus
gene clusters. In contrast, only few strains in L. rhamnosus group have SpaCBA cluster (e.g.,
L. rhamnosus GG and LMS2-1 strain). However, several L. paracasei strains including
COMO0101 are shown to have truncated SpaC gene [60]. The transposon genes, which are
present in the vicinity of the SpaCBA cluster in L. rhamnosus, seem to be absent in the L. casei
suggesting that L. rhamnosus GG and LMS2-1 could have acquired the SpaCBA pilus gene
cluster through horizontal gene transfer (HGT) from L. casei [57, 62]. This is further evi-
denced by the presence of high nucleotide sequence identity in spaCBA cluster of L.
rhamnosus and L. casei [57, 62].
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2.4. Pili in L. lactis

L. lactis is another widely used species as starter in dairy fermentation and best characterized
strain in lactic acid bacteria (LAB). They seem to present in nutrient-rich ecological niches (gut
mucus, milk, and plants). A functional pilus operon (pil) has been shown to present in L.
lactis IL1403 [34, 63]. It encodes tip (YhgD), major (YhgE), and basal (YhhB) pilins and a pilin-
specific sortase (SrtC). The presence of pilus structures has been confirmed by immunogold
electron microscopy and atomic force microscopy (AFM) analyses. The major YhgE and basal
YhhB pilins display typical LPXTG motifs and pilin motifs. Additionally, the YhgE has an E-
box. The pili were also shown to promote biofilm formation by confocal laser scanning
microscopy (CLSM). The occurrence of pili in few other L. lactis isolates from clinical and
vegetal environments was also visualized by by transmission electron microscopy (TEM)
analysis [34]. Later, a proteomic analysis study has also detected pilus genes (YhgE2, YhhB2,
ORF4, and SrtC2) in a vegetal isolate L. lactis subsp. lactis TIL448 [35]. The YhgE2 was shown
to play a major role in intestinal epithelial Caco-2 cells adhesion. The pilus biogenesis and
morphology were further analyzed by immunoblot, electron micrograph, transcriptional, and
AFM experiments [35, 64].

2.5. Pili in bifidobacteria

Bifidobacteria are the common components of the gut microbiota of a broad range of hosts [65].
Several members of bifidobacteria are typical inhabitants of the infant intestine [66], which is
thought to be sterile at birth. Identification of many bifidobacterial strains in the stools of
healthy infants suggests that they could be the first colonizers in the GIT subsequent to birth.
Genomic analysis has revealed pilus genes cluster in several bifidobacterial strains [67].
Interestingly, many pilus gene clusters are flanked by transposon elements indicating their
acquisition by HGT. The presence of pilus structures was further examined by AFM and
transcription analysis in Bifidobacterium bifidum, Bifidobacterium dentium, Bifidobacterium
longum subsp. longum, Bifidobacterium adolescentis, and Bifidobacterium animalis subsp. lactis [67].
The pilus gene clusters often found to contain one major pilin (FimA or FimP) and one or two
ancillary pilins (FimB or FimQ) with a pilin-specific sortase. Many of these pilus genes are
similar to the (two-pilins) pilus gene clusters identified in Gram-positive pathogens such as
Actinomyces oris [68, 69] and Bacillus cereus [70], which lack basal pilus genes differing from the
three-pilins architectural model of C. diphtheriae [15, 16]. A. oris encodes two different fimbriae
(types 1 and 2). Type 1 fimbria, which mediates the interaction of actinomyces to tooth enamel,
consists of the major pilin (FimP) and tip pilin (FimQ). Whereas, the type 2 fimbria that mediate
interaction with oral streptococci and host cell for causing dental plaque is made of major pilin
(FimA) and tip pilin (FimB). Similarly, B. cereus pili is composed of major pilin BcpA and the
tip pilin (BepB). In the two-pilin sortase-mediated pili model, the last major pilin may function
as the pilus base. The three-dimensional structures for major pilins for A. oris are available
while they are yet to be elucidated for tip pilins. The major pilins of bifidobacteria have typical
pilin motif and LPXTG motif required for pilus polymerization [67]. The role of pili in
adherence, immunomodulation, and bacterial aggregations was further extensively explored
in B. bifidum PRL2010, which contains three different pilus gene clusters (pil1, pil2, and pil3)
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[71]. Apart from sortase-mediated pili, the presence of type IV pili has also been reported in
bifidobacteria (e.g., Bifidobacterium breve UCC2003 [32]), which is described below.

3. Tad pili

The Tad (tight adherence) pili, which was first described in Aggregatibacter (Actinobacillus)
actinomycetemcomitans [72], is a specialized subtype of type IV pili (for reviews, see [5,7, 8, 73,
74]). Tad pili in this bacterium were shown to mediate adhesion to surfaces and essential for
colonization and pathogenesis. Apart from adhesion, the type IV pili have been implicated in
several functions such as aggregation, biofilm formation, twitching motility, DNA uptake, and
electron transfer. Type IV pili are found to be present in Gram-negative (e.g., enteropathogenic
Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, Neisseria meningitides, and Vibrio
cholerae) as well as Gram-positive bacteria (Clostridium perfringens, Mycobacterium tuberculosis,
and Ruminococcus albus). Type IV pili are typically 6-8 nm in diameter and several micrometers
long. The type IV pilus is comprised of homopolymers of a single (major) pilin subunit
(Figure 4). The major pilins in Tad pili are relatively smaller in size (~7 kDa) compared with
other known pilus types in type IV. The flexible homopolymer filaments in type IV often have
tendency to form characteristic helical bundles by lateral interactions. Some pili possess an
adhesive or ancillary pilins at the pilus tip or can be decorated with pseudopilins along the
pilus.
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{4) Type IV pilus model {B) Tya 1V Makor plin (PHE)

Figure 4. Schematic diagram of type IV pilus structure. (A) Type IV (gonococcal) pilus model. Major pilins form the
filament majorly by hydrophobic interactions between their N-terminal helices in the filament core. The globular head
of major pilins pack on the filament surface. (B) Type IV major pilin, PilE (PDB id: 1AY2), from N. gonorrhoeae showing
N-terminal helix (in red) and globular head with D-region.

Type IV pilus assembly is a complex process, which requires protein products from multiple
genes (~14) including minor pilins, prepilin peptidase, ATPase, inner membrane core proteins,
and accessory proteins. Many of the core genes are conserved across different bacterial species.
Tad pili seem to differ from other type IV pilus types by lacking four core homologous minor
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pilins. The type IV pilins are synthesized as precursors with a leader peptide and transported
across the inner membrane into the periplasmic space, where they are retained in the inner
membrane through their N-terminal hydrophobic segments. The globular domain is folded
with stabilizing intramolecular disulfide bonds. A dedicated prepilin peptidase cleaves the
positively charged leader sequence and methylates the N-terminal amine to generate the
mature pilin. The methylated, positively charged N-terminal residue is thought to attract
negatively charged glutamate (at fifth position) of adjacent major pilin in the growing pilus
fiber. This results in vertical displacement between one pilin and the next. The assembly
ATPase associated with the cytoplasmic part of the inner membrane protein undergoes
conformational change during ATP hydrolysis and pushes the pilus filament out of the
membrane, providing a gap for the next major pilin. Type IV pili is further complicated by
divergence and divided into two classes (types IVa and IVb) based on the length of leader
peptides and mature pilins. The pilins of type IVa are typically 150-160 residues long with a
short leader peptide (<10 residues), whereas the pilins of type IVb are either long (180-200
residues) or short (40-50 residues) with longer leader peptides (~15-30 residues). The Tad pili
are monophyletic subclass of type IVb pili [73]. The pilins of Tad pili are short with 40-50
residues long.

Though the sequence and structural diversity are associated with the pilins in type IV, they
share a common lollipop-like architecture consisting of an extended N-terminal helical stick
followed by a globular head containing a -sheet with 4-7 strands [74] (Figure 4B). The
N-terminal half of the helix is hydrophobic and multifunctional regulatory domain. It
protrudes from the globular head and forms the central hydrophobic core of the grow-
ing filament during the pilus assembly. Prior to assembly, it acts as transmembrane segment
to retain individual pilin in the cytoplasmic membrane. The C-terminal half of the helix is
amphipathic and embedded in the globular head. For many pili, a hypervariable C-
terminal loop known as D-region or disulfide-bonded loop (DSL) performs an essential
role in surface adherence (Figure 4B). The conserved disulfide bridge in the D-region
observed in several Gram-negative major pilins appears to be off in Gram-positive pilins
(e.g., PilAl in Chlostrodium difficle [75]). The Tad genes are also widespread in the ge-
nomes of Gram-positive species (C. diphtheriae, Thermobifida fusca, and Streptomyces coelicolor).
Recently, they have been identified in probiotic B. breve.

3.1. Tad pili in B. breve

Apart from sortase-dependent pili, B. breve UCC2003 was recently shown to contain the type
IVb or Tad pilus gene cluster named tad,; [32]. The presence of pili was further confirmed by
immunogold transmission electron microscopy and shown to be essential for efficient gut
colonization in a murine model by mutational analysis [32]. Specifically, the Tad locus is highly
conserved among all sequenced bifidobacterial strains supporting a ubiquitous pilus-mediat-
ed host colonization and persistence mechanism for intestinal bifidobacteria. The structural
data are yet to come for pilins of Tad pilus from beneficial bacteria for shedding light on their
structure and function.
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4. Future perspectives

Adhesion of bacteria to host surfaces is a prerequisite and crucial step for bacterial coloniza-
tion, which may result in pathogenic or commensal relationship. The pili have been often
implicated in initiating adhesion and mediating interaction with host. Understanding pilus
structure and function, and their mediated interactions with the host has been achieved to a
certain extent in pathogenic strains. The pili and their components are recognized as viru-
lence factors in pathogenic strains, and also considered as potential vaccine candidates in
combating bacterial infection. Recent identification of such surface organelles in probiotic or
commensal bacteria gives a new perspective as a niche-adaption factor as well. The sortase-
mediated pili initially discovered in Gram-positive pathogens appear to be widespread
among commensals. The Tad pili, which are known to present in both Gram-negative and
Gram-positive pathogens, have also been detected in some commensal strains. It may not be
a surprise if additional pilus type comes in the future from the fast-growing technology and
genomes for gut microbiota. Available preliminary data suggest that the pili from pathogen-
ic and beneficial bacteria share several sequence and structural features. The presence of
transposable element in several pilus gene clusters indicates that the pathogenic and com-
mensal bacteria may be acquired from each other during the evolution. The challenge is
now to understand the differences between the (enemy) pathogenic and (friendly) beneficial
bacteria in their pili-mediated adhesion strategies and interactions with the host. This
knowledge is crucial in optimizing probiotics and targeting adhesion-based therapies for
human health. The journey of pilus research in probiotics has begun with the prototype
SpaCBA pili in L. rhamnosus GG. The ongoing and future research hopefully would shed
light in this area.
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Abstract

Vitamins are important micronutrients that are often precursors to enzymes, which all
living cells require to perform biochemical reactions. However, humans cannot produce
many vitamins, so they have to be externally obtained. Using vitamin-producing
microorganisms could be an organic and marketable solution to using pseudo-vitamins
that are chemically produced, and could allow for the production of foods with higher
levels of vitamins that could reduce unwanted side effects. Probiotic bacteria, as well as
commensal bacteria found in the human gut, such as Lactobacillus and Bifidobacterium, can
de novo synthesize and supply vitamins to human body. In humans, members of the gut
microbiotaareabletosynthesize vitaminK, aswellasmostof the water-soluble Bvitamins,
such as cobalamin, folates, pyridoxine, riboflavin, and thiamine.

Keywords: probiotic, folate, riboflavin, cobalamin, biosynthesis

1. Introduction

Vitamins are typically categorized as fat-soluble vitamins, which includes vitamins A, D, E, and
K, or as water-soluble vitamins, which includes vitamin C, biotin (vitamin H or B7), and a series
of B vitamins — thiamin (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6),
folic acid (B11), and cobalamin (B12). While fat-soluble vitamins act as important elements of
cell membranes, water-soluble vitamins serve as coenzymes that typically transport specific
chemical groups [1]. Humans are incapable of synthesizing most vitamins and they conse-
quently have tobe obtained exogenously. The use of vitamin-producing microorganisms might
represent a more natural and consumer-friendly alternative to fortification using chemically
synthesized pseudo-vitamins.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
open science | open minds and reproduction in any medium, provided the original work is properly cited. (e NN
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The biochemical pathways involved in B-vitamin biosynthesis by food microorganisms were
previously described in detail [2]. Many prokaryotes need water-soluble vitamins for nutri-
tional purposes [3], but also typically need them for biosynthetic processes. The ability of
particular microorganisms to produce B vitamins could supplant the expensive chemical
production of these vitamins to enrich food or be improved for in situ fortification of fermented
foods. Much research has been conducted in recent years to elucidate the biosynthetic
pathways of these vitamins in a number of microorganisms.

Probiotic bacteria positively impact the immune system and the composition and functioning
of the gut microbiota [4]. Furthermore, the production of vitamins has resulted in many healthy
benefits to the host. Probiotic bacteria, mostly belonging to the genera Lactobacillus and
Bifidobacterium, confer a number of health benefits, including vitamin production [5]. Probiotic
bacteria, members of the gut microbiota, are able to synthesize vitamin K and most of the water-
soluble B vitamins, such as biotin, cobalamin, folates, nicotinic acid, panthotenic acid, pyri-
doxine, riboflavin, and thiamine, in humans [6].

The production of B-vitamins, especially folate and riboflavin (B2), by probiotic bacteria has
been extensively researched as described in a recent review [7, 8]. Several lactic acid bacteria
(LAB) species (e.g., Lactococcus lactis, Lactobacillus gasseri, and Lactobacillus reuteri) and
Bifidobacterium (e.g., B. adolescentis) produce these vitamins, often in large quantities, and are,
therefore, often found in fermented foods [9, 10]. Moreover, increased vitamin biosynthesis
has been obtained by metabolic engineering [11, 12]. Folate biosynthetic genes and riboflavin
biosynthetic operon have been overexpressed in L. lactis, resulting in types that produce folate
[12] or riboflavin [12] at higher rates. Sybesma et al. [13] modified the biosynthetic pathways
of folate and riboflavin in L. lactis, resulting in the simultaneous overproduction of both
vitamins, through directed mutagenesis and selection and metabolic engineering.

This review focused on riboflavin, folic acid, and cobalamin, three of the water-soluble B
vitamins whose biosynthetic pathways were inextricably linked, briefly covering their
physiological functions and dietary sources before concentrating on novel overproduction
strategies in probiotics.

2. Riboflavin biosynthesis

In contrast to many plants, fungi, and bacteria, humans cannot produce riboflavin or vitamin
B2, and thus require it as a dietary supplement. Riboflavin is available as a dietary source and
is also produced by the microflora of the large intestine [6, 14]. Riboflavin (vitamin B2) plays
an essential role in cellular metabolism, as it is the precursor of the coenzymes flavin mono-
nucleotide (FMN) and flavin adenine dinucleotide (FAD), which both act as hydrogen carriers
in many biological redox reactions.

Riboflavin is synthesized by many bacteria and its biosynthetic pathway has been studied
extensively in Bacillus subtilis and Escherichia coli. Bacher et al. [15, 16] found that riboflavin
biosynthesis requires the precursor's guanosine 5'-triphosphate (GTP) and ribulose 5-phos-
phate. The first step of the GTP-dependent branch of the biosynthetic pathway is encoded by
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ribA in E. coli. In B. subtilis it is also encoded by ribA but in this case RibA acts as a bifunctional
enzyme that also catalyzes the configuration of 3,4-dihydroxy-2-butanone 4-phosphate from
ribulose 5- phosphate [17]. The overexpression of RibA in B. subtilis produces 25% more
riboflavin, indicating that this enzyme is rate-limiting in riboflavin biosynthesis [18]. However,
in Lactococcus lactis, the overexpression of ribA did not lead to increased riboflavin production
[12].

The ability of some bacteria and fungi to overproduce riboflavin has been harnessed for
industrial production. Such commercial producers include the ascomycetes Eremothecium
ashbyii and Ashbya gossypii. However, advantages were perceived in developing bacterial and
yeast fermentations to avail of their high growth rates, and less costly and complex growth
media. Currently, A. gossypii, Candida famata, and B. subtilis are exploited for riboflavin
production, with riboflavin production levels reaching 15 g/L, 20 g/L, and 14 g/L, respectively
[19-21]. In A. gossypii, metabolic engineering increased riboflavin production almost 10-fold
[22]. A. gossypii has also been targeted as a microorganism to overproduce riboflavin using oil
waste [23]. In the case of B. subtilis, high levels of riboflavin production were achieved as a
result of exposure to purine analogues and the toxic riboflavin analogue roseoflavin, or by
genetic engineering [19, 24].

It has been reported that fermentation of cow milk with L. lactis and Propionibacterium freuden-
reichii ssp. shermanii as starter cultures significantly increased the riboflavin content of milk.
Since the riboflavin produced by starter cultures is largely in the free form, the bio-availability
is expected to be better than the bio-availability of riboflavin in unprocessed milk [12, 25]. The
food-grade fermentative LAB L. lactis also grows in the absence of riboflavin. On the basis of
the genome sequence of L. lactis IL1403 [26], it seemed that all genes involved in riboflavin
biosynthesis (rib genes) were present in this organism.

Species and/or strain-specific traits in LAB provided genetic information for riboflavin
biosynthesis. Several of the sequenced members of LAB possessed similar abilities to produce
riboflavin, as suggested by comparative genome analysis, but an interrupted rib operon was
sometimes seen in certain strains. Deficient genetic information was usually related to the
inability to produce riboflavin in LAB. For instance, the sequenced genome of Lactobacillus
plantarum strain WCFS1 had an incomplete rib operon, which lacked the entire ribG and part
of the ribB genes [27]. Further, this strain could not grow unless riboflavin was present [28].
However, several selected strains of L. plantarum contained the whole rib operon and could
produce vitamin B2. The L. plantarum strain NCDO 1752, and the recently sequenced L.
plantarum strain JDMI and L. plantarum strains, for example, were isolated from cereals-derived
products [28, 29]. Furthermore, even in LAB strains that contained all rib genes, riboflavin
production had to be confirmed by chemical analysis.

3. Folate biosynthesis by human gut commensals

Folic acid, also known as vitamin B11, is a dietary necessity for humans, because it is used in
several metabolic reactions, such as the biosynthesis of the building blocks of DNA and RNA,
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the nucleotides. It is recommended that adults take 200 ug daily, but pregnant women are
encouraged to take a double dose daily, as folic acid could thwart neural-tube defects in
newborns [30]. Low folic acid has been linked to high homocysteine levels in the blood, which
could lead to coronary diseases [31, 32]. It has also been shown to protect against some forms
of cancer [33]. Folate is conspicuously absent in many food products and is considered an
essential additive to the general diet.

Folates are comprised of a mono- or polyglutamyl conjugate and these compounds were
named after the number of glutamyl residues (PteGlurn), where n denoted the total number of
glutamyl residues. The folates act as enzyme co-substrates in one-carbon (C1) metabolism of
amino acids and nucleotides, in which the fully reduced (tetrahydro-) form functions as an
acceptor or donor of a single carbon unit [34]. Folic acid has played a significant role in the
production of purines and pyrimidines, and, therefore, in DNA synthesis. Methionine
synthase uses 5-methyltetrahydrofolate in the conversion of I-homocysteine to l-methionine
[35]. A majority of the methionine formed is converted to S-adenosylmethionine, which is a
common donor of methyl groups for DNA, RNA, hormones, neurotransmitters, membrane
lipids, and proteins [36]. The folate molecule contains one pterin moiety, created from 6-
hydroxymethyl-7,8-dihydropterin pyrophosphate (DHPPP), bound to para-aminobenzoic
acid (pABA, vitamin B10). As such, de novo biosynthesis called for both the precursors, DHPPP
and pABA. Plants and bacteria could make the latter from the pentose phosphate pathway.
Erythrose 4-phosphate and phosphoenolpyruvate go through the shikimate pathway to
become chorismate, which acts as a branching point toward the biosynthesis of aromatic amino
acids and pABA. Chorismate is transformed via aminodeoxychorismate synthase into 4-
amino-4-deoxychorismate. Subsequently, pyruvate is cleaved by 4-amino-4-deoxychorismate
lyase to give pABA, which is ultimately necessary for folate biosynthesis. The biosynthesis of
DHPPP proceeds via the conversion of GTP in four consecutive steps. The first step is catalyzed
by GTP cyclohydrolase I and involves an extensive transformation of GTP, through Amadori
rearrangement, to form a pterin ring structure. Following dephosphorylation, the pterin
molecule undergoes aldolase and pyrophosphokinase reactions, which produce the activated
pyrophosphorylated DHPPP.

Folate biosynthesis continues with the formation of a C-N bond joining DHPPP to pABA. This
condensation reaction, catalyzed by dihydropteroate synthase, yields 7,8-dihydropteroate
(DHP). DHP is glutamylated by dihydrofolate synthase, resulting in dihydrofolate (DHF). It
is then reduced by DHF reductase to the biologically active cofactor tetrahydrofolate (THF)
and subjected to the addition of multiple glutamate moieties by folylpolyglutamate synthase
to yield THE-polyglutamate. Polyglutamilation may also take place before the occurrence of
the reduction step, being catalyzed by DHF synthase or, in many bacteria, by a bifunctional
enzyme that is responsible for both DHF synthase and folylpolyglutamate synthase activities
[37].

However, although all available complete bifidobacterial genomes are expected to specify
aminodeoxychorismate synthase, a gene specifying a putative 4-amino-4-deoxychorismate
lyase can only be found on the genome of B. adolescentis ATCC15703 and B. dentium Bd1 [9],
which are, thus, expected to accomplish de novo biosynthesis of pABA. In contrast, B.
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animalis subsp. lactis does not appear to possess the entire pathway for DHPPP biosynthesis
or the gene encoding dihydropteroate synthase. Thus, B. animalis subsp. lactis was predicted
to be auxotrophic for folates or DHP, and would, therefore, be unable to complete folate
biosynthesis, even if pABA was present.

Lactobacilli are also typical human gut commensals and were recently investigated to discover
if they could serve as possible folate producers [38]. Lactobacilli from various fermented foods
have been investigated as starter cultures for the manufacturing of folate-fortified dairy
products, while lactobacilli isolated from the human gut have been explored as folate-
producing probiotics [39-42]. The availability of genome sequences of various lactobacilli
provided animportant contribution to the genetics underlying folate biosynthesis in this group
of microorganisms [38]. For example, lactobacilli did not appear to harbor the genetic deter-
minants for de novo pABA synthesis, with the exception of L. plantarum WCEFS1 [27], suggest-
ing that the vast majority of lactobacilli were unable to synthesize folate in the absence of
PABA.

Currently, the strains of Lactobacillus with the greatest relevance for the manufacturing of
probiotics and functional foods belong to the species L. acidophilus, L. casei, L. paracasei, L.
plantarum, L. reuteri, and L. salivarius [43]. Like L. lactis, these species harbor a folate biosynthesis
cluster that includes the gene encoding dihydropteroate synthase and all of the genes for the
biosynthesis of DHPPP, with the exception of alkaline phosphatase. In L. lactis, the
dephosphorylation of dihydroneopterin triphosphate into the monophosphate was
demonstrated to occur through an alternative route, involving a Nudix pyrophosphohydro-
lase [44]. Many lactobacilli contain various genes encoding putative Nudix enzymes, such as
mutT genes for DNA repair. However, Lactobacillus sakei, Lactobacillus helveticus, and
Lactobacillus delbrueckii have a homologue of the L. lactis gene in the fol cluster. In contrast, in
Lactobacillus fermentum, L. plantarum, and L. reuteri, the fol cluster held the gene of a putative
non-Nudix purine NTP pyrophosphatase, which could be responsible for hydrolyzing
dihydroneopterin triphosphate in these species. As such, L. plantarum, L. sakei, L. delbrueckii,
L. reuteri, L. helveticus, and L. fermentum were predicted to generate DHPPP and could also be
folate producers if cultured with pABA present [37, 44].

4. Vitamin B12 biosynthesis

Vitamin B12, otherwise known as cobalamin, is the biggest and most intricate vitamin.
Cobalamin describes a cluster of cobalt-containing compounds (corrinoids) that have a lower
axial ligand, which holds the cobalt-coordinated nucleotide (5, 6-dimethylbenzimidazole) as
a base. Although humans only use vitamin B12 for two enzymatic activities, it is still an
important dietary supplement. (R)-methyl-malonyl-CoA mutase assists in the metabolism of
propionyl-CoA, which compounds such as valine, thymine, methionine, and odd-chain fatty
acids produce when broken down. This ado-cobalamin-dependent enzyme catalyzes the
rearrangement of propionyl-CoA following its carboxylation and epimerization to succinyl-
CoA, which then goes through the citric acid cycle. Methionine synthase needs vitamin B12 in

139



140 Probiotics and Prebiotics in Human Nutrition and Health

the form of methylcobalamin. Using 5-methyltetrahydrofolate as a methyl donor, this enzyme
methylates homocysteine to form methionine [45].

Humans cannot synthesize vitamin B12, and, thus must obtain it from organisms that can.
Only a limited number of bacteria are known to produce vitamin B12, three of which—
Pseudomonas denitrificans, Bacillus megaterium, and Propionibacterium freudenreichii—are used
for commercial production [46—48].

Cobalamin has the most complex structure of all the vitamins synthesized by bacteria requiring
about 30 genes for its biosynthesis. Most of the work in characterizing cobalamin biosynthesis
has been performed in Salmonella typhimurium and P. denitrificans. Two different pathways
exist for adenosylcobalamin (ado-cobalamin) biosynthesis: (1) an oxygen-dependent pathway,
which is found in P. denitrificans, and (2) an anaerobic pathway, which has been identified in,
among others, S. typhimurium, P. freudenreichii subsp. Shermanii, and B. megaterium. Every gene
required in the anaerobic cobalamin biosynthesis was found on the genome of S. sanguinis [49].

Genes encoding enzymes contributing to the oxygen-dependent pathway have been given the
prefix cob, while those involved in the oxygen-independent pathway have the prefix cbi [50].
Due to the early insertion of cobalt in the anaerobic pathway, the remaining intermediates are
cobalto-complexes and therefore require enzymes with different substrate specificities than
the intermediates in the aerobic pathway although many of the reactions catalyzed are similar.
CobZ was identified in Rhodobacter capsulatus, which catalyzes a reaction similar to that
advanced by CobG, but in a different way, as the two proteins did not display any primary
sequence resemblance. CobZ was also found to have a flavin in the form of a non-covalently
bound FAD, two Fe-S centers, and a b-type heme, which was not similar to CobG [51]. It was
thought that the final step in the cobalamin biosynthetic pathway in S. typhimurium involved
the dephosphorylation of adenosylcobalamin-5’-phosphate, which is catalyzed by CobC and
challenges the pathway indicated where CobS catalyzes the condensation of a-ribazole and an
Ado-GDP-cobinamide [52]. The gene that reduces cobalt in the aerobic pathway has yet to be
identified, but two candidate genes were identified to encode this enzyme, named CobR [53].

LAB are traditionally known as auxotrophic for cobalamin and are generally used for the
biological analysis of this vitamin. Recently, however, cobalamins were identified in L.
reuteri as were some of the genes encoding enzymes for the biosynthesis of this vitamin [54].
The presence of a B12-dependent metabolic pathway that converts glycerol into propanediol
most likely allowed this LAB to synthesize B12. The discovery of the biosynthetic genes could
increase the production of B12 through metabolic engineering, and facilitate the transfer of the
production pathway to other LAB.

L. reuteri CRL1098 was also found to metabolize glycerol in a B12-free medium, indicating that
a LAB might also be able to make cobalamin [55]. Chromatographic analysis of the intracellular
bacterial extract of L. reuteri CRL 1098 proved that this strain was able to produce a cobalamin-
like compound with an absorption spectrum that was similar to that of standard cobalamin
but had a distinct elution time, while cobalamin production was proved with different
bioassays [55]. Genetic evidence of cobalamin biosynthesis by L. reuteri CRL 1098 was then
achieved by using different molecular biology techniques, and it was found that at least 30
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genes assisted the de novo synthesis of the vitamin. The genetic organization (cob and cbi genes)
resembled that of Salmonella enterica and Listeria innocua [56].

The complete genome of Lactobacillus sanfranciscensis TMW 1.1304, isolated from industrial
sourdough fermentation, was also recently sequenced [57]. The data showed that only one
gene necessary to the cobalamine synthesis was encoded by the sequenced strain L. sanfran-
ciscensis TMW1.1304. Conversely, growth experiments revealed that several L. sanfranciscen-
sis strains grew on vitamin B12-free media, which implied that these strains could synthesize
cobalamine de novo [57].

Other strains of genus Lactobacilli such as Lactobacillus coryniformis isolated from goat milk [58],
L. plantarum isolated from kanjika or Japanese pickles [59, 60], Lactobacillus rossiae isolated from
sourdough [61], and Lactobacillus fermentum CFR 2195 isolated from breast-fed healthy infants’
fecal matter [62] were shown to produce cobalamin-type compounds. Moreover, the genetic
and biochemical data suggested that cobalamin biosynthesis genes would be spread to
Lactobacillus buchneri, Lactobacillus hilgardii, and Lactobacillus brevis, and also contain genes of
the cob-pdu gene cluster [63]. Therefore, the possibility of various cobalamin-producing strains
and species of LAB would benefit not only from future basic studies on cobalamin production,
but also from its application in the development of vitamin B;,-contained fermented products.

5. Biosynthesis of other B-group vitamins

Thiamine (vitamin B1) is a coenzyme in the pentose phosphate pathway that is required to
synthesize fatty acids, steroids, nucleic acids, and the aromatic amino acid precursors into
various neurotransmitters and other bioactive compounds essential for brain function [64].
Beyond its role as a necessary cofactor in the folate cycle, vitamin B6 (pyridoxine) also plays
an important role in amino acid metabolism, which makes it a rate-limiting cofactor in the
synthesis of neurotransmitters such as dopamine, serotonin, gamma-aminobutyric acid
(GABA), noradrenaline, and the hormone melatonin [64].

LAB fermentation in yogurt, cheese, and other fermented products was shown to result in
increased levels of riboflavin, folate, vitamin B12, niacin, and pyridoxine [65, 66]. Soy fermen-
tation with Streptococcus thermophilus ST5 and Lactobacillus helveticus R0052 or Bifidobacterium
longum R0175 also caused a small increase in thiamine and pyridoxine concentration that was
not statistically significant [67].

6. Biosynthesis of vitamin K

Vitamin K serves as a cofactor for the enzyme that converts specific glutamyl residues in a few
proteins to g-carboxyglutamyl (Gla) residues, aiding in the process. Humans obtain the daily
nutritional requirement for vitamin K through the dietary phylloquinone that exists in plants,
and, to some extent, through bacterially produced polyisoprenyl-containing compounds
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called menaquinones created in the human gut [68]. LAB were examined for their ability to
produce quinone compounds, as vitamin K occurred naturally in two forms, namely, K1
(phylloquinone) in green plants, and K2 (menaquinones) in animals and some bacteria [69].

7. Conclusions

The use of vitamin-producing strains provided a new perspective on the specific uses of
probiotics. Many food-grade bacteria overproduce B vitamins, including riboflavin (vitamin
B2), folate (vitamin B11), and cyanocobalamine (vitamin B12), which could allow them to
organically enrich raw food materials like soy, milk, meat, and vegetables with B vitamins,
preventing the need for additives. Thus, the food industry could take advantage of these novel
and efficient vitamin-producing strains to add nutritional value to fermented products and
save money in the process. Notably, vitamin metabolism pathways were shown in genes that
specified the biosynthetic enzymes for riboflavin, cobalamin, and folate production. It is
increasingly possible to identify potential vitamin-producing strains and interpret the
intertwined mechanisms for their biosynthesis, because of the expanding availability of
genome sequences, which could be used to expand the vitamin-producing capacities of the
human gut.
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Abstract

Food preservation through natural methods represents one of the concerns world-
wide to solve economic losses due to microbial decomposition of raw materials and
foodstuffs. However, public concern over the emergence of strains resistant to many
antibiotics, particularly pathogens such as E. coli and Salmonella sp. draw much attention
as new challenge in food industry is to find new alternative quality-control methods of
food products. In Ecuador, the lack of quality control, bad storage condition, and
insufficient preservation against spoilage bacteria had at higher extent repercussions on
food safety and security. The most frequent pathogens detected in fresh meat and drinks
along with traditional local food products, represent a serious problem producing
sizable food damage and associated diseases. The capacity of lactobacilli to inhibit
pathogens has been recently exploited to prevent microbial spoilage. Here we briefly
review the principal biopeptides (i.e., bacteriocins) of lactic acid bacteria, their main
mode of action, the classification, and its biotechnological applications. Moreover, we
discussed the preliminary results on the evaluation of antimicrobial activity of some
native lactic acid bacteria isolated from microbiota of Ecuador against frequent

contaminants found in the local market.

Keywords: lactic acid bacteria, biopreservation, bacteriocins, food pathogens, probiot-
ic
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1. Introduction

Lactic acid bacteria (LAB) are among the most favorable microorganisms known for their
probiotic properties and for the ability to produce antimicrobial compounds (i.e., bacteriocin,
organic acids, diacetyl, hydrogen peroxide) with inhibitory action of harmful bacteria growth
along with their critical role in food protection and health maintenance [1-3].

Nowadays, one of the biggest issues faced by the food-processing industry is contamination
with pathogens caused by poor maintenance and unhygienic sanitary behavior and insuffi-
cient attention to the handling and preservation, contributing greatly to decrease the quality
of products and also increase consummators foodborne illness in the population [4-6]. Thus,
the preservation through natural methods represents one of the main concerns at the global
level to solve economic losses due to microbial decomposition of raw materials and food-
stuffs.

With concomitant expansion of the research, commercial, food industry and medical sec-
tors, the field of biopreservation using probiotic bacteria is developing rapidly with accu-
mulation of many data about their benefits. The complete genome sequencing as well as the
identification of functional properties will further contribute to the reinforcement of most
powerful products with improved biotechnological characteristics. Although many bacteria
produce antimicrobial substances, the benefits of those produced by LAB is of particular
interest because of their Generally Recognized as Safe (GRAS) status, which acts as natural
biopreservative and natural flavor enhancers [3, 7-9]. Hence, the majority of antimicrobial
peptide-producing LAB are ideally suited to food applications. Therefore, the production of
bacteriocins by LAB is not only advantageous to the bacteria themselves but could also be
exploited as a tool of food industry to control undesirable bacteria in a natural manner, and
be allowable to the consumer.

As the main source of knowing LAB is represented by the human microflora and fermented
milk products, it would be more valuable to search for other sources of probiotic microor-
ganism, which might possess powerful properties and beneficial for either human health or
food preservation. During the last decade, extensive progress has been made with respect to
the isolation of LAB with highly antimicrobial properties as well as comprehension of bac-
teriocin structure and function, regulation, and immunity. Further investigations may help
to develop new methods for food preservation by direct comparisons between strains bac-
teriocin producers and non-produced isogenic strains. In this context, bacteriocin of LAB
would offer several benefits such as the use reduction of chemical compounds in food pres-
ervation. In this chapter, we will briefly review the main information about the role of bac-
teriocin of LAB in food preservation, their classification and mode of action along with their
biotechnological benefits. Moreover, we shall present the preliminary results on the evalua-
tion of antimicrobial activity of some native lactic acid bacteria isolated from microbiota of
Ecuador against frequent contaminants found in the local food market.
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2. Bacteriocins of lactic acid bacteria and their biotechnological
applications

Antimicrobial heterogeneous compounds (i.e., bacteriocine) are ribosomally synthesized
polypeptide or low-molecular-weight proteins (composed of 20-60 amino acid residues),
which, in case of LAB, are generally recognized as safe compounds [9]. They bind to the
receptor of the target cell, and their mode of action included pore formation, degradation of
cellular DNA, disruption through specific cleavage of 165 rRNA, and inhibition of peptido-
glycan synthesis [10, 11]. Bacteriocins being proteinaceous agents differ from most antibiotics
because they are rapidly digested by proteases in the digestive tract.

2.1. Types of bacteriocins

More than three hundred different bacteriocins have been described for the genera Lactobacil-
lus, Lactococcus, Leuconostoc, Pediococcus, and Enterococcus. These peptides are colorless,
odorless, and tasteless, and according to their molecular mass, thermo stability, enzymatic,
and sensitivity, the presence of posttranslational modified amino acids and their mode of
action are classified into four major groups [10-13].

Bacteriocins of Class I: They, known as lantibiotics, are small peptides of <5 kDa, heat stable that
acting on the membrane structure, and contain the thio-ester amino acids lanthionine and
methyllanthionine as well as other modified amino acids such as dehydrated serine and
threonine. From this class, the most studied bacteriocin is nisin produced by Lactococcus
lactis subsp. lactis and discovered since 1928 as being the first bioactive compound used in food
system as biopreservative [12]. According to their structural similarities, the lantibiotics were
divided into two subclasses. Subclass Ia, comprising positively charged peptides (i.e., nisin),
generally acts by forming pores in the cytoplasmic membrane of the target species. Subclass
Ib are peptides either negatively charged or no net charged, more rigid in their structure which
exert their action by interfering with enzymatic reactions of sensitive bacteria. The most
studied bacteriocins of class I are Nisin Z and Q, Enterocin W, and Nukacin ISK-1 [14-16].

Bacteriocins of Class II: They, known as non-lantibiotics, are heat-stable bacteriocins of variable
molecular weight, <10 kDa, containing in their composition regular amino acids. This class
was subdivided into four subclasses. Subclass Ila, comprising Pediocin PA-1 and Sakacin P, are
known for their antimicrobial activity against Listeria. Members of pediocin-like peptides have
a high degree of homology (40-60%), particularly at the N-terminal domain, containing
“pediocine box” or homologous region YGNGVXCXXXXCXYV, with two residues of cysteine
forming a disulfide bridge. Other known bacteriocins of subclass Ila are Enterocin NKR-5-3C
[17,18], Enterocin A [15], Munditicin [19], and Leucocin A [15]. Subclass IIb, comprising distinct
peptides with little or no activity, refers to two-component bacteriocins that require two
peptides to work synergistically. In this group are enclosed Lactacin F and Lactococcin G.
Subclass Ilc are small peptides, heat stable, and transported by leader peptides, comprising
Diverginin A and Acidocin B. Subclass 11d includes sec-dependent bacteriocins, and leaderless
bacteriocins are Lacticin Q [20], Z [21], Weissellicin Y and M [22], and Leucocin Q and N [15].
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Bacteriocins of Class III: They are larger peptides, about 430 kDa, heat liable comprising
Helveticins ] and V, Acidofilicin A, and Lactacins A and B.

Bacteriocins of Class IV: They contain modified peptides with either lipid or carbohydrate
components, or they form large complexes with other chemical moieties, lipids, or carbohy-
drates.

Regardless of many biotechnological applications, nisin remain the only commercial bacter-
iocin approved by World Health Organization Expert Committee on Food Additives and by
the US Food and Drug for its use in food industry [23]. Nisin is a 34 amino acid long peptide
of 5-kDa molecular weight, and its synthesis is a complex mechanism involving processes of
transcription, transduction, posttranscriptional modifications, secretion, and signs of trans-
duction [24]. There are two forms of nisin, A and Z known for their action against Bacillus and
Clostridium in processed cheese. Its lethal activity is close related with two important proper-
ties, cationic and hydrophobicity. However, small-size bacteriocins are active at different
ranges of pH (i.e., from 3.0 up to 9.0), and their high isoelectric point allows the interaction
with the anionic surface at the bacterial membrane at physiological pH values. Another feature
is heat stability related to the monosulfide and disulfide intramolecular bonds, which maintain
stable the secondary structure by reduction of the possible unfolded structures. This property
explains the high resistance to autoclaving conditions of some LAB bacteriocins [25]. For
example, Helveticin ] is inhibited after 1- to 15-min incubation at 60-100°C, but can be easily
recovered from bacterial culture. On the other hand, nisin has higher antimicrobial activity at
pH of 2.0-4.0, and has heated stability at 100°C for 10 min of incubation while at pH 7.0 it is
inactivated making this bacteriocin useful for food preservation [25].

Early studies showed that bacteriocins overcome different functions of the living cells, such
as transcription, translation, and replication, due to their variation in the chemical structure,
but most of them are acting by forming membrane channels or pores that destroy the energy
of sensitive cells [25]. Regarding their mode of action, it has been shown that they are effective
against Gram-positive bacteria and might be inefficient to inhibit Gram-negative organisms
[24, 26-28]. Have been proposed numerous mechanisms of action such as the inhibition of
spore germination as well as inactivation of anionic carriers through the formation of selective
and non-selective pores and alteration of enzymatic activity [26, 27]. The effect on sensitive
cells could be bactericidal or bacteriostatic depending on the dosage, degree of purification,
and physiological state on the indicator cells along with experimental working conditions [24].
They bind to the cell cytoplasmic membrane with harmful effects in different ways. Subclass
Ia bacteriocins are associated electrostatically with the negatively charged membrane phos-
pholipids, which allowed the interaction with the cytoplasmic membrane of the target cell
generating unspecific ionic channels. Inhibitory activity of subclass Ila is related to the presence
of the sequence YGNGYV at their N-terminus region. According to previous studies, some non-
lanthionine bacteriocins are more active at the lower pH [24, 26]. In case of subclass Ilc, the
mechanism of action is controlled by the presence or absence of intramolecular disulfide bonds.
For example, in case of lactococcin A, a bacteriocine without cysteine residues, the activity is
related to the pore formation on sensitive cell membranes, while, in cerein 7/8, activity
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decreases the osmolarity of growth culture suggesting that this bacteriocin acts at the mem-
brane level [25].

2.2. Genetics and biotechnological potential of LAB bacteriocins

Recent studies showed that almost all genetic determinants of bacteriocins are clustered in
operons or regulons and its production is controlled by the presence of extrachromosomal
elements such as plasmids [25]. Genes encoding for bacteriocins are located on the chromo-
some (e.g., subtilin), plasmids (e.g., divergicin A), or transposons (e.g., nisin). In general,
lantibiotic operons are more complex than non-lantibiotic ones because they need additional
genes encoding enzymes for posttranscriptional modifications. In case of nicin, the genetic
determinants are located on the conjugative transposon Tn5276 within the bacterial chromo-
some. Gene nisA has been sequenced and found as been part of a polycistronic operon [24].
Other genes presented in the nisin operon are nisB, nisl, nisR, and nisP. NisB contains several
putative transmembrane helical regions and appears to bind to artificial phospholipid vesicles
suggesting that the nisin synthesis occurs at the cytoplasmic region, while nisP appears to be
involved in the regulation of nisin biosynthesis. Another bacteriocin, lacticin 481, produced
by Lactococcus lactis had the genes on the transposon Tn5721 located on a 70-kb plasmid [24].

Most of the genetically characterized class II bacteriocin gene clusters are composed of three
gene modules: a module that includes the structural and immunity genes, a transport gene
module, and a regulatory gene module. The structural gene for the bacteriocin is cotranscribed
with the corresponding immunity gene located downstream, although there are exceptions to
this genetic organization. For example, in case of the non-lantibiotic bacteriocin, carnobacter-
iocin BM1 produced by Carnobacterium piscicola, while its structural gene is located on the
bacterial chromosome, its expression is dependent on the presence of a 61-kb plasmid, which
carries some of the genes required for the export and the immunity.

Pediocin-like bacteriocins of subclass Ila have a very complex structure, containing double-
glycine leader peptide, and are transported by ABC transporter. Among this class, few
bacteriocins pediocin such as PA-1, AcH, and sakacin A were most characterized [5]. Pediocin
PA-1 and pediocin AcH were produced by strains of Pediococcus acidilactici, possessing
plasmids with sizes 9.4 and 8.9 kb respectively, and Sakakin A was determined by a 60-kb
Lactobacillus sakei plasmid.

Although the expression of bacteriocin genes is regulated by external induction factors,
bacteriocins” production depends upon environmental conditions (temperature, pH, etc.).
Their use in food preservation offers several benefits: among them, it reduces the use of
chemical preservatives and decreases the elongation of heated treatments. Bacteriocins can be
produced in situ by the inoculation of the producer strain or can be produced ex situ and added
to the food as antimicrobial additives. However, the composition of the food matrix and the
interaction with other preservation factors affect its production and its activity.

In food industry, numerous control measurements to prevent or minimize pathogen contam-
ination, including good manufacturing practices, effective sanitation, and hygiene measures,
have been developed [29]. Nevertheless, despite these safety measures, foodborne outbreaks
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do occur frequently with particular concern on consumers health. Among food pathogens, L.
monocytogenes is extremely strong, surviving refrigeration temperatures and high salt concen-
tration. Other pathogens such as Salmonella sp. and E. coli are also frequently detected in
processed or fresh foods. Nowadays, many investigations are focused on discovering novel
bacteriocins for controlling the undesirable bacteria in food products [25, 29]. There is a need
to attract consumer attention to natural substances rather than conventional synthesis of
chemical one as protector against pathogens. As probiotics has been accepted in the market
for their beneficial properties, and in the same way, the bacteriocin-producing probiotic strains
should become attractive especially to natural food preservation.

Continued research on bacteriocins will undoubtedly lead to our increased understanding,
and with the emergence of new bacteriocins, new potential biopreservatives.

3. Antimicrobial activity of LAB strains isolated from native microbiota
of Ecuador

The presence of pathogens in many food products has become a serious problem worldwide.
During the last decade, several laboratories have worked towards the identification of novel
probiotic strains with better performance benefits such as novel attractive alternative antimi-
crobial methods to conventional ones [30-36].

Ecuador is known as country with large diversity of native unexploited resources. Some
regions were included recently in the governmental policy as important resources to be
exploited as reservoirs of unknown microorganisms that could become as potential areas of
highly interest for biotechnology research, food sovereignty, and security. The lack of quality
control, bad storage condition, and lack of preservation against spoilage bacteria had effect on
food safety and security. Among the most food pathogens worldwide due to the considerable
human rates of illness reported, Salmonella and E. coli remain the wide species detected in the
local food market in Ecuador. Most produced traditional foods, such as mote (a fermented
maize dish), handmade chees, and milk containing drinks, maintained in defective storage
conditions appear to pose significant number of pathogens; therefore, the risk of developing
diseases associated with food born pathogens is elevated. In this context, the aforementioned
problems identifying new alternatives for food biopreservation have become an attractive
approach to be considered. Some native wild plants and fruits derived have been recently
screened for the presence of probiotic LAB [37]. Preliminary investigation reveled the presence
of LAB showing probiotic potential (submitted manuscript). Probiotic bacteria, although not
anew concept, draw the attention of the scientific community for their highly potential to act
as natural food preservative. However, in this study, we present the results on the antimicro-
bial activity of ten LAB strains to select those with promising potential in biopreservation. A
preliminary characterization of the bacteriocin of selected LAB is also described.
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4. Materials and methods

4.1. Bacteria and sampling source of isolation

Sampling material consisting of native fruits and flowers has been collected without no specific
ethic permits. The reservation was located on subtropical humid mesothermal region of Santo
Domingo de Los Tsachilas Provence at 43 km away from Quito, the capital city. At the location,
the GPS points have been recorded and the location map was designed using the ArcGIS
software (a complete platform of GIS to create, analyze, store, and disseminate geographic
data, models, and maps) in order to track each sample in case of cross-contamination.
Approximately ten grams of wild orange, immature and mature berries, guayusa, strawberry,
achiote and flower inflorescence (Heliconia sp., Fucsia sp., Bromelia sp.) collected aseptically
were transferred in Erlenmeyer flasks (500 ml) containing sterile water (100 ml) and incubated
statically for up to 5 days at the room temperature. MRS agar [38] plates were used for the
inoculation, the samples were incubated under anaerobic conditions at 37°C for 72 h, and
isolated individual colonies were randomly selected and purified by replating on same
medium. The purified colonies (>100 colonies/each sample) were Gram stained and tested for
the mobility, indole production, catalase production, spore formation, and production of gas
from glucose. Cells morphology and colonial characteristics on MRS agar were examined, and
based on these results the colonies were preliminary classified as follows: (i) presumptive
lactococci, gram positive, coccal morphology, catalase negative, non-motile, and gas
production from glucose, and (ii) gram positive, with morphological aspect of rods, catalase
negative, non-motile, with and without production of gas from glucose, and presumptive
lactobacilli, stored at —80°C in 20% glycerol. Moreover, the API50CH strips (Biomerieux, Marcy
I"Etoile France, cat # 50300) were used for the metabolic characterization of the each isolate and
tentatively identified at genus level. Furthermore, the isolates selected for their probiotic
performance (bile tolerance, survival under acidic conditions, antibiotic tolerance, and salt
tolerance) were analyzed for their antimicrobial activity. As reference strain, Lactobacillus
fermentum CNCM 1-2998 (API50CH, 80% identity) recuperated from an available commercial
probiotic Lacteol Forte (Axcan Pharma, France) has been used.

4.2. Pathogens isolation

Food products consisting of chicken and cheese were purchased from the local market, and
standard bacterial culture media were used to screen and isolate the contaminants. However,
Salmonella sp. and Escherichia coli were identified in each food sample. The isolated and purified
bacterial cultures were further purified and used as indicator strain.

4.3. Antimicrobial activity of selected isolates

Antimicrobial activity was performed against both E. coli and Salmonella sp., using agar well
diffusion method under anaerobic conditions [1]. The LAB isolates were grown in MRS broth
at 37°C for 16 h, and the supernatants were collected by centrifugation at 13000xg for 20 min
sterilized using 0.22 um porosity filter. The indicator strains (100 pl) grown in broth medium
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(7log CFU/ml) were mixed with 1.5 ml of soft MRS agar (0.75%), were overlaid on the nutrient
agar plates, and incubated at 37°C for 2 h. The cell-free supernatant (100 ul) was spotted onto
the wells (7 mm) made on overlaid agar, incubated at 37°C, and subsequently examined for
inhibition zones at different intervals of time (18-24-36-48 h). The experiments were run in
triplicate, and the mean values of zone of inhibition were estimated. We considered that the
isolates had higher inhibitory activity when the diameter of zone of inhibition was higher than
>15 mm, intermediary activity when the zone of inhibition was 10-15 mm, and lower activity
when the diameter of zone of inhibition was lower than 7 mm.

4.4. The effect of different pH, heat, and detergents on antimicrobial activity

The pH of supernatant was adjusted to 3.0, 4.0, and 7.0 and then kept at room temperature for
4 h. To test heat sensitivity, 100 ul of culture supernatant was heated for 30 min at 30, 45, 60,
75, and 90°C. Residual activity of each isolate for different pHs and temperature was deter-
mined by the agar well diffusion method as described above for both indicator strains. The
resistant culture supernatants were further heated for 10, 30, and 60 min at 100°C. Another
batch of cell-free supernatants treated with 1, 2 and 5% Triton X-100 (BDH Chemicals Ltd,
Poole, England) and the same concentration of EDTA (Merck) were incubated for 30 min at
30°C. The activity was measured using agar well diffusion method [1].

4.5. Effect of chloroform on antimicrobial activity

To test the effect of chloroform on inhibitory activity, the culture supernatant of each sample
was mixed with an equal volume of chloroform and kept at room temperature for 4 h before
antimicrobial activity testing.

4.6. Statistical analysis

Statistical analysis was carried out by one-way analysis of variance, the means were separated
by Tukey post-hoc test, and the results were considered statistically significant at the p <0.05
level (SPSS version 10.0.6, USA).

5. Results and discussions

5.1. Screening of LAB isolates

Regardless of numerous probiotic strains presented in the market, there is an ongoing need
for the improvement of LAB strains to be used as starter cultures or to develop new natural
method for biopreservation; thus, LAB isolated from their natural environment (e.g., native
fruits, flowers) might possess unusual characteristics including phenotypic differences and
intraspecific variability compared to the known ones. In this investigation, we assumed that
acid-tolerant bacteria might be detected as the fermentation of raw material reached at about
pH 3.5. Figure 1 shows the distribution of biological material used as source of initial screening
of LAB.
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However, preliminary phenotypic analysis suggested the relatedness of the bacterial isolates
from wild-type fruits and mature inflorescence of several tropical flowers (>100 colonies/
sample) with LAB, which were affiliated to two larger groups: Lactococcus (54%) and Lactoba-
cilli (46%) genera. Furthermore, carbohydrate profiles conducted on ten randomly selected
isolates related to each type of biological material (sample of origin) assigned the selected
isolates as follows: UTNFa38, UTNFa40, and UTNFa41 were identified as Lactococcus lactis ssp.
lactis, with identity of 90-99%, the isolate UTNFa37, as Lactobacillus collinoides (99%), UTNFa39,
as Lactobacillus brevis 3 with 98% identity, while UTNFa19 and UTNFa23 were identified as
Lactobacillus paracasei ssp. paracasei 1 with 99.7 and 98.2%, respectively. The isolates UTNFa33
and UTNFal7.2 were identified as Lactobacillus paracasei ssp. paracasei 3 with 99.6 and 97.9%
identity, and UTNFa8.2 was identified as Lactobacillus pentosus with 98.3%. Table 1 presents
the classification of isolates on the basis of morphological, physiological and metabolic
properties. Similar to our study, numerous lactobacilli species (i.e., L. paracasei, L. pentosus)
were identified in different fruits and vegetables [39].

Strain code Cell form/cellular Specie assignation % of identity based
arrangement on API 50 CHL
UTNFal9 Coccus/single Lactobacillus paracasei ssp. paracasei 1 99.70
UTNFa38 Bacilli/rods/single Lactococcus lactis ssp. lactis 98.00
UTNFal7.2 Bacilli/rods/single Lactobacillus paracasei ssp. paracasei 3 97.90
UTNFa23 Bacilli/rods/single Lactobacillus paracasei ssp. paracasei 1 98.20
UTNFa8.2 Bacilli/rods/single Lactobacillus pentosus 98.30
UTNFa33 Bacilli/rods/single Lactobacillus paracasei ssp. paracasei 1 99.60
UTNFa39 Bacilli/rods/single Lactobacillus brevis 3 98.00
UTNFa40 Coccus/single Lactococcus lactis ssp. lactis 90.00
UTNFa41 Coccus/single Lactococcus lactis ssp. lactis 99.00
UTNFa37 Bacilli/rods/single Lactobacillus collinoides 99.00

Table 1. Classification of LAB isolates.

The antimicrobial activity of the selected strains was evaluated against two Selected foodborn
pathogens using agar-well assay. The zone of inhibition was easily visualized, and the mean
value of the inhibition zone was determined. The cell-free supernatants were considered as
crude bacteriocin. Among tested isolates, most of them showed elevated inhibitory activity for
both pathogen tested. Nonetheless, results from enzyme inactivation analysis demonstrated
that antimicrobial activity was lost or unstable after treatment with proteolytic enzymes such
proteinase K and trypsin, whereas catalase treatment did not affect the activity of antimicrobial
substance produced by the tested isolates, confirming its protein status. The sensitivity of the
found substance to proteolytic enzymes is a proof of its proteinaceous nature, which allows
considering as bacteriocin.
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Figure 1. Origin of sampling (geographical distribution according with ArcGIS software).
5.2. Effect of pH on inhibitory activity

The antimicrobial effect exerted by LAB strains is related to the production of lactic acid,
reduction of pH, and inhibitory compounds [39], has attracted much attention, and attributed
as important selection criteria of a probiotic microorganism [2, 33]. An elevated antimicrobial
activity against both food pathogens was observed at the pH 3.0 with the mean range value
of inhibition zone 15.25 mm (+0.5) of the supernatant of tested isolates. In Figure 2A, we
showed the mean value of inhibition zone displayed by each isolate at different pH towards
Salmonella sp. Although at the pH 4.0 no significant difference between the mean values of
inhibition zone was recorded, the mean range of inhibition zone was 13.58 mm (+1.24) for E.
coli and 12.09 mm (+2.04) for Salmonella sp., after 48 h of incubation. With the increase of the
pH, we observed a gradually reduction of the antimicrobial activity as no activity was recorded
at the pH 7.0 for all selected isolates as well as the reference probiotic. Figure 2B showed the
clear inhibition zone of two isolates UTNFa40 and UTNFa41 at the pH 3.0 and 4.0, and no zone
formation at pH 7.0.

Overall all selected isolates, in particular two isolates, UTNFa40 and UTNFa41, displayed
elevated inhibitory activity in comparison with the reference strain. Of course, the efficiency
and the nature of this antimicrobial activity have to be investigated. Recent studies showed
the importance of bacteriocin produced by the Lactobacillus pentosus ST712BZ strain isolated
from boza in the preservation of beverage products [3]. In other investigation, L. pentosus, a
bile-resistant strain, displayed bacteriocin activity against a wide range of spoilage and
pathogen bacteria [32]. In agreement with the studies, we showed that the isolate UTNFa8.2
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Figure 2. Antimicrobial activity towards Salmonella sp. (A) Mean value of zone of inhibition in mm recorded at tested
pHs (bars represent the means + SD). (B) The visualized clear zone of inhibition at pH 3.0, 4.0, and 7.0 of UTNFa41 and

UTNFa40.

assigned as L. pentosus, a bile, and acid-resistant strain displayed elevated antimicrobial
activity, which will further allow us to explore its biotechnological properties.

5.3. Effect of the heat, detergents, and chloroform on inhibitory activity

The inhibitory activity was not significantly reduced in case of the heat treatment. The mean
value of zone on inhibition varied at the incubation temperature of 30°C from 19 mm (+2.34)
towards Salmonella sp. and, respectively, from 20.18 mm (+3.72) towards E. coli. At the 60°C, it
varies from 16.33 mm (+2.92) towards Salmonella sp. and from 17.5 mm (+3.17) towards E.
coli, and at the 75°C it varies from 14.83 mm (+3.05) towards Salmonella and from 15.5 mm
(#3.27) in case of E. coli. The increase of temperature of 90°C showed a reduction of the
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inhibition zone was observed for both pathogens. Figure 3 shows the mean values of the
inhibition zone recorded after 30-min incubation at different temperature. At 100°C, after
30 min of incubation, two isolates were resistant and maintain its inhibitory activity.
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Figure 3. Mean values of zone of inhibition at different temperature of cell-free supernatant towards E. coli and Salmo-
nella sp. (bars represent the means + SD).

The heat stability could be an advantage when the strains are intended to be used as biopre-
servative of processed foods. Similarly, Todorov and col., showed that some bacteriocins
remain stable after incubation at 100°C for 120 min [34]. In other study, bacteriocin-like
substance of Lactobacillus fermentum KNO2 was strongly influenced by the pH and temperature.
The strain has the maximum productivity at the pH 2.0 and was resistant to heat at 100°C [40].

Due to their resistance to temperature and low pH, the bacteriocins would be digested by
human and animal peptidases, thus avoiding resistance and problems associated with the
presence of residues in feed and food [35]. However, at the treatment of the selected cell-free
supernatants with Triton-X 100 and EDTA, an increase in the inhibitory activity was recorded.
Anincrease with 5% of both Triton-X 100 and EDTA results in an increase of inhibitory activity
for some of the isolates. For example, Figure 4 shows the mean values of the zone of inhibition
recorded towards E. coli and Salmonella sp. after the treatment with 1, 2 and 5% Triton-X 100
for each strain tested. Similar studies showed that the heat does not have any effect on cell-
free supernatants activity as well as no effect on the inhibitory activity of the bacteriocins of
Lactobacillus sakei isolated from the fermented meat was observed after the treatment with
several detergents including EDTA and Triton-X 100 [35].

On the contrary, in our study, we observed an increase in the concentration of either EDTA or
Triton-X 100, and the inhibitory activity was elevated for most of the isolates. Figure 5A shows
the inhibitory activity towards Salmonella sp. by the appearance of the clear zone after treatment
of cell-free supernatant with different concentration of EDTA. In Figure 5B, the effect of EDTA
on antimicrobial activity towards Salmonella is shown. We observed an increase in the
inhibitory activity with the increase of the concentration of EDTA. However, a positive effect
of detergents in the antimicrobial activity of each isolate has been detected.
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Figure 4. The inhibition activity of the isolated strains towards Salnonella sp. (A) and E. coli (B) after the treatment with

Triton-X 100.
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Figure 5. (A) The appearance of the clear inhibition zone at different concentration of EDTA of isolates UTNFa23 and
UTNFa41 towards Salmonella sp. (B). The antimicrobial activity recorded as mean value of inhibition zone of LAB after
the treatment with 1, 2, 5% EDTA towards Salmonella sp.
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The antimicrobial activity of most of the isolates was lost in case of chloroform treatment of
the cell-free supernatants. Among analyzed strains, the isolate UTNFa38 and isolate UTNFa41
remained active towards E. coli as well as Salmonella sp., after the treatment with chloroform.
The mean value of inhibition zone was 10 mm for UTNFa38 and respectively, 11 mm for
UTNFa41 towards E. coli, while the mean value of inhibition zone was 9 mm for UTNFa38 and
12 mm for UTNFa41, towards Salmonella sp. The resistance to chloroform treatment and boiling
demonstrates the nature of low-molecular, non-lipid-containing bacteriocins. Eight isolates were
identified as lipid-containing bacteriocins because of their sensitivity to chloroform. Similar
studies showed the broad spectrum of inhibitory activity of Lactobacillus paracasei subsp.
paracasei isolated from natural homemade cheese [41]. Besides several Lactobacillus strains from
different species, the bacteriocin from L. paracasei ssp. paracasei also inhibits the growth of
various pathogenic bacteria such as Streptococcus, Staphylococcus, Shigella, Listeria, and
Pseudomonas.

The stability of crude cell supernatant of each selected LAB to different conditions reflects that
these compounds would remain effective in the processing of foods [42]. Recent investigation
showed the broad spectrum of inhibitory activity towards Pseudomonas of some bacilli isolated
from onion and fresh-cut salads [43]. In other work, it has been demonstrated the antimicrobial
activity against spoilage pathogens of some LAB isolated from mango pulp [44]. The six
isolated strains had inhibitory effects on sensitive bacteria including E. coli, demonstrating the
potential of usage of this compound as a preservative in mango or fruit pulp industry. In
similar work, several LAB isolated from foods and spoilage halotolerant bacteria isolated from
charqui, a Brazilian fermented, salted meat product. The bacteriocin of Lactococcus lactis subsp.
lactis (L. lactis 69) inhibited, in vitro, Listeria monocytogenes, S. aureus [45]. In our study, the
resulted data revealed a wide spectrum of inhibitory activity against two food pathogens of
some LAB isolated from natural microbiota of Ecuador, and shall further characterize and
determine its molecular size and mode of action, as well as its effectiveness as a biopreservative
in different food products as such or in combination with other methods.

6. Conclusions

Bacteriocins produced by genera Lactobacillus or other genera have been reported. Neverthe-
less, the studies in the field of natural food biopreservation are conducted to an increasing
extent. As consumers are more concern about the food quality along with their refusal of
chemical additives, there is a growing demand for alternative antimicrobial treatments and
bioactive compounds such as bacteriocins from lactic acid bacteria are well-accepted natural
means of selective microbial inhibition.

However, characterization of specific microbiota would further contribute substantially to
gain better knowledge for the improvement of current commercial probiotic strains. The
studies conducted up to date indicate that interest on bacteriocins will be high. Thus, all the
studies carried out on novel bacteriocins are important to propose new alternatives in food
preservation.
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Abstract

Fructooligosaccharides (FOS) are considered prebiotic compounds and are found in
different vegetables and fruits but at low concentrations. FOS are produced by enzymat-
ic transformation of sucrose using fructosyltransferase (FTase). Development of new
production methods and search for FTase with high activity and stability for FOS
productionIsanactual research topic. In this article is discussed the most recent advances
on FTase and its applications. Different microorganisms have been tested under various
fermentation systemsin order toidentify and characterize new genes codifying for FTase.
Some of these geneshavebeenisolated frombacteria, fungi, and plants, withawiderange
of percentages of identity but retaining the eight highly conserved motifs of the hydrolase
family32glycoside. Therefore, thisarticlepresentsanoverview of themostrecentadvances
on FTase and its applications.

Keywords: Enzyme production, Fructooliogosacarides, Fructosyltransferase, 1-kes-
tose, 1-nystose, 1-B-fructofuranosyl nystose

1. Introduction

At the present time, there is a growing consumer demand for healthier and calorie-controlled
foods. For this reason, food industry has developed different alternatives for sweeteners, and
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among them is the fructooligosaccharides (FOS). Use of these compounds offers multiple health
advantages. FOS are fructose oligomers with a terminal glucosyl unit and a general formula of
GFn; where typical values of n are 2—4 and are composed of sugars units such as 1-kestose, 1-
nystose, and 1-  -fructofuranosyl nystose, which can be found in different fruits and vegeta-
bles, butinverylow concentrationstoexertabeneficialeffectonhealth.Inaddition, its production
islimited by seasonal conditions [1]. FOS cannot be hydrolyzed by the gastrointestinal enzymes
and are recognized as prebiotic which selectively stimulate growth and/or activity of bifido-
bacteria and lactobacilli, microorganisms that promote benefits to human health [2, 3].

FOS can be produced by the action of different types of enzymes with transfructosylation
activity (i.e., fructosyltransferase—FTase [EC 2.4.1.9] and/or p-fructofuranosidase—FFases
[EC 3.2.1.26]). These enzymes are obtained from different plants and microorganisms [4]. The
reaction mechanism of FTase depends on enzyme source [5]. Most of these enzymes have been
isolated from different fungal strains such as: Aureobasidium spp., Aspergillus spp., Penicilli-
um spp., and Fusarium spp. [6]. However, different FTases from bacterial (Bacillus macerans,
Lactobacillus reuteri, and Zymomonas mobilis) species have been also reported [7].

2. FTase: an overview

FOS can be synthesized in nature by the catalytic action of enzymes with transfructosylating
activity. They are classified as 17-FTases (E.C. 2.4.1.9, E.C. 2.4.1. 99, and E.C. 2.4.1.100), or 3 -
FFases (, E.C. 3.2.1.26). FTase catalyzes the transfer of a fructosyl group to a molecule of sucrose
or a FOS when a FOS with a chain longer by one fructosyl unit is formed [8]. This enzyme also
mediates polymerization reactions, where degree of polymerization (DP) decreases to the
maximum by transferring fructosyl units from higher molecular mass fructans [9]. The reaction
mechanism of the FTases depends on the enzyme source. In plants and some microorganisms,
a series of enzymes act together, whereas a single enzyme works in most of the microorganisms
[10].

The FTase that converts sucrose to the shortest 3 (2-1) linked fructan 1-kestose is called sucrose:
sucrose 1-FTase (1-SST) [11]. It is reported that, FTase differs in molecular weight and prop-
erties depending on its origin [12]. Properties of FTases can change according to the microor-
ganism and culture medium composition, especially the carbon source, which can play a role
as an inductor [1]. FTase can be produced intra- and/or extracellular by different microorgan-
isms, including bacteria and fungi. Despite the large number of microbial FTase producers,
only some of them have the potential for industrial application and have been used in several
studies about FOS production [1]. The transfructosylating activity is responsible for FOS
production from sucrose, although quantitative differences exist because of the microbial
strains [13].

FTase has been produced using both solid and liquid fermentation, and FOS obtained by these
fermentations have been reported. Factors affecting FOS by fermentation were mentioned,
such as temperature, pH, and substrate concentration [14, 15]. FTase has a temperature
optimum between 50 and 60°C, and the optimal pH is between 4.5 and 6.5 [1, 8].



Fructosyltransferase Sources, Production, and Applications for Prebiotics Production
http://dx.doi.org/10.5772/62827

2.1. Mechanism of action

The reaction mechanism depends on the enzyme source and purity. The accepted mechanism
is a type disproportionate reaction where FTase catalyzes the transfer of a fructosyl moiety of
a sucrose or fructooligosacharide donor to another sucrose or FOS acceptor to provide a
superior FOS [1]. The reaction mechanism has been expressed as follows:

GFn+GEGF

n+l

GF,_n=1-3

where GF is sucrose or FOS # is the number of fructosyl units.

3. Microbial and plant FTases

Several fungal strains, especially those from Aspergillus genus, are known to produce extrac-
ellular or intracellular FTase. The microbial FTase (Ftase; E.C. 2.4.1.9) catalyses formation of
FOS from sucrose; FTases obtained from microorganisms are single enzymes with both
transferase and hydrolase activities [12]. Some of the fungi reported as FTase producers are
the following: Aspergillus niger ATCC 20611 [13], A. niger strain AN 166 [16], Aspergillus
foetidus [17], Aspergillus oryzae CFR 202 [15, 18-20], Aureobasidium pullulans CFR 77 [18], A.
oryzae KB [21], and Aspergillus awamori GHRTS [22]. Some of these fungal strains have the
capacity to produce two types of FTases (Table 1). The enzymatic activity is different because
it depends on carbon source and type of microorganism. The FFase with a high transfructo-
sylating activity has been studied extensively in A. niger because this fungal specie is used for
industrial production of FOS. A. niger AS0023 produces two types of FFases, and one of the
enzymes has high transfructosylating activity [24].

Source FTase Activity Temperature Reference
Aspergillus niger YZ59 Recombinant Ftase 1020 U/ml 55°C [23]
Aspergillus awamori GHRTS 6120 U/gds 30°C [22]
Aspergillus oryzae CFR 202 16.5 U/ml/min 30°C [19]
Aspergillus niger 107.87 U/mL 30°C [16]

Table 1. Microbial FTases produced by filamentous fungi, its activity, and fermentation temperature of the maximum
enzyme activity reached.

Bacterial strains have been reported to produce different inulinases, but reports on enzymes
able to produce FOS are scarce from bacterial strains. Someone bacteria mentioned to produce
these enzymes are the following: B. macerans, L. reuteri, and Z. mobilis [7].

The FTases obtained from plants have other amino acid composition that is different from
microbial FTases such as sucrose: sucrose 1-FTase (1-SST) and fructan: fructan 1-FTase (1-FFT).
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Plants such as Cichorium intybus and Helianthus tuberosus produce high levels of FTases such
as 1-SST, (EC. 2.4.1.99) [10]. In 1995, Ftase were isolated and purified from barley (Hordeum
vulgare) [25].

4. Structure of FTase

According to the Protein Data Bank (PDB) of Research Collaborators for Structural Bioinfor-
matics (RCSB) data base, the crystal dimensional structure of FTase from Aspergillus japoni-
cus comprises 632 residues that fold into two domains, with a N-terminal five-blade-propeller
(residues 21-468), and a C-terminal sandwich domain (480-653), which are linked by a 9-
residue short-helix (469-479) [26].

5. FTases properties

5.1. Factors affecting FTase activity

Fructosyltransferase (FTase) participates on FOS/fructan production by catalyzing the transfer
of a fructose unit from one sucrose/fructan to another [26]. This enzyme has been included in
the glycoside hydrolase family 32 (GH32) and has been isolated from different sources, and
the optimal conditions for the enzyme activity have been reported (Table 2). The optimal
temperature reported for FTase enzyme activity ranges from 52 to 65°C, while the optimal pH
varies widely from 4.5 to 8.0 [27, 28]. There are different reports mentioned about the chemical
reagents and amino acids that positively affect FTase activity [29, 30]. On the other hand, there
is a controversy in the use of detergents—some authors mention that these compounds
enhance FTase activity [29], and in contrast there are others who mention that these com-
pounds negatively affect FTase activity [27].

Source Temperature pH Positive effect Observation References
Aspergillus sp. 52°C 4.5 FeSO4, Fe2+, Fe2+ Ca2+ Intra- and extracellular [27]
Marine 65°C 8.0 Intracellular [28]

Aspergillus niger
Aspergillus 60°C 5.0-7.0 Dithiothreitol, [29]

aculeatus 2-mercaptoethanol,

sodium dodecylsulphate,

Tween 80
Penicillium 55°C 55 Leucine induced slightly Intra- and extracellular [30, 31]
purpurogenum extracellular production

Table 2. Optimal conditions for FTase activity from different microbial sources.
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5.2. Carbon and nitrogen sources

Different reports mentioned that the preferred carbon source to produce FTase is sucrose. Patil
and Butle [31] indicated that Syncephalastrum recemosum Cohn preferred sucrose to produce
FTase. Similarly, Dhake and Patil [30] employing Penicillium purpurogenum found that the best
carbon source for FTase production was sucrose. The complete hydrolysis of this carbohydrate
was reported by Kumar et al. [28] who used a marine A. niger strain to degrade sucrose, and
the product consisted entirely of D-fructose, although different products from sucrose
hydrolysis have been reported depending on the FTase enzyme origin. A recombinant FTase
from timothy (Phleum pratense L.) and expressed in Pichia pastoris produced linear 3 (2, 6)-linked
levans from sucrose [32]. While recombinant FTase from L. reuteri for sucrose hydrolysis was
used, large amounts of FOS with _(231)-linked fructosyl units, plus a high-molecular-weight
fructan polymer (>107) with _-(231) linkages (an inulin) were found [33]. Amount of sucrose
in the fermentation reactor may alter the final product. Ghazi ef al. [29] found that FTase from
A. aculeatus at elevated sucrose concentrations showed a high transferase/hydrolase ratio. The
kcat and Km values for transfructosylating and hydrolytic activities vary. Ghazi et al. [29]
modified sucrose using a microbial FTase and found transfructosylating activity of
1.62 +0.09 x 104 s — 1 for kcat and 0.53 + 0.05 M for Km, whereas for hydrolytic activity, the
kcat and Km values were 775 + 25 s — 1 and 27 + 3 mM, respectively. On the other hand, the
best nitrogen source to produce FTase by S. recemosum Cohn is ammonium nitrate [31].

5.3. FTase biochemical properties

Biochemical properties of FTase may change depending on its origin. Ghazi et al. [29] reported
a dimeric glycoprotein with 20% of carbohydrate content and a molecular mass of around
135 kDa from A. aculeatus. In contrast, a FTase from A. foetidus was found as extensively
glycosylated, with a probable active form of a dimer of identical subunits and an apparent
mass of 180 kDa [34]. On the other hand, a FTase which catalyze formation and extension of
P-2, 6-linked fructans in barley (H. vulgare L.) was mentioned to occur in two closely similar
isoforms having both of them two subunits with masses of 49 and 23 kDa [25].

Chuankhayan ef al. [26] sequenced a recombinant FTase from Aspergillus japonica. In this case,
they found that this enzyme comprises two domains with an N-terminal catalytic domain
containing a five-blade-propeller-fold linked to a C-terminal-sandwich domain. In addition,
the same authors reported four substrate-binding subsites (1-3) in the catalytic pocket with
shapes and characters distinct from those of clan GH-J enzymes; in this step, they used different
FTase mutants. The residue Asp-60 was proposed for nucleophile, Asp-191 for transition-state
stabilizer, and Glu-292 for general acid/base catalyst, which govern the binding of the terminal
fructose at the 1 subsite and the catalytic reaction. Although to define the 1 subsite for FTase
preference of fructosyl and glucosyl, moieties are needed, the residues Ile-143, Arg-190,
Glu-292, Glu-318, and His-332 combine the hydrophobic Phe-118 and Tyr-369. On the one
hand, to define the _2 subsite for raffinose, Ile-143 and GIn-327 are required, on the other hand,
Tyr-404 and Glu-405 are needed to define the 2 and 3 subsites for inulin-type substrates with
higher structural flexibilities.
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6. FTases gene organization

Genome sequence of different microorganisms and vegetables has allowed identification of
some enzymes, development of new products, improvement of strains, and increase of process
efficiency. There are some reports of isolation and cloning of the FTase gene. The genes coding
for FTase have been isolated from bacteria, fungi, and plants, with a wide range of percentages
of identity but retaining the eight highly conserved motifs of hydrolyses family 32 glycoside
[35]. Fungal FTase genes have been isolated mainly from Aspergillus strains (Table 3), although
there are reports about Ftase genes from other fungal genera [37].

Source Enzyme Bp Intron Size Molecular Amino acids References
weight

Aspergillus FTase 1620 172-224 57 kDa 525 [35]

oryzae N74

Aspergillus FTase 1.6kb  59.1kDa 537 [34]

foetidus

Aspergillus FTase 19kb 76 kDa [36]

niger

Table 3. Characteristics of different FTase genes and its enzyme.

The gene that encodes A. oryzae N74 FTase accounts for a 525 amino acids protein of 57 kDa,
with a signal peptide of 17 amino acids. Alignment of genomic and mRNA sequence from A.
oryzae N74 strain showed the presence of a 52 bp intron located between 172 and 224 bp [35].
Other authors mentioned that the FTasa was partially purified using a three-step procedure
involving anion exchange chromatography, hydrophobic interaction, and ultrafiltration. The
A. sydowi IAM 2544 FTase gene was expressed in conidia; the gene encodes a protein with a
calculated molecular mass of 75 kDa and comprises 682 amino acids [38]. Genes of Aspergil-
lus FTases are more homogeneous with a size ranging from 1.6 kb to 2 kb and coding for
enzymes about 500-600 amino acids long.

7. Fructooligosaccharides

FOS is a common name for fructose oligomers and corresponds to complex carbohydrates
which are nondigestible oligosaccharide food ingredients and are fermentable by the gut
microbiota. For this reason, they can be classified as prebiotics, and its commercial production
has increased in response to a growing consumer demand for the so-called “health foods” [16,
39]. FOS are mainly composed of 1-kestose (GF2), 1-nystose (GF3), and 1- 3-fructofuranosyl
nystose (GF4), in which 1-3 fructosyl units (F) are bound at the  (2-1) status of sucrose
molecule (GF) (Figure 1) [4].
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Figure 1. Chemical structures of the most common FOS, where (a) 1-kestose, (b) 1- nystose, and (c) 1-f fructofuranosyl
nystose.

FOS can be found in several vegetal sources such as tomato, onion, barley, garlic, Jerusalem
artichoke, banana, rye, honey, sugar beet, to name a few; however, FOS concentration in these
sources is low, and mass production are limited by seasonal conditions [3, 4]. At the industrial
level, FOS are mainly produced from the disaccharide sucrose by action of different microbial
enzymes with transfructosylating activity such as FTase (EC 2.4.1.9) and/or p-fructofuranosi-
dase (EC 3.2.1.26), [4]. Moreover, FOS compounds have received a generally recognized as safe
status (GRAS) from the Food and Drug Administration (FDA) and has been consumed because
of the several benefits of FOS to human health such as calorie-free and noncariogenic sweet-
eners, stimulate bifidobacteria growth, and activation of the immune system; have been
claimed to contribute to the prevention of colon cancer and reduce the levels of serum
cholesterol, phospholipids, and triglycerides; also promote calcium and magnesium absorp-
tion in animals and the human gut [14, 19, 22, 40, 41].

Dominguez et al. [7] reported that FOS have low sweetness intensity as they are only about
one-third as sweet as sucrose, they supply small quantities of power, about 0-3 kcal/g sugar
substitute. Other authors mentioned that FOS are about 0.4-0.6 times sweeter than sucrose and
are considered as noncariogenic since no compounds are produced when polyglucanes are
passing through the mouth [37]. These last properties are very useful in types of foods in which
sucrose use is limited because of its high sweetness [7].
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7.1. FOS production

Production of FOS has received particular attention in recent years, so there is necessity for
the development of new enzymatic systems [42]. FOS represent one of the major classes of
bifidogenic oligosaccharides in terms of production volume. Kestose and nystose are the main
prebiotic compounds, which can be principally produced by hydrolysis of inulin or by
transfructosylation of sucrose [24]. The enzymes that are potentially useful for high production
of FOS were reported about three decades ago. Hidaka et al. [13] reported an A. niger enzyme
with transfructosylating activity which reached a maximum FOS conversion of 55-60% (w/w)
based on total sugars, and this enzyme was successively used for industrial production of FOS.
Almost at the same time, McCleary et al. [43] investigated the other A. niger enzyme with
transfructosylating activity, which could compete with other enzymes for industrial produc-
tion of FOS because of its considerably high activity. Chien et al. [39] mentioned a FOS
production process using A. japonicus enzymes, while Antosova et al. [44] reported a FOS
production process using enzymes from A. pullulans CCY 27-1-1194.

8. Use of FTAse for FOS production

FOS have demonstrated important properties for improving human health, thus they have
attracted an increased interest mainly as ingredients for food applications. They contribute to
10% of the natural sweeteners, and their demand has risen rapidly (about 15% per year) in the
last 15 years [45]. Consequently, establishing sustainable and economically viable industrial
process for the production of FOS with high yields and productivities is strongly desirable [46].
These can be manufactured by three methods: (1) extraction from inulin-rich plant materials,
(2) by enzymatic synthesis from sucrose, and (3) by enzymatic degradation of inulin [45, 47].
Most of the FOS marketed as food ingredients/nutritional supplements are synthesized either
from sucrose by the action of FTases [48, 49] or by enzymatic degradation of inulin [50, 51]. In
this section, we will discuss the production of FOS through FTase.

Commercial production of FOS was first developed using enzymatic fructosyl transfer on
sucrose by Hidaka et al. [52], and since then, (3-fructofuranosidase has been isolated especially
from fungi: A. niger [13, 53], A. japonicus [54, 55], A. oryzae [21, 56], A. pullulans [57, 58], and
Fusarium oxysporum [59].

Nowadays, to reduce cost, enzyme immobilization techniques have been applied. Fungal -
fructofuranosidase has been covalently immobilized onto inorganic supports such as porous
glass or porous silica [54, 60]. Aspergillus FTase was immobilized in methacrylamide-based
polymericbeads and various linocellulosic materials to produce FOS from sucrose [55]. Ganaie
et al. [49] evaluated immobilization of Aspergillus flavus FTase with sodium alginate and
chitosan forming gel bead for continuous production of FOS, showing that recycling efficiency
of alginate beads was more successful as compared to chitosan beads. In addition, formation
of FOS by FTase entrapped alginate beads was higher than by chitosan beads in 36 h of enzyme-
substrate reaction according to HPLC analysis (66.75 and 42.79%, respectively).
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However, it has been observed that enzymes immobilized on a porous support decrease
apparently its enzymatic activity because of diffusion resistance. Instead, the use of magnetic
nanoparticles is proposed, which offers (a) a higher specific surface area that permits binding
of a larger amount of enzyme, (b) relatively low mass transfer resistance and (c) selective
separation from a reaction mixture by application of a magnetic field [61, 62]. Chen et al. [63]
evaluated that 3-fructofuranosidase from A. japonicus was immobilized in Fe;O,-CS nanopar-
ticles, retaining up to 88% of its activity. The recovery of enzyme activity was inversely
proportional to enzyme concentration. The main oligosaccharide products were 1-kestose and
nystose. After 10 days, it was observed that the consumption of sucrose appear to have stopped
because of the accumulation of glucose, which inhibited transfructosylating reactions [64]. The
immobilized enzyme can easily be recovered by applying a magnetic field and reused it for
FOS production.

Another alternative for FOS production is the use of solid-state fermentation (SSF). Most
investigations on FOS production are based on submerged fermentation systems, but SSF is
attractive because of low capital cost and low demand of water, generating less wastewater as
a consequence. Besides, higher productivities and yields could be obtained at industrial scale
[14]. Mussatto et al. [46] evaluated the economic and environmental impact of three different
fermentation processes for FOS production: (1) submerged fermentation of sucrose solution
by A. japonicus using free cells (FCF) or (2) using immobilized cells in corn cobs (ICF), and (3)
SSF using coffee silver-skin as support material and nutrient source (SSF). In this study, an
annual productivity goal of 200 t was established. Based on parameters such as productivity,
product concentrations, yields, and thermo-physical data, SSF was the most attractive process
with higher annual productivity of FOS (232.6 t) and purity (98.6%) against 148.9 t and 96.6%
for FCF and 158.3 t and 98.4% for ICF. The SSF also produced greater amounts of the shorter
chain FOS (GF2 and GF3), which have more prebiotic activity and stronger sweetness [65].
Although, the three processes are economically feasible, SSF has the highest potential to be
implemented on an industrial scale not only because of productivity and purity but also
because of the lowest payback time, wastewater generation, carbon footprint, and highest
annual profit.

9. Properties of FOS

General structure of FOS can be depicted as GFn, where “n” is the number of fructosyl units
(F) that are bound by 3 (2—1) position of sucrose with the last one attached to a terminal glucose
(G) [51]. FOS produced from sucrose have lower DP (DPe4) than those from inulin (DP > 9)
[47]. This is relevant because DP plays an important role in the gut fermentation of FOS. The
short-chain FOSs are fermented by the bacteria present in the proximal colon, while the long-
chain FOS are fermented in distal colon [66]. Structurally, FOSs produced from sucrose are
kestose (GF2), nystose (GF3), and 1-B-fructofuranosyl nystose (GF4).

FOSs contain several qualities that make its usage possible as an alternative sweetener in the
food market. They are water soluble and one-third as sweet as sucrose [67]. However, their
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viscosity and thermal stability is higher than sucrose. They are stable in a pH range from 4.0
to 7.0 and can be refrigerated for a period of one year. Their high moisture-retaining capacity
provides prevention of excessive drying besides controlling microbial contamination owing
their low water interacting activity [68].

They can be considered as noncariogenic sugar substitutes in confectionary, gums, and drinks
since they cannot serve as a substrate of Streptococcus mutans, Lactobacillus acidophilus, and other
bacteria to form insoluble [-glucans implicated in plaque formation, which causes dental
cavities [69]. As FOSs possess B-configuration in anomeric carbon, C, in the fructose mono-
mers, they are nondigestible by human digestive enzymes which are mostly specific for a-
glycosidic bonds and therefore, are not utilized as energy source in the body [70].
Consequently, they are safe for consumption by diabetics [65, 71, 72].

10. FOS as prebiotic

The most widely used definition for prebiotic is “nondigestible food ingredient that benefi-
cially affects host’s health by selectively stimulating the growth and/or activity of one or a
limited number of bacteria in the colon” [73]. In 2004, the definition was updated, and it was
defined as “selectively fermented ingredients that allow specific changes, both in the compo-
sition and/or activity in the gastrointestinal microbiota that confers benefits upon host well-
being and health” [74]. According to this, prebiotics are a major part of the functional foods
and among them, the FOS are in focus due to their functional properties and economical
potential [65, 75].

A prebiotic must fulfill three criteria: (1) no hydrolysis or absorption in the upper part of the
digestive system, (2) selective substrate for one or more desired bacteria species in the colon
and stimulation of that species regarding growth and activation and (3) able to positively
influence the numeric proportion of different bacteria species in the colon [76]. FOS selectively
stimulates the growth of Bifidobacteria and Lactobacillus sp. in the colon, and these bacteria show
commensalism association in the host body. These colon-specific anaerobic bacterial groups
degrade FOS producing short-chain fatty acids (SCFA) such as acetate (C2), propionate (C3),
and butyrate (C4), decreasing colon pH and subsequently enhancing the absorption of mineral
ions (Ca* and Mg?*) and nutrients in the host body [77, 78].

Many Bifidobacteria and Lactobacillus sp. are resistant to acidic pH, but it is harmful to those
antagonist bacteria in colon like Clostridium sp. [79]. Furthermore, compared with other
anaerobes in the gastrointestinal tract, lactobacilli and bifidobacteria have enzymes with lower
activities, such as 3-glucosidase, -glucuronidase, urease, azoreductase, and nitrate reductase,
which are involved in the formation of mutagens and carcinogens [80].

Antiinflammatory and antitumorigenic roles of SCFA have been reported [81, 82]. As a result
of the prebiotic function, a decrease in inflammatory markers such as phagocytosis and
interleukin (IL)-6 production by increasing CD*, CD*, and CD¥ populations has been
observed [83]. In case of antitumorigenic roles, especially in the context of colon cancer, the
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action mechanism is yet unclear [80]. However, it is known that butyrate has an important role
on DNA methylation thus modifying gene expression so it may directly enhance cell prolif-
eration of normal cells, but suppress cell proliferation of transformed cells. Furthermore, in
the presence of butyrate, apoptosis may be enhanced in transformed cells but inhibited in
normal cells [84]. Thus, the regular intake of FOS as a part of diet could help to improve health
and over all well-being by providing resistance against the intestinal/extra intestinal patho-
gens, enhancing the growth of the colon microbiota which have metabolic activities and
biochemical processes with a tremendous influence in human host [85].

11. Applications of FOS

FOS are components of functional food that are becoming popular in the society because they
have a potential for enhancing flavor quality and physicochemical properties of food products,
besides FOS offer various benefits for human health and are also of industrial interest [34].
FOS are used in different food applications and other areas because of its positive impact on
human health, physical performance, or state of mind [12], and the most relevant uses in food
formulations are the following: beverages (fruit drinks, coffee, cocoa, tea, soda, health drinks,
and alcoholic beverages), dairy products (fermented milk, instant powders, powdered milk,
and ice cream), also in light jam products and confectionary [86].

12. Functional foods

The growing interest of consumers in the relationship between nutrition and health has
increased demand among the population for food products that improve or benefit their health
beyond basic nutrition [87, 88]. Because of this demand, both the academic community and
the food industry have focused on developing products that meet these characteristics, which
are now called functional foods.

The term “functional foods” was first coined in Japan after a group of scientists and nutrition-
ists conducted numerous studies and defined them as “Food for specified health uses”
(FoSHU) [89]. Though there is a great number of definitions, Doyon and Labrecque [90]
identified four key concepts after reviewing more than 20 definitions: (a) health benefits, (b)
the nature of the food, (c) level of function, and (d) consumption pattern. The definition of
functional food has evolved, and the latest is that proposed by the European Commission for
concerted action Functional Food Science in Europe (FUFOSE) that mentions that “a food can
be regarded as ‘functional’ if it is satisfactorily demonstrated to beneficially effect one or more
target functions in the body, beyond adequate nutritional effects, in a way that is relevant to
either an improved state of health and well-being and/or reduction of risk of disease. Func-
tional foods must remain as food and they must demonstrate their effects in amounts that can
normally be expected to be consumed in the diet: they are not pills or capsules, but part of a
normal food pattern” [91, 92].

179



180 Probiotics and Prebiotics in Human Nutrition and Health

The challenges for the food industry are great so that the biological value of the functional
ingredient is not disturbed and sensory characteristics of the food are acceptable [93]. Accord-
ing to various investigations, the success and acceptance of these foods is influenced by factors
such as clarity and understanding of the information about nutrition and health benefits that
are provided to consumers, especially in elderly consumers [87].

Experts recognize that there are scientific evidence on the effectiveness of various functional
foods, which can be useful to balance a poor diet or assist in avoiding health problems in some
cases [94]. In general, the consumers’ attitude towards functional foods is positive and have
great potential in the food industry.

13. Applications of FOS in food formulations

FOS are ingredients that have been applied in a variety of food matrices, their prebiotic
potential has been proven, and its technological properties allow easy incorporation into foods,
mainly those that are probiotics [95]. The FOS have comparable glucose syrups and sugar
properties and proved approximately a 30-50% sweetness compared with sugar table.
Therefore, their application has a dual benefit: (1) as a substitute for sugar and (2) for their
prebiotic properties [96].

Akalin and Erisir [97] evaluated the effect of supplementation of oligofructose or inulin in
symbiotic ice cream, in the rheological properties and probiotics survival. They found that the
survival rate of the probiotics during storage at 30, 40, and 90 days was better with oligofruc-
tose. The FOS were evaluated in cookies and Quicks bread and found that consumers had
preference equal to or greater for products supplemented with FOS [96, 98]. Although the FOS
are easy to incorporate into foods such as yogurt, processing conditions such as acidity and
temperature should be considered since they have reported low prebiotic activities under
acidic conditions and high thermal processing times [95].

New applications in different food matrices are being evaluated. Valencia et al. [99] supple-
mented a creamy milk chocolate dessert with FOS and probiotics. They found positive results
in the consumer acceptability test and in the survival probiotics. Moreover, in a cooked ham,
FOS as substitutes of dextrose were added; the appearance of the ham did not change and the
addition of FOS in ham transformed it into a healthier product [100].

Thereis an innovative trend in the FOS application in different types of food and, undoubtedly,
to maximize the benefits that can confer the FOS, factors as type of food matrix, processing
conditions, and added amount should be considered.

14. Future trends

Because of the importance of this enzyme in the modern industry, it is important to relate a
set of FTases from different organisms to allow the identification of features that could be used
for the identification and classification of new FTases, and also it is necessary to improve the
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conditions and costs of FTases production process. Further studies of gene sequencing will
allow distinguishing among the set of FTase and {3 FFase enzymes.

15. Conclusions

The studies on production and application of FOS are of high interest for food industry be-
cause of several health benefits and biofunctional properties that these compounds provide.
FOS can be synthesizing from precursors such as sucrose using FTase enzymes. These en-
zymes can be obtained from different microorganisms (bacteria and fungi) and plants. The
main disadvantage of this production is the low yields of enzymatic activity and FOS. Thus,
search for new microbial sources of FTase enzymes is a very important research topic as
well as studies about the evolution of FTase genes from different sources, and relate their
function with the nucleotide sequence using functional genomics studies.

Acknowledgements

This project was financially supported by the Universidad Auténoma de Coahuila. MRMM
would like to thank the financial support received from CONACYT during her master’s
degree.

Author details

Mariela R. Michel!, Rosa M. Rodriguez-Jasso!, Cristobal N. Aguilar’,
Silvia M. Gonzalez-Herrera?, Adriana C. Flores- Gallegos! and Raul Rodriguez-Herrera®

*Address all correspondence to: raul.rodriguez@uadec.edu.mx
1 Department of Food Research, Autonomous University of Coahuila, Saltillo, Mexico.

2 Division of Postgraduate Studies, Durango Institute of Technology, Durango, Mexico

References

[1] Maiorano A. E., Piccoli R. M., Da Silva E. S., De Andrade Rodrigues M. F. Microbial
production of fructosyltransferases for synthesis of prebiotics. Biotechnology Letters.
2008; 30:1867-1877. DOI:10.1007/s10529-008-9793-3.

[2] Antosova M., Illeova V., Vandakova M., Druzkovska A., Polakovi¢ M. Chromato-
graphic separation and kinetic properties of fructosyltransferase from Aureobasidium
pullulans. Journal of Biotechnology, 2008; 135:58-63. DOI:10.1016/j.jbiotec.2008.02.016.

181



182

Probiotics and Prebiotics in Human Nutrition and Health

(3]

[10]

[11]

Mussatto S. L., Prata M. B., Rodrigues L. R., Teixeira J. A. Production of fructooligosac-
charides and (-fructofuranosidase by batch and repeated batch fermentation with
immobilized cells of Penicillium expansum. European Food Research and Technology.
2012; 235:13-22. DOI:10.1007/500217-012-1728-5.

Mussatto S. I., Aguilar C. N., Rodrigues L. R., Teixeira J. A. Colonization of Aspergillus
japonicus on synthetic materials and application to the production of fructooligosac-
charides. Carbohydrate Research. 2009; 344:795-800. DOI:10.1016/j.carres.2009.01.025.

Sanchez O. F., Rodriguez A. M., Silva E., Caicedo L. A. Sucrose biotransformation to
fructooligosaccharides by Aspergillus sp. N74 Free Cells. Food and Bioprocess Technolo-
gy. 2008; 3:662-673. DOI:10.1007/s11947-008-0121-7.

Dominguez A., Nobre C., Rodrigues L. R., Peres A. M., Torres D., Rocha I., Teixeira ].
New improved method for fructooligosaccharides production by Aureobasidium
pullulans. Carbohydrate Polymers. 2012; 89:1174-1179. DOI:10.1016/j.carbpol.2012.03.091.

Dominguez A. L., Rodrigues L. R., Lima N. M., Teixeira J. A. An overview of the recent
developments on fructooligosaccharide production and applications. Food and Biopro-
cess Technology. 2013; 7:324-337. DOI:10.1007/s11947-013-1221-6.

Antosova M., Polakovi¢ M. Fructosyltransferases: the enzymes catalyzing production
of fructooligosaccharides. Chemical Papers. 2001; 55:350-358.

Koops A.]., Jonker H. H. Purification and Characterization of the enzymes of fructan
biosynthesis in tubers of Helianthus Fuberbsus Colombia. Plant Physiology. 1996;
110:1167-1175.

Edelman J., Jefford T. G. The mechanisim of fructosan metabolism in higher plants as
exemplified in Helianthus tuberosus. New Phytologist.1968;67:517-531. DOI:10.1111/;.
1469-8137.1968.tb05480.x.

Altenbach D., Rudifio-Pinera E., Olvera C., Boller T., Wiemken A., Ritsema T. An
acceptor-substrate binding site determining glycosyl transfer emerges from mutant

analysis of a plant vacuolar invertase and a fructosyltransferase. Plant Molecular
Biology. 2009; 69:47-56. DOI:10.1007/s11103-008-9404-7.

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Recent trends in the microbial production,
analysis and application of Fructooligosaccharides. Trends in Food Science and Technol-
ogy. 2005; 16:442-457. DOI:10.1016/j.tifs.2005.05.003

Hidaka H., Hirayama M., Sumi N. A Fructooligosaccharide-producing enzyme from.
Agricultural and Biological Chemistry. 1988; 52:1181-1187.

Mussatto S. I, Teixeira J. A. Increase in the fructooligosaccharides yield and produc-
tivity by solid-state fermentation with Aspergillus japonicus using agro-industrial
residues as support and nutrient source. Biochemical Engineering Journal. 2010; 53:154—
157. DOI:10.1016/j.bej.2010.09.012



[15]

[16]

[17]

[18]

[19]

[22]

[23]

[26]

Fructosyltransferase Sources, Production, and Applications for Prebiotics Production
http://dx.doi.org/10.5772/62827

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Production of fructosyl transferase by
Aspergillus oryzae CFR 202 in solid-state fermentation using agricultural by-products.
Applied  Microbiology — and  Biotechnology.  2004;  65:530-537.  DOI:10.1007/
s00253-004-1618-2

La Rotta C. E., Ospina S. A., Lépez-Munguia A. Production and characterization of
crude enzimatic extracts with fructosyl transferase activity. Revista Colombiana de
Ciencias Quimico-Farmacéuticas. 1998; 27:53-56 (in Spanish).

Wang X. D., Rakshit S. K. Improved extracellular transferase enzyme production by
Aspergillus foetidus for synthesis of isooligosaccharides. Bioprocess Engineering. 1999; 20:
429-434.

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Production of fructo-oligosaccharides by
fructosyl transferase from Aspergillus oryzae CFR 202 and Aureobasidium pullulans CFR
77. Process Biochemistry. 2004; 39:755-760. DOI:10.1016/S0032-9592(03)00186-9

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Fructooligosaccharide production using
fructosyl transferase obtained from recycling culture of Aspergillus oryzae CFR 202.
Process Biochemistry. 2005; 40:1085-1088. DOI:10.1016/j.procbio.2004.03.009

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Maximization of fructooligosaccharide
production by two stage continuous process and its scale up. Journal of Food Engineer-
ing. 2005; 68:57-64. DOI:10.1016/j.jfoodeng.2004.05.022.

MasahiroKurakake, OgawaKenji, SugieMotoki, A. T., Kouji Sugiura, T. Komaki. Two
types of fructofuranosidases from Aspergillus oryzae KB. Journal of Agricultural and Food
Chemistry. 2008; 56:591-596.

Sathish T., Prakasham R. S. Intensification of fructosyltransferases and fructo-oligo-
saccharides production in solid state fermentation by Aspergillus awamori GHRTS.
Indian Journal of Microbiology. 2013; 53:337-342. DOI:10.1007/s12088-013-0380-5.

Yang H., Wang Y., Zhang L., Shen W. Heterologous expression and enzymatic
characterization of fructosyltransferase from Aspergillus niger in Pichia pastoris. New
Biotechnology. 2015; 00:1-7. DOI:10.1016/j.nbt.2015.04.005.

Yoshikawa ]J., Amachi S., Shinoyama H., Fujii T. Multipleof-fructofuranosidases by
Aureobasidium pullulans DSM2404 and their roles in fructooligosaccharide production.
FEMS Microbiology Letters. 2006; 265:159-163. DOI:10.1111/7.1574-6968.2006.00488.x

Sprenger N., Bortlik K., Brandt A., Boller T., Wiemken A. Purification, cloning, and
functional expression of sucrose: fructan 6-fructosyltransferase, a key enzyme of
fructan synthesis in barley. Proceedings of the National Academy of Sciences. 1995;
92:11652-11656.

Chuankhayan P., Hsieh C. Y., Huang Y. C., Hsieh Y. Y., Guan H. H., Hsieh Y. C., Chen
C.]J. Crystal structures of Aspergillus japonicus fructosyltransferase complex with donor/

183



184  Probiotics and Prebiotics in Human Nutrition and Health

[30]

[33]

[34]

[36]

[37]

acceptor substrates reveal complete subsites in the active site for catalysis. Journal of
Biological Chemistry. 2010; 285:23251-23264. DOI:10.1074/jbc.M110.113027.

ArtheeR., VijilaK. Study on fructosyltransferase enzyme from Aspergillus sp. in
fructooligosaccharides production. Research Journal of Recent Sciences. 2014; 3:147-153.

AmrendraKumar, Vaishnavi .R, Saravanakumar .,A K. S.A. and, Tank S. K. Biotrans-
formation of sucrose by using thermostable and alkaline fructosyltransferase enzyme
isolated. International Journal of Science, Environment. 2014; 3:708-713.

Ghazi I, Fernandez-Arrojo L., Garcia-Arellano H., Ferrer M., Ballesteros A., Plou F. J.
Purification and kinetic characterization of a fructosyltransferase from Aspergillus
aculeatus. Journal of Biotechnology. 2007; 128:204-211. DOI:10.1016/j.jbiotec.2006.09.017.

Dhake,A. B., Patil M. B. Effect of substrate feeding on production of fructosyltransferase
by Penicillium purpurogenum. Brazilian Journal of Microbiology. 2007; 38:194-199. DOI:
10.1590/51517-83822007000200002.

Patil M. B, ButleA.. Fructosyltransferase production by indigenously isolated Symnce-
phalastrum racemosum Cohn. Journal of Global Biosciences. 2014; 3:597-603.

Tamura K. I, Kawakami A., Sanada Y., Tase K., Komatsu T., Yoshida M. Cloning and
functional analysis of a fructosyltransferase cDNA for synthesis of highly polymerized
levans in timothy (Phleum pratense L.). Journal of Experimental Botany. 2009; 60:893-905.
DOI:10.1093/jxb/ern337.

Van Hijum S. a F. T., Van Geel-Schutten G. H., Rahaoui H. Van der Maarel M. J. E. C.,,
Dijkhuizen, L. Characterization of a novel fructosyltransferase from Lactobacillus
reuteri that synthesizes high-molecular-weight inulin and inulin oligosaccharides.
Applied and Environmental Microbiology. 2002; 68:4390-4398. DOI:10.1128/AEM.
68.9.4390-4398.2002.

Rehm J., Willmitzer L., Heyer A. G. Production of 1-kestose in transgenic yeast
expressing a fructosyltransferase from Aspergillus foetidus. Journal of Bacteriology. 1998;
180:1305-1310.

Rodriguez M. A, Sanchez O. F., Alméciga-Diaz C.]. Gene cloning and enzyme structure
modeling of the Aspergillus oryzae N74 fructosyltransferase. Molecular Biology Reports.
2011; 38:1151-1161. DOI:10.1007/s11033-010-0213-0.

Goosen C., Yuan X.-L., van Munster J. M., Ram A. F. J., van der Maarel M. J. E. C,,
Dijkhuizen L. Molecular and biochemical characterization of a novel intracellular

invertase from Aspergillus niger with transfructosylating activity. Eukaryotic Cell. 2007;
6: 674-681. DOI:10.1128/EC.00361-06.

Alméciga-Diaz C. ], Gutierrez A. M., Bahamon 1, Rodriguez A., Rodriguez M. A,
Sanchez O. F. Computational analysis of the fructosyltransferase enzymes in plants,
fungi and bacteria. Gene. 2011; 484:26-34. DOI:10.1016/j.gene.2011.05.024.



[38]

[39]

[40]

[41]

[42]

[43]

[45]

[46]

[47]

(48]

Fructosyltransferase Sources, Production, and Applications for Prebiotics Production
http://dx.doi.org/10.5772/62827

Heyer A. G., Wendenburg R. Gene cloning and functional characterization by heterol-
ogous expression of the fructosyltransferase of Aspergillus sydowi IAM 2544. Applied and
Environmental Microbiology. 2001; 67:363-370. DOI:10.1128/AEM..67.1.363.

Chien C.-S., Lee W.-C,, Lin T.-]. Immobilization of Aspergillus japonicus by entrapping
cells in gluten for production of fructooligosaccharides. Enzyme and Microbial Technol-
ogy. 2001; 29:252-257. DOI:10.1016/50141-0229(01)00384-2.

Mussatto S. I, Ballesteros L. F., Martins S., Maltos D. A. F., Aguilar C. N., Teixeira J. A.
Maximization of fructooligosaccharides and B-fructofuranosidase production by

Aspergillus japonicus under solid-state fermentation conditions. Food and Bioprocess
Technology. 2013; 6:2128-2134. DOI:10.1007/s11947-012-0873-y.

SilvaJ.B.Da, Fai A.E.C., dos Santos R., Basso L. C., Pastore G. M. Parameters evaluation
of fructooligosaccharides production by sucrose biotransformation using an osmo-
philic Aureobasium pullulans strain. Procedia Food Science. 2011; 1:1547-1552. DOL
10.1016/j.profoo.2011.09.229.

L'Hocine, L., Wang Z., Jiang B., Xu S. Purification and partial characterization of
fructosyltransferase and invertase from Aspergillus niger AS0023. Journal of Biotechnol-
ogy. 2000; 81:73-84. DOI:10.1016/S0168-1656(00)00277-7.

McCleary B. V., Gibson T. S., Sheehan H., Casey A., Horgan L., O’Flaherty, ]. Purifica-
tion, properties, and industrial significance of transglucosidase from Aspergillus niger.
Carbohydrate Research. 1989; 185:147-162.

Antosova M., Polakovic M., Slovinska M., Madlova A., Illeova V., Bales V. Effect of
sucrose concentration and cultivation time on batch production of fructosyltransferase
by Aureobasidium pullulans CCY 27-1-1194. Hemical Papers-Slovak Academy of Sciences.
2003; 56:394-399.

Panesar P.S., Bali V., Kumari S., Babbar N., Oberoi H.S. Prebiotics. In: G.S. Brar (Ed.),
Biotransformation of Waste Biomass into High Value Biochemicals. Springer. Ney York, USA,
2014; 504 pp.

Mussatto S. 1., Aguiar L. M., Marinha M. L, Jorge R. C., Ferreira E. C. Economic analysis
and environmental impact assessment of three different fermentation processes for
fructooligosaccharides production. Bioresource Technology. 2015; 198:673-681. DOI:
10.1016/j.biortech.2015.09.060.

Rastall R.A. Functional oligosaccharides: application and manufacture. Annual Review
of Food Science and Technology. 2010; 1:305-339.

Bali V., Panesar P.S., Bera M.B. Panesar R. Fructo-oligosaccharides: production,
purification and potential applications. Critical Reviews in Food Science and Nutrition.
2015; 55:1475-1490.

185



186  Probiotics and Prebiotics in Human Nutrition and Health

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[59]

Ganaie M. A, Rawat H. K., Wani O. A., Gupta U. S., Kango N. Immobilization of
fructosyltransferase by chitosan and alginate for efficient production of fructooligo-
saccharides. Process Biochemistry. 2014; 49:840-844. DOI:10.1016/j.procbio.2014.01.026.

Mutanda T., Mokoena M. P., Olaniran, A. O., Wilhelmi, B. S., Whiteley, C. G. Microbial
enzymatic production and applications of short-chain fructooligosaccharides and
inulooligosaccharides: Recent advances and current perspectives. Journal of Industrial
Microbiology and Biotechnology. 2014; 41:893-906. DOI:10.1007/s10295-014-1452-1.

Singh R. S., Singh R. P. Production of fructooligosaccharides from inulin by endoinu-
linases and their prebiotic potential. Food Technology and Biotechnology. 2010; 48: 435-
450.

Hidaka,H., Eida,T., Tokunaga,T., Tashiro,Y. Effects of fructooligosaccharides on
intestinal flora and human health. Bifidobacteria and Microflora. 1986; 5:37-50.

Nguyen,Q.D., Rezessy-Szabo,].M., Bhat,M.K. Purification and some properties of b-
fructofuranosidase from Aspergillus niger IMI303386. Process Biochemistry. 2005;
40:2461-2466.

Hayashi,S., Matsuzaki,K., Takasaki, Y., Ueno,H., Imada,K. Production of b-fructofura-
nosidase by Aspergillus japonicus. World Journal of Microbiology and Biotechnology. 1992;
8:155-159.

Mussatto,S.I., Aguilar,C.N., Rodrigues,L.R., Teixeira,].A. Fructooligosaccharides and
b-fructofuranosidase production by Aspergillus japonicus immobilized on lignocellulo-
sic materials. Journal of Molecular Catalisis B: Enzymatic. 2009; 59:76-81.

Chang,C.T., Lin,Y.Y., Tang,M.S., Lin,C.F. Purification and properties of betafructofur-
anosidase from Aspergillus oryzae ATCC 76080. Biochemistry and Molecular Biology
International. 1994; 32:269-277.

Jung K.H., Lim,].Y.,, Y00,S.J., Lee,J.H., Yoo,M.Y. Production of fructosyltransferase
from Aureobasidium pullulans. Biotechnology Letters. 1987; 9:703-708.

Yoshikawa,]., Amachi,S., Shinoyama,H., Fujii, T. Purification and some properties of b-
fructofuranosidase I formed by Aureobasidium pullulans DSM 2404. Journal Bioscience
and Bioengineering. 2007; 103:491-493.

Nishizawa,M., Maruyama,Y., Nakamura,M. Purification and characterization of
invertase isozyme from Fusarium oxysporum. Agricultural and Biological Chemistry. 1980;
44:489-498.

Ortega-Mufioz,M., Morales-Sanfrutos,]., Megia-FernandezF., Lopez-Jaramillo,F. J.,
Hernandez-Mateo,F., Santoyo-Gonzalez,F. Vinyl sulfone functionalized silica: a ready
to use pre-activated material for immobilization of biomolecules. Journal of Materials
Chemistry. 2010; 20:7189-7196.



[61]

[62]

[63]

[64]

[67]

[72]

[73]

[74]

Fructosyltransferase Sources, Production, and Applications for Prebiotics Production
http://dx.doi.org/10.5772/62827

Halling,P.]., Dunnill,P. Magnetic supports for immobilized enzymes and bioaffinity
adsorbents. Enzyme and Microbial Technology.1980; 2: 2-10.

Kim,J., Grate,].W., Wang,P. Nanostructures for enzyme stabilization. Chemical Engi-
neering Science. 2006; 61:1017-1026.

Chen S. C,, Sheu D. C,, Duan K. J. Production of fructooligosaccharides using (-
fructofuranosidase immobilized onto chitosan-coated magnetic nanoparticles. Journal
of the Taiwan Institute of Chemical Engineers. 2014; 45:1105-1110. DOI:10.1016/j.jtice.
2013.10.003.

Duan,K.]., Chen,].S., Sheu,D.C. Kinetic studies and mathematical model for enzymatic
production of fructooligosaccharides from sucrose. Enzyme and Microbial Technology.
1994; 16:334-339.

Yun ]. W. Fructooligosaccharides—occurrence, preparation, and application. Enzyme
and Microbial Technology. 1996; 19:107-117. DOI:10.1016/0141-0229(95)00188-3.

Meyer D., Stasse-Wolthuis M. The bifidogenic effect of inulin and oligofructose and its
consequences for gut health. European Journal of Clinical Nutrition, 63:1277-1289. DOI:
10.1038/ejcn.2009.64.

Salinas M. A., Perotti N. A. Production of fructosyltransferase by Aureobasidium sp.
ATCC 20524 in batch and two-step batch cultures. Journal of India Industrial Microbiology
Biotechnology. 2009; 36:39-43.

Crittenden R. G., Playne M. ]. Production, properties and applications of food-grade
oligosaccharides. Trends in Food Science and Technology. 1996; 7: 353-361.

Oku T. Special physiological functions of newly developed mono-and oligosacchar-
ides. In: Goldberg (Ed.), Functional Foods: Designer Foods, Pharmafoods, Nutraceuticals.
Chapman &Hall, Ney York, USA. pp. 202-218.

Kaur N., Gupta A. K. Applications of inulin and oligofructose in health and nutrition.
Journal of Biosciences. 2002; 27:703-714. DOI:10.1007/BF02708379.

Rycroft C. E., Jones M. R, Gibson G. R., Rastall R. A. A comparative in vitro evaluation
of the fermentation properties of prebiotic oligosaccharides. Journal of Applied Microbi-
ology. 2001; 91:878-887. DOI:10.1046/j.1365-2672.2001.01446.x.

Villegas B., Costell E. Flow behaviour of inulin-milk beverages. Influence of inulin
average chain length and of milk fat content. International Dairy Journal. 2007; 17:776—
781. DOI:10.1016/j.idairy;j.2006.09.007.

Gibson,G. R., Roberfroid,M. B. Dietary modulation of the human colonic microbiota:
introducing the concept of prebiotics. Journal of Nutrition. 1995; 125:1401-1412.

Gibson G. R., Probert, H. M., Loo, J. Van, Rastall R. A, Roberfroid M. B. Dietary
modulation of the human colonic microbiota: updating the concept of prebiotics.
Nutrition Research Reviews. 2004; 17:259-275. DOI:10.1079/NRR200479.

187



188  Probiotics and Prebiotics in Human Nutrition and Health

[75]

[78]

[79]

[84]

Flores-Gallegos A. C., Contreras-Esquivel ]J. C., Morlett-Chavez J. A, Aguilar C. N.,
Rodriguez-Herrera R. Comparative study of fungal strains for thermostable inulinase
production. Journal of Bioscience and Bioengineering. 2015; 119:421-426. DOI:10.1016/
jjbiosc.2014.09.020.

Kovacs Z., Benjamins E., Grau K., Rehman A.U., Ebrahimi M., and Czermak P. Recent
developments in manufacturing oligosaccharides with prebiotic functions. Advances in
Biochemical Engineering Biotechnology. 2014; 143:257-295.

Scholz-Ahrens K.E., Ade P., Marten B., Weber P., Timm W., Asil Y., Glier C., Schre-
zenmeir J. Mint: Prebiotics, probiotics, and synbiotics affect mineral absorption, bone
mineral content and bone structure. Journal Nutrition. 2007; 137:8385-8346S.

Tazoe H., Otomo Y., Kaji I, Tanaka R., Karaki S.I., Kuwahara A. Roles of short-chain
fatty acids receptors, GPR41 and GPR43 on colonic functions. Journal of Physiology and
Pharmacology. 2008; 59:251-262.

Sangeetha P. T., Ramesh M. N., Prapulla S. G. Microbial production of fructooligosac-
charides. Asian Journal of Microbiology Biotechnology Environmental Sciences. 2003; 5:313—-
331.

Pool-Zobel B.L., Neudecker C., Domizlaff I, Ji S., Schillinger U., Rumney C., Moretti
M., Vilarini I, Scassellati S.R., Rowland I. Lactobacillus- and Bifidobacterium-mediated
antigenotoxicity in the colon of rats. Nutrition and Cancer. 1996; 26:365-380.

Alva-Murillo N., Ochoa-Zarzosa A., Lopez-Meza ].E. Short chain fatty acids (propionic
and hexanoic) decrease Staphylococcus aureus internalization into bovine mammary
epithelial cells and modulate antimicrobial peptide expression. Veterinary Microbiolo-
gy. 2012; 155:324-331.

Tan J., Mckenzie C., Potamitis M., Thorburn A. N., Mackey C. R., Macia L. The role of
short-chain fatty acids in health and disease. Advances in Immunology. 2014; 121:91-119.

Guigoz Y., Rochat F., Perruisseau-Carrier G., Rochat I., Schiffrin E. J. Effects of oligo-
saccharide on the faecal flora and non-specific immune system in elderly people.
Nutrition Research. 2002; 22:13-25. DOI:10.1016/50271-5317(01)00354-2.

Hass R., Busche R., Luciano L., Reale E., Engelhardt W. Lack of butyrate is associated
with induction of bax and subsequent apoptosis in the proximal colon of guinea pig.
Gastroenterology. 1997; 112:875-881.

Peshev D., den Ende W. V. Fructans: prebiotics and immunomodulators. Journal of
Functional Foods. 2014; 8:348-357.

Mussatto S. I, Mancilha I. M. Non-digestible oligosaccharides: a review. Carbohydrate
Polymers. 2007; 68:587-597. DOI:10.1016/j.carbpol.2006.12.011.



[87]

(88]

[89]

[97]

[98]

[100]

Fructosyltransferase Sources, Production, and Applications for Prebiotics Production
http://dx.doi.org/10.5772/62827

Vella M.N.; Stratton L.M.; Sheeshka J.; Duncan A.M. Functional food awareness and
perceptions in relation to information sources in older adults. Nutrition Journal. 2014;
13:1-25.

Abdel-Salam A.M. Functional food: hopefulness to good health. American Journal of
Food Technology. 2010; 5:86-99.

Shimizu M. Functional food in Japan: current status and future of gut-modulating food.
Journal of Food and Drug Analysis. 2012; 20:213-216.

Doyon M.; Labrecque J. A. Functional foods: a conceptual definition. British Food
Journal. 2008; 110:1133-1149.

Diplock A., Aggett P., Ashwell M., Bornet F., Fern E., Roberfroid M. Scientific concepts
of functional foods in Europe: consensus document. British Journal of Nutrition. 1999;
9:1-27.

Ozen A.E,, Pons A, Tur]. A. Worldwide consumption of functional foods: A systematic
review. Nutrition Reviews. 2012; 70:472-481.

Spence J. T. Challenges related to the composition of functional foods. Journal of Food
Composition and Analysis. 2006; 19:54-56.

Crowe K. M., Francis C. Position of the academy of nutrition and dietetics: functional
foods. Journal of the Academy of Nutrition and Dietetics. 2013; 113:1096-1103.

Vega R., Zuniga-Hansen M. E. The effect of processing conditions on the stability of
fructooligosaccharides in acidic food products. Food Chemistry. 2015; 173:784-789.

Handa C., Goomer S., Siddhu A. Physicochemical properties and sensory evaluation
of fructoligosaccharide enriched cookies. Journal of Food Science And Technology. 2012;
49:192-199.

Akalin A. S, Erigir D. Effects of inulin and oligofructose on the rheological character-
istics and probiotic culture survival in low fat probiotic Ice cream. Journal of Food
Science. 2008; 73:M184-M188.

RoBle C., Ktenioudaki A., Gallagher E. Inulin and oligofructose as fat and sugar
substitutes in quick breads (scones): a mixture design approach. European Food Research
and Technology. 2011; 233:167-181.

Valencia M.S., Salgado S.M., Andrade S.A.C., Padilha V.M., Livera A.V.S., Stamford
T.L.M. Development of creamy milk chocolate dessert added with fructooligosacchar-
ide and Lactobacillus paracasei subsp. Paracasei LBC 81. LWT—Food Science and Technol-
ogy. 2016; 69:104-109.

Resconi V.C., Keenan D.F., Barahona M., Guerrero L., Kerry J.P., Hamill R.M. Rice
starch and fructo-oligosaccharides as substitutes for phosphate and dextrose in whole
muscle cooked hams: sensory analysis and consumer preferences. LWT—Food Science
and Technology. 2016; 66:284-292.

189






Chapter 10

Antimicrobial Effect of Probiotics against Common
Pathogens

Sabina Fijan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63141

Abstract

The antimicrobial or antagonistic activity of probiotics is an important property that
includes the production of antimicrobial compounds, competitive exclusion of
pathogens, enhancement of the intestinal barrier function and others. There are many
methods to ascertain probiotic properties, including various in vitro and in vivo methods.
The in vivo methods include various modifications of the spot-on lawn assay, agar well
diffusion assay (AWDA), co-culturing methods, usage of cell lines and others. In many
cases in vitro antagonist activity is observed, but in real settings it is not observed. The
in vivo methods mainly used are animal models; however, their use is being restricted
according to the European legislation OJ L136. The justification of animal models is also
questionable as the results of studies on animals do not predict the same results for
humans. The use of replacement alternative methods, for example incorporating human
cells and tissues, avoids such confounding variables. Most important studies are double-
blinded randomized clinical trials; however, these studies are difficult to perform as it
isnot easy to achieve uniform conditions. There is a clear need for more elaborate assays
that would better represent the complex interactions between the probiotics and the
final host. This complex situation is a challenge for scientists.

Keywords: antimicrobial effect, in vitro methods, in vivo methods, pathogens, probiot-
ics

1. Introduction

Throughout the history of microbiology, most human studies have been focused on the disease-
causing organisms found on or in people; whilst fewer studies have examined the benefits of
the resident bacteria. However, we are surrounded by beneficial microorganisms that live in or
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on the human body. The intestinal microbiota is very well adapted, exceptionally stable and
very specific for each individual. In normal conditions of stable functioning of the digestive
system, neutral and beneficial microorganisms dominate. Itisestimated thatthereare 100 trillion
microorganisms in the intestine of a human adult and this is 10 times larger than the number of
cells in the human body [1, 2]. However, the balance of the intestinal microbiota is negatively
influenced by modern lifestyle, leading to increased numbers of pathogenic microorganisms
that disrupt microbial balance and cause a reverse from beneficial to harmful functioning. In
such cases, the external support with probiotics is very welcome and supported by several
scientific studies [3].

According to the Food and Agriculture Organisation of the United Nations (FAO) and the
World Health Organisation (WHO), probiotics are defined as live microorganisms, which
when administered in adequate amounts confer a health benefit on the host [4, 5]. The most
common probiotic bacteria are certain strains from the genera Lactobacillus (i.e., L. rhamnosus,
L. acidophilus, L. plantarum, L. casei, L. delbrueckii subsp. Bulgaricus, etc.) and Bifidobacterium (i.e.,
B. infantis, B. animalis subsp. lactis, B. longum, etc.). Other probiotic bacteria include Pediococcus
acidilactici, Lactococcus lactis subsp. lactis, Leuconostoc mesenteroides, Bacillus subtilis, Enterococcus
faecium, Streptococcus thermophilus, Escherichia coli Nissle 1917, etc. Certain yeasts such as
Saccharomyces boulardii are also probiotics [6, 7].

Probiotics together with other beneficial microbes are commensals of the gut and differ from
pathogenic bacteria in the terms of their actions on immune cells in the gut as they do not
stimulate the proliferation of mononuclear cells or trigger an inflammatory action [8]. Regard-
less of whether the probiotics are used for human or animal consumption, there are several
characteristics that a probiotic must achieve. Some of the important characteristics of probiotics
include the following: a probiotic must be generally required as safe (GRAS); a probiotic should
exhibit bile and acid tolerance in order to survive the path from the oral cavity to the small
intestine where it lives, multiplies and excretes beneficial nutrients and molecules; a probiotic
should have the ability to adhere to mucus and/or epithelial cells, and/or other surfaces; a
probiotic should be susceptible to antibiotics; a probiotic should exhibit antimicrobial activity
against pathogens [3, 5, 9, 10]. Although it is accepted that probiotics must be of human origin
[4, 5], many authors have found that some strains that are not normally isolated from human
have shown to be effective [11, 12], which negates this requirement. As noted above, one of
the important attributes of probiotics is their antimicrobial effect against pathogens by
maintaining the homeostasis of the intestinal flora. Assessing the antimicrobial effect of various
probiotics against pathogenic microorganisms is the guiding concept of this chapter. This
chapter reviews the principles and results from various authors of different methods for
determining the antimicrobial or antagonistic effect of probiotics against potential pathogens.

2. Antimicrobial or antagonistic properties of probiotics

In literature both the terms “antimicrobial” and “antagonistic” are found to determine the
ability of one species to inhibit the growth of another species. According to the online Ency-
clopaedia Britannica, “antagonism” refers to an “association between organisms in which one
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benefits at the expense of the other,.” However, this encyclopaedia does not include the adverb
“antimicrobial.” On the other hand, it contains “antimicrobial agent” that refers to “a large
variety of chemical compounds that are used to destroy microorganisms or to prevent their
development..” The online Merriam Webster dictionary defines “antimicrobial” as “destroy-
ing or inhibiting the growth of microorganisms and especially pathogenic microorganisms”
and “antagonistic” as “showing dislike or opposition: showing antagonism.”

This antimicrobial/antagonistic ability is especially important for probiotics as one of the
functional beneficial requirements of probiotics is a broad antimicrobial spectrum as well as
antagonism against pathogenic bacteria with strong antimicrobial activity. The antagonistic
activity of one microorganism against another can be caused by competitive exclusion,
immune modulation, stimulation of host defence systems, production of organic acids or
hydrogen peroxide that lower pH, production of antimicrobials such as bacteriocins, antioxi-
dants, production of signalling molecules that trigger changes in gene expression [13-15].
Antimicrobial substances produced by beneficial microorganisms are known to include lactic
acid, acetic acid, formic acid, phenyllactic acid, benzoic acid as well as other organic acids,
short chain fatty acids, hydrogen peroxide, carbon dioxide, acetaldehyde, acetoin, diacetyl,
bacteriocins and bacteriocins-like inhibitory substances and others [10, 16, 17]. The most
common bacteriocins include lacticin, lactocin, pediocin, pisciolin, enterocin, reuterin,
plantaricin, enterolysin and nisin [18, 19].

3. Methods

3.1. Methods of literature research

A literature overview of three databases was conducted using the two following keywords:
“probiotic” and “antimicrobial” between the years 1980 and 2016. The search yielded 2882,
1017, and 6200 publications in PubMed, Web of Science, and Science Direct databases,
respectively (Figure 1).
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Figure 1. Results of the publications in PubMed, Web of Science and Science Direct databases using keywords: “probi-
otic” and “antimicrobial” between the years 1980 and 2015.
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All three databases showed great increase in the number of publications in the past 10 years.
The highest results were obtained via Science Direct due to the fact that this database includes
various journals and books from the area of food and dairy sciences, the area of probiotics for
animals as well as the area of human probiotics. PubMed on the other hand contains only
research of probiotics for humans. Also, the programs for keyword searching for each chosen
database seem to differ among each other thus yielding very different numbers of publications
injournals, chapters and conference proceedings. The research on the methods for determining
the antimicrobial effect of strain-specific probiotics was conducted by adding an additional
keyword aside “probiotic.” This keyword described the various investigated methods for
determining the antimicrobial/antagonistic activity of probiotics (i.e., spot-on lawn, agar spot,
agar well diffusion, paper disc, co-culturing, in vivo). Of course, it was not possible to screen
every single article therefore only a selection of the most recent or relevant were used.

3.2. In vitro methods for determining the antimicrobial/antagonistic effect of probiotics
against other microorganisms

3.2.1. Spot-on lawn antimicrobial assay/agar spot antimicrobial assay

The spot-on lawn antimicrobial assay has been described by several authors. Several modifi-
cations of the method have been made. Also various other expressions are used such as agar
spot assay, critical dilution assay and deferred antagonism assay [10, 16, 20-22].

One of the simplest published principles of the spot-on lawn antimicrobial assay (Figure 2a)
consists of the following steps: different nutrients, selective or differential media, are prepared
and various chosen indicator microorganisms or pathogens at different initial concentrations
are either inoculated in a confluent manner after hardening of agar or are mixed with the agar
in liquid state and poured into the plate. Different dilutions of aliquots of the investigated
probiotic or cell-free supernatant with bacteriocins are then spotted onto the media already
inoculated with chosen indicator microorganisms [20, 23, 24].

After incubation, the antimicrobial activity is expressed either as inhibition zone or as arbitrary
units (AU/mL). The zone of inhibition is noted either as the diameter or the area of the
inhibition zone. The critical dilution is noted as the last dilution that produces a zone of
inhibition larger than 6 mm. Arbitrary units are defined as the reciprocal of the highest dilution
at which the growth of the indicator microorganism or pathogen is inhibited and are calculated
as (1000/a) x D in AU/mL, where a is the aliquot of cell-free supernatant added to well in pL
and D is the dilution factor [22, 24].

A modification is the agar spot antimicrobial assay (Figure 2b) and consists of the following
steps: MRS agar or other specified agar is prepared and the probiotic bacteria or test cultures
(few pL) are spotted on. These agars are then incubated to develop spots. Next, the indicator
bacteria (pathogenic species, spoilage species and other probiotic species) are mixed into
specific soft agar (0.7%) and poured over a plate. The plates are then incubated aerobically or
anaerobically and the inhibition zones are read. A clear zone of more than 1 mm around the
spot s considered as positive [25]. A third modification is the spot-on lawn antimicrobial assay
with wells (Figure 2c), which consists of the following steps: chosen nutrients, selective or
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differential media, are prepared. Wells (6 mL, 7 mm or other dimensions) are bored in each
plate and the bottom of the wells is sealed with agar. Aliquots of active cultures at different
dilutions are pipetted into the wells. The plates are left at room temperature to allow migration
and settling of the test cultures. The samples are then incubated for 3 h at 37°C and the plates
are then overlaid with agar seeded with indicator pathogenic microorganisms (or other
indicator organisms) and incubated at suitable incubation conditions. After incubation, the
antimicrobial activity is expressed either as inhibition zone or as arbitrary units (AU/mL) [16].
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Figure 2. Schemes of different versions of spot-on lawn/agar spot assays: (a) simple spot-on lawn assay, (b) agar spot
assay and (c) spot-on lawn assay with wells.

The fourth modification is the cross streak assay [26] where each probiotic strain is streaked
in three parallel lines onto agar using a 1-mL loop. Once these lines have dried, test pathogenic
strains are streaked perpendicular to these initial strains in the same fashion, giving three
possible zones of inhibition for each combination of strains. It was assumed that when there
is inhibition, it is caused by the tester probiotic strain hindering the growth of the second-
streaked (indicator) strain.

3.2.2. Agar well diffusion assay/paper disc assay

The agar well diffusion assay (AWDA) (Figure 3a) is used for determining the antagonistic
effects of cell-free supernatants. The general principle of agar well diffusion assay consists of
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the following steps: different nutrients, selective or differential media, are prepared. The plates
are inoculated with the chosen indicator microorganism. The 6-mm or 7-mm wells are bored
ineach plate. Aliquots of different dilutions of cell-free supernatants are pipetted into the wells.
After incubation, the antimicrobial activity is expressed either as inhibition zone or as arbitrary
units (AU/mL) [20, 22]. The paper disc assay (Figure 3b) is a modification where instead of
making wells, discs measuring 6 mm are absorbed with aliquots of cell-free supernatant and
placed on the agar inoculated with indicator strains. After incubation, the inhibition zone is
evaluated based on the clear zone around the paper disc [23].
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a) Agar well diffusion assay b) Paper disc assay

Figure 3. Scheme of the agar well diffusion assay and paper disc assay: (a) agar well diffusion assay and (b) paper disc
assay.

3.2.3. Co-culturing assays for determining the antimicrobial activity

Determining the antimicrobial activity of probiotics against common pathogens is also possible
with the co-culturing assay. This method includes the following steps: preparation of incuba-
tion media (i.e., nutrient broth, reconstituted skim milk, sterilized milk, yogurt, whey, etc.).
Aliquots of pathogenic and probiotics microorganisms are inoculated into the incubation
media. The samples are mixed well and incubated. After incubation, the population of
pathogenic bacteria are counted on appropriate agars. Values are usually expressed as log cfu/
mL [14-16, 27, 28].

The microtitre plate assay is a version of the co-culturing assay that includes the following
steps: cell-free supernatant of active probiotic or other investigated microorganism is prepared
and divided into several parts that undergo different conditions (i.e., NaOH added to neu-
tralize pH, left acidic, heated, etc.). Pathogenic microorganisms are cultured and added to
appropriate broth. The microtitre plate is used to prepare mixes of probiotics/cell-free super-
natants and pathogenic microorganisms and incubated at suitable incubation conditions.
Before and after incubation, the optical density at 620 nm is measured and the suppressive
activity is calculated as a percentage of inhibition of pathogen growth [15].

Another important type of co-culturing assay is using cell lines. As several important mecha-
nisms underlying the beneficial effects of probiotics include the effects of probiotic properties
on specific tissues, particularly on the intestine, the evaluation of probiotic effects on human
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intestinal cell lines in vitro is meaningful as these cells mimic the systemic environment of an
organism and are used as a biological matrix alternative to in vivo tests. In fact, in vitro evidence
is particularly important considering that the EU directives tend to discourage in vivo
experiments on animals [29]. Several different cell lines have been used, such as HT-29 cell line
from human colon [29], IPEC-]2 porcine neonatal jejunal cell line [30], Vero African green
monkey kidney epithelial cell line [31], Caco-2 colon adenocarcinoma cell line [32], HIEC-6
normal epithelial small intestine cell line [33], BALB/c3T3 murine embryonal fibroblast cell
line [29] and many others. Cells are routinely grown in Dubelco's modified Eagles’ medium
(DMEM), McCoy's 5a medium or other medium and seeded in well plates or microtitre plates
that are incubated at 37°C for 24 h in 1 mL medium in 5% CO,. Probiotic and pathogenic
microorganisms are then added and the cell viability is determined after incubation.

3.3. In vivo methods for determining the antimicrobial/antagonistic effect of probiotics
against other microorganisms

For in vivo testing, randomized double blind, placebo-controlled human trials should be
undertaken to establish the efficacy of the probiotic product. The consultation recognized that
there is a need for human studies in which adequate numbers of subjects are enrolled to achieve
statistical significance. In order to ascertain that a given probiotic can prevent or treat a specific
pathogen infection, a clinical study must be designed to verify exposure to the said pathogen
(preventive study) or that the infecting microorganism is that specific pathogen (treatment
study). If the goal is to apply probiotics in general to prevent or treat a number of infectious
gastroenteritis or urogenital conditions, the study design must define the clinical presentation,
symptoms and signs of infection, and include appropriate controls [4].

However, many scientists have reverted to in vivo animal studies. The animal models do not
necessarily provide scientifically appropriate and relevant results for human, due to obvious
species-specific differences in anatomy, biochemistry, physiology, pharmacokinetics and toxic
responses. Especially, in medicine and pharmacy, the “safety testing” on animals led to
thousands of deaths worldwide due to the evidence that animal tests are not only worthless,
but they are also dangerously unpredictable. The use of replacement alternative methods,
especially incorporating human cells and tissues, avoids such confounding variables [32].

The European legislation O] L136 of 08.06.2000 includes the 3Rs regulation that results in
important reduction of studies on animal models and consists of the following. Reduction: using
alternative methods for obtaining comparable levels of information from the use of fewer
animals in scientific procedure or for obtaining more information from the same number of
animals. Refinement: using alternatives methods that alleviate or minimise potential pain,
suffering and distress, and which enhance animal wellbeing. Replacement: using alternative
methods that permit a given purpose to be achieved without conducting experiments or other
scientific procedures on animals [32].

The in vivo animal model antimicrobial study is described as follows: briefly, all animal models
include atleast two groups under controlled settings. One group receives chosen probiotic and
pathogen (treated infected group) and the other receives only the pathogen (untreated infected
group). The observed difference includes the exanimation of faeces as well as the examination
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of different cells after scarifying the animals (spleens, lymph nodes, blood, liver, colon, cecum,
etc.). Animals used in these studies include mice, rats, chicks, rabbits, pigs, Fish and even
worms [30, 34-37]. Work is done under accordance with the guidelines of the European
convention for the protection of vertebrate animals used for experimental and other scientific
purposes (Directive 86/609/EEC).

4. Recent results of in vitro antimicrobial/antagonistic assays for various
probiotic strains

The following section contains results of the antimicrobial/antagonistic assays for various
probiotic strains or strains with probiotic-like properties against various potential pathogens,
spoilage microorganisms, or other probiotic microorganisms. The results reported using
different assays (spot-on lawn/agar spot, agar well diffusion/paper disc, co-culturing, micro-
titre plate and cell line assays) are published by various authors stated in the text and some of
the individual procedures are briefly explained.

4.1. Recent results of selected spot-on lawn/agar spot antimicrobial assays

The antimicrobial activity of Lactobacillus plantarum EM against seven potential pathogens
using the spot-on-lawn assay was conducted by Choi and Chang [10]. The following nutrient
and selective media were used: Luria-Bertani agar for E. coli O157:H7 ATCC 43895, P. aerugi-
nosa ATCC 27853, S. enterica serovar Typhi ATCC 19430, nutrient agar supplemented with 2%
NaCl for V. parahaemolyticus ATCC 17802 and tryptic soy agar for B. cereus KCTC 3624, M.
luteus ATCC 15307 and S. aureus ATCC 29123. All potential pathogenic bacteria had an initial
inoculum of 6 log cfu/mL. An aliquot of 10 pL of L. plantarum EM was spotted onto each plate.
The plates were incubated aerobically at 37°C. After incubation the arbitrary units (AU/mL)
were determined. L. plantarum EM exhibited strong antimicrobial activity against the seven
chosen potential pathogenic bacteria. The strongest activity was noted against V. parahaemo-
Iyticus, ATCC 17802 (25600 units) and the weakest activity was noted for S. aureus, ATCC 29123
(200 units). As one of the most important requirements of probiotics is a broad antimicrobial
spectrum, the authors found that L. plantarum EM fulfilled the beneficial requirements of
probiotics [10].

In another research [24], screening for bacteriocins using the spot-on lawn method was used.
One hundred and fifty lactic acid bacteria were isolated from samples of traditional fermented
Vietnamese pork. The isolate named L. plantarum KL-1 was found to produce bacteriocins,
effective against various Gram-positive and Gram-negative bacteria. The test was conducted
by preparing two layers of soft agar (0.8% agar). The first layers were poured into the plate;
then the top layer, which included 5 mL of soft agar together with 10 puL (about 107 cfu/mL) of
freshly grown test bacterial strains, was added. The Gram-positive strains included S. aureus
TISTR 118, E. faecalis JCM 5803, E. faecalis TISTR 888, L. lactis subsp. cremoris TISTR1344, L.
mesenteroides JCM 6124, L. mesenteroides TISTR 942, L. sakei subsp. sakei JCM 1157, L. sakei TISTR
890, L. plantarum ATCC 14917, L. inoccua ATCC 33090, Streptococcus sp. TISTR 1030, B. coagu-
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lans JCM 2257, B. coagulans TISTR 1447 and B. campeatris NBRC 11547. The Gram-negative test
strains included P. fluorescens TISTR 358, P. fluorescens JCM 5963 and A. hydrophila TISTR 1321.
Bacteriocin activity was tested by spotting 10 uL of previously prepared cell-free supernatant
(in different dilutions) of the isolate L. plantarum KL-1. The inhibition zone was observed after
overnight incubation at the proper temperature for each indicator microorganisms and the
spectrum was expressed at arbitrary units (AU) [22]. The results show that the antimicrobial
activity of the bacteriocin was strain specific. The bacteriocin was most effective against both
strains of L. sakei. The bacteriocin was less effective against certain Gram-positive bacteria (both
strains of E. faecalis, L. plantarum and both strains of L. mesenteroides subsp. mesenteroides).
However, it was not effective against S. aureus, both strains of B. congulans and any of the chosen
Gram-negative bacteria.

Tharmaraj and Shah [16] used the spot-on-lawn technique with wells to test the inhibition of
chosen pathogenicbacteria (E. coli, S. typhimurium, S. aureus and B. cereus) and spoilage bacteria
(B. stearothermophilus and P. aeruginosa) by one strain of L. casei (Shirota YLC); two strains of
L. paracasei subsp. paracasei (LCS1, LCO1), L. acidophilus (LA5, LAC1) and B. animalis (BB12,
BLC1); three strains of P. freudenreichii subsp. shermanii (P, PS1, PB10360) and four strains of
L. rhamnosus (LC705, LBA, LGG, LR1524). MRS agar was used for lactobacilli (L. acidophilus,
L. casei, L. paracasei subsp. paracasei and L. rhamnosus), MRS agar + L-cysteine (0.05%) for B.
animalis, NaLa agar for P. freudenreichii subsp. shermanii and nutrient agar was used for
pathogenic bacteria. Suitable agar (25 mL) was poured into the plates and wells were cut with
a sterile metal borer. The bottom of the wells was sealed with 0.8% agar. Active culture (50 pL)
of producing probiotics was then filled into the wells and left at room temperature for 2 h,
followed by incubating at 37°C for 3 h. The remaining depth of the well was sealed with 1%
agar. Finally, the spotted plates were overlaid with 10 mL of 0.8% agar seeded with about
107 cfu/mL of pathogenic bacteria. The plates were incubated anaerobically for 72 h at 37°C for
all chosen pathogenic and spoilage bacteria. Both chosen spoilage bacteria were additionally
incubated aerobically for 24 h at 37°C. On average, among all the probiotic and spoilage
bacterial interactions, the spore formers were inhibited by the probiotic microorganisms to a
greater extent (average zone of inhibition, 19 mm) than the non-spore formers (average zone
of inhibition, 14 mm). Also, the Gram-positive bacteria (average zone of inhibition, 18 mm)
were inhibited more than the Gram-negative bacteria (average zone of inhibition, 14 mm).
Strains of P. freudenreichii subsp. shermanii did not show notable inhibitory effect.

Soomro et al. [23] also used the spot-on lawn method to determine antimicrobial activity of
various Lactobacillus species. They found that L. acidophilus J1 showed an inhibitory effect
against E. coli. The plates were prepared by inoculating 100 uL of indicator strain E. coli grown
in broth with 3.5 mL soft MRS agar and were overlaid over MRS agar. The plates were
incubated for 2 h at 37°C after which 30 pL of cell-free supernatant of L. acidophilus J1 was
spotted onto the overlaid surface. The pH of the cell-free supernatant was adjusted to 5.5 to
eliminate the effect of organic acids and hydrogen peroxide. The plates were incubated at
37°C for 18 h and were subsequently examined for inhibition zones. It was found that the
inhibitory effect against E. coli was due to the production of a bacteriocin.
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Probiotic strains or strains with probiotic = Indicator pathogenic microorganisms Reference
potential with efficient antimicrobial
activity in vitro
Lb:L. casei C1; L. plantarum C4 G+:L. monocytogenes [35]
G-:S. Typhimurium CECT 4157, Y. enterocolitica IP383
Lb:Lactobacillus MSMC64-1 G+: MRSA DMST 20651, 20654, G-: S. Typhi DMST 5784, V. [38]
parahaemolyticus DMST 5665, S. dysenteriae DMST 15111
Oth:S.cerevisiae JCM7255 G+:S. agalactiae [39]
Oth:B. pumilus B16, B. mojavensis ]7 G-:V. parahaemolyticus [40]
Lb:L. acidophilus La-5, Bb: B. longum ATCC  G+:S. aureus, L. monocytogenes;G-:E. coli O157:H7 [41]

15707

Lb:L. acidophilus JN188382, L. fermentum
JN188383, L. fermentum JN188384, L. buchneri
JN188385, L. buchneri JN188386, L. buchneri

L. casei JN188390

Oth:E. faecium CV1, LPP29, W. cibaria P71, L.
lactis subsp. cremoris SMF110, L.
mesenteroides subsp. cremoris SMM69, P.
pentosaceus SMM73, TPP3

Lb:L. plantarum P6

Oth:E. faecalis AP-216, E. faecalis AP 45
Oth:B. subtilis DCU, B. pumilus BP, B. cereus
HL7

Lb: LAB 18, LAB 48

Lb:L. plantarum CKO06, CK19, B01, B07, K09,
K10, K21, LM11, ZS07, ZS11 and ZS15

G+:E. faecium ATCC 51558, S. epidermidis ATCC 12228, P. acnes [42]

ATCC 6919, L. monocytogenes, S. aureus S244; G-: E. coli ATCC
29181, K. pneumoniae K36, E. cloacae, S. sonnei ATCC 25931, H.
JN188387, L. casei JN188388, L. casei JN188389, pylori ATCC 43579, V. parahaemolyticus, fng: C. albicans ATCC

44831

G-:T. maritimum NCIMB2154, LL01.8.3.8, V. splendidus
CECT528, DMC-1

G+:S. aureus ATCC 25923, B. cereus, L. ivanovii ATCC
19119;G-:E. coli ATCC 25921, S. enterica, P. aeruginosa

G+:C. perfringens KCTC 3269, KCTC 5100, L. monocytogenes
KCTC 3569, 3586, 3710

G-:V. parahaemolyticus

G-:S. enterica serovar Enteritidis phage type 13A, E. coli
0157:H7, C. jejuni

G+:S. aureus SSV25, S. epidermidis SSV30, S. lentus CCM
3472, E. faecalis V583, L. monocytogenes CCM 4699, G-: A.
calcoaceticus CCM 4503; S. paucimobilis CCM 3293; S. enterica
subsp. enterica TA100 CCM 3812

Lb:L. fermentum PXN 44, L. plantarum PXN 47 G+:E. faecalis NCTC 00775; G-: E. coli NCTC 9001

Lb:L. paraplantarum FT259

G+:L. monocytogenes IAL 633, L. innocua ATCC 3309

[43]

[44]

[45]

[46]

[47]

[48]

[49]
[50]

Where probiotics are divided as follows: Ib: lactobacilli; bb: Bifidobacterium; oth: other; and pathogens are divided as
follows: G+: Gram positive; G—: Gram negative; fng: fungi.

Table 1. A selection of assays published since 2013 of successful antimicrobial activity of chosen probiotics using the
spot-on lawn/agar spot assay on chosen pathogenic microorganisms.
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Assays published since 2013 of antimicrobial activity of chosen probiotics using the spot-on
lawn/agar spot assay on chosen pathogenic microorganisms are noted in Table 1.

As noted in Table 1, the most common investigated probiotic strains or strains with probiot-
ic potential were from the genus Lactobacillus (L. plantarum, L. acidophilus, L casei and L.
fermentum). Several studies included probiotic strains of the genus Bacillus. The most com-
mon pathogens included in the assays were S. aureus, L. monocytogenes, E. coli, Vibrio spp. and
Salmonella spp. One study examined the antimycotic properties of probiotics against various
strains of the genus Aspergillus. Different strains of E. faecium were on the one hand used as
probiotics and on the other hand used as potential pathogen, thus proving the dualistic nature
of this species.

4.2. Recent results of selected agar well diffusion assays/paper disc methods

The agar well diffusion assay was conducted in the research by Ali et al. [51], where 14 isolates
with probiotic potential were screened for antimicrobial activity against E. coli and S. aureus.
The probiotic isolates were identified as two Lactobacillus spp. (52a3 and S4bl), eleven
Bifidobacterium spp. (FCb1, Kb2, LZa7, LZb8, RC1b8, RC2b4, RC4a3, RC4b2, SCa4, SCb2 and
Y2a5) and one Streptococcus spp. (RC2b3). A volume of 100 uL of cell-free supernatant of
isolates with probiotic potential was filled in 7-mm wells cut in nutrient agar previously
inoculated with E. coli or S. aureus. The diameter of inhibition zone was measured after 48 h
of incubation. The supernatant obtained from all 14 isolates exhibited varying degrees of
inhibitory activity against S. aureus and E. coli. The isolates LZb8, S4b1 and RC4a3 exhibited
the superior antibacterial activity with inhibition zones ranged 8.3-8.4 mm. The least activity
was recorded for the isolates SCa4 and RC4b2 (inhibition zone ranged 2.3-2.5 mm), whereas
the isolates Kb2, LZa7, RC2b4, RC2b3, SCb2 and Y2a5 (inhibition zone ranged 3.5-4.8 mm)
were moderately active against S. aureus. It is worth mentioning that the inhibitory activity of
the tested isolates supernatants was slightly less against E. coli as compared to that obtained
against S. aureus, indicating that E. coli could be less sensitive.

In the previously mentioned research by Soomro et al. [23], the paper disc method was also
used. Sterile filter discs measuring 6-mm diameter with an absorbed aliquot of 20 pL of cell-
free supernatant of L. acidophilus J1 were placed on MRS and nutrient agar plates containing
the target strain E. coli. After incubation at 37°C, the inhibitory activity was evaluated. It was
found that the paper disc assay yielded an inhibition zone of 10 mm and was more appropri-
ate compared to the spot-on lawn assay.

Assays published since 2013 of antimicrobial activity of chosen probiotics using the agar
well diffusion assay or the paper disc assay on chosen pathogenic microorganisms are noted
in Table 2. The results show that the agar well diffusion assay or the paper disc assay is the
most common method used for determining the antimicrobial or antagonistic effect. The
most common investigated probiotic strains or strains with probiotic potential were again
from the genus Lactobacillus. Some assays included bifidobacteria and bacteria from the ge-
nus Pediococcus and Lactococcus. The most common pathogens included in the assays were
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again S. aureus, L. monocytogenes, E coli, Vibrio spp., Aeromonas spp. Salmonella spp. and Pseu-
domonas aeruginosa. One study even assessed the antagonistic activity of probiotics against
herpes simplex virus types 1 and 2 and one study investigated the antimicrobial activity of
probiotics against the protozoa Giardia lamblia. However, using cell-free supernatants does
not mimic real conditions. Therefore, further assays are necessary.

Probiotic strains or strains with probiotic Indicator pathogenic microorganisms Reference
potential with efficient antimicrobial

activity in vitro

Lb:L. acidophilus PBS066, L. fermentum G+:S. aureus ATCC 6538, E. faecalis ATCC 29212, G-: E. coli [29]
PBS073, ATCC 25922, P. aeruginosa ATCC 9027, fng: C. albicans ATCC

L. plantarum PBS067, L. rhamnosus PBS070, L. 10231

reuteri PBS072, Bb: B. animalis subsp. lactis

PBS075, B. longum subsp. longum PBS108

Lb:L. salivarius J]M41, JK21V, JM31, JS2A, G+:S. aureus ATCC 29213, G-: E. coli K88, 25922 and 1569, S. [34]
JM14, JK22, JM2A1 and JM32, L. plantarum  Enteritidis ATCC 13076, S. Typhimurium ATCC 14082

PZ01 Oth: P. acidilactici JM241 and JH231, P.

pentosaceus JS233, E. faecium JS11

Lb:L. casei G+:L. monocytogenes,G-:E. coli C17, S. enterica ser Typhimurium [35]

C1, L. plantarum C4, L. acidophilus CECT4156, Y. enterocolitica IP383

Lb:Lactobacillus MSMC64-1 G+: MRSA DMST 20651, 20654, G-: S. Typhi DMST 5784, V. [38]
parahaemolyticus DMST 5665, S. dysenterine DMST 15111

Lb:L. acidophilus La-5, Bb: B. longum G+:S. aureus, L. monocytogenes,G-:E. coli O157:H7 [41]

ATCC15707

Lb:L. plantarum WCEFS], L. plantarum NA7 ~ G+:L. monocytogenes CIP 81.3 ILSI NA 39, G-: E. coli O157:H7  [52]
ATCC 43888, S. enterica ser Enteritidis CIP 81.3

Lb:L. casei PTCC 1608, L. rhamnosus PTCC  G-:P. aeruginosa PTCC 1430 [53]
1637

Oth:B. amyloliqufaciens G+C. difficile [54]
Oth:P. pentosaceus KID7 G+:S. aureus KCCM1133515, MRSA CCM40510, S. epidermidis  [55]

KCTC 191712, L. monocytogenes KACC1076420, B. cereus
KACC11240 G-: S. Typhi KCTC2514, S. choleraesuis
KCTC293215, S. gallinarum KCTC293126, S. boydii KACC10792
14, Y. enterocolitica KACC1532020, E. coli O138KCTC261511,
O1KCTC2441, P. aeruginosa KCCM 1180218,

Lb:L. rhamnosus FM13, FM14, FM22, FS2, G+:S. aureus ATCC 6538, L. monocytogenes DSM 12464, E. [56]
FS10, PS2, PS11, SF6, SP13, L. paracasei CM1, faecalis, G-: E. coli ATCC 25922
CM2, MF5, PM8

Lb: L. casei LC-01, L. acidophilus LA-5, L. fng:A. niger PTCC 5012, A. flavus PTCC 5004, A. parasiticus [57]
paracasei PTCC 5286, P. chrysogenum PTCC 5035
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Probiotic strains or strains with probiotic Indicator pathogenic microorganisms Reference
potential with efficient antimicrobial

activity in vitro

Lb:L. viridescens NRRL B-1951 G+:L. monocytogenes CWD 1002, CWD 1198 [58]

Lb:L. plantarum S2 G+:S. aureus CMCC2607, G-: E. coli CMCC44825, [59]

Oth:B. subtilis JQ302302, B. aerophilus
JQ312663

Lb:L. acidophilus L-1, L. bulgaricus 6, L.

S. Typhimurium CMCC50115, S. flexneri CMCC51061

G-:A. hydrophila ATCC 49140, MTCC 1739, Aeromonas sp. [60]
JX136697, ]X136698, A. enteropelogenes JX136699, P. rettgeri JX
136696

G+:S. aureus, B. cereus [61]

plantarum 24-4B, L. fermentum 1, L. brevis, Bb: G-:E. coli

B. animalis subsp. lactis L-3

Lb:L. plantarum DK211, DK303; L. paracasei

DK215, L. sakei DK301

G+:S. aureus KCTC 3881, E. faecalis KCTC 2011, B. cereus KCTC [62]
3624

Lb: L. mesenteroides subsp. mesenteroides SD1, G+:S. aureus ATCC 25923, FRI 184, L. monocytogenes ATCC [63]

SD23, SF2, SF3
Oth:L. mesenteroides MTCC 5442, B. subtilis

Lb:L. fermentum M059, L. fermentum F-6,
Oth: W. cibaria 4213

Lb:L. brevis DT24
Lb:L. rhamnosus (4 strains)

Lb:L. plantarum, L. salivarius

Lb:L. acidophilus P106, L. plantarum P164
Lb:L. casei

Lb:L. helveticus PJ4, L. plantarum PJ7

Lb:L. salivarius K35, K43
Oth:B. amyloliquefaciens KATMIRA1933
Oth:B. amyloliquefaciens FPTB16

19115, G-: E. coli ATCC43895, S. enterica ATCC 14028
G-:V. cholerae [64]

G+:S. aureus ATCC 6538, B. cereus NCIM 245, B. [65]
subtilis ATCC 6633, G-: E. coli ATCC 25922, S. Typhi 25,
P. aeruginosa ATCC 27853

G-:E. coli MTCC 729 [66]
G-:Helicobacter pylori [67]

G+:S. aureus ATCC 6538S, C. perfringens ATCC 13124, G-: E. coli [68]
ATCC 8734, S. Enteritidis ATCC 13311, R. anatipestifer ATCC
11845, P. multocida ATCC 43137

Prs:Giardia lamblia [69]
G-: S. flexneri, S. sonnei [70]
G+:S. aureus MTCC737, G-: E. coli MTCC443, S. [71]

Typhimurium MTCC?733, S. fleksneri MTCC1457,
P. aeruginosa MTCC1688

G+:S. mutans ATCC 25175 [72]
Vr: Herpes simplex virus types 1 and 2 [73]
G-:E. tarda, A. hydrophila, V. harveyi, V. parahaemolyticus [74]

Where probiotics are divided as follows: Ib: lactobacilli; bb: Bifidobacterium; oth: other; and pathogens are divided as
follows: G+: Gram positive; G—: Gram negative; fng: fungi; prs: parasite.

Table 2. A selection of assays published since 2013 of successful antimicrobial activity of chosen probiotics using the
agar well diffusion assay or the paper disc assay on chosen pathogenic microorganisms.



204 Probiotics and Prebiotics in Human Nutrition and Health

4.3. Recent results of selected co-culturing assays

The influence of the potential pathogenic bacteria P. aeruginosa ATCC 27853 against various
combinations of probiotic supplements and the kefir microbiota was investigated using the
co-culturing method [6]. One multispecies, one oligospecies and one monospecies probiotic
supplement as well as kefir microbiota from kefir grains originally from the Caucasian
mountains were used. The multispecies supplement contained L. acidophilus (NIZO 3678;
NIZO 3887), L. paracasei NIZO 3672, L. plantarum NIZO 3684, L. rhamnosus NIZO 3689, L.
salivarius NIZO 3675, B. bifidum NIZO 3804, B. lactis NIZO 3680 and E. faecium NIZO 3886. The
oligospecies supplement contained L. acidophilus LA-5, B. infantis BB-12 and E. faecium. The
monospecies supplement contained L. reuteri DSM 17938. Co-culturing was conducted by
adding 1 mL of probiotic samples and 1 mL of overnight P. aeruginosa suspension in 40 mL
previously sterilized bovine milk. Samples were incubated for 4 days at 25°C with agitation
(250/min). After incubation, serial 10-fold dilutions were prepared for all samples and the P.
aeruginosa populations were enumerated on cetrimide agar with added glycerol. It was found
that the P. aeruginosa population in milk without probiotics reached an average of 9.2 log/mL,
whilst the P. aeruginosa population in milk reached 5.2, 8.3, 8.3 and 5.0 for the samples with
the multispecies, oligospecies and monospecies probiotic supplement as well as the kefir
microbiota respectively. This research thus found that the decrease of the potential pathogen
P. aeruginosa was dependent on the type of probiotic microbiota and that both multispecies
microbiota (multispecies probiotic supplement kefir microbiota) with a much more diverse
population than the other two samples (oligospecies probiotic supplement and the monospe-
cies supplement) exhibited an efficient synergistic effect [7]. Both samples also exhibited a
higher increase in the total population of anaerobic microorganisms after fermentation with
P. aeruginosa thus indicating that a more successful quorum-sensing regulatory network was
established and yielded antagonistic effects against the potential pathogen P. aeruginosa.

Tharmaraj and Shah [16], as already mentioned in the previous section, also investigated the
inhibition effect of various probiotics against chosen pathogenic and spoilage bacteria with
the co-culturing method. Briefly, 9 mL of reconstituted skim milk was inoculated with 1 mL
of overnight culture of probiotic bacteria and 0.1 mL of pathogenic or spoilage bacteria. The
medium was mixed well and incubated at 37°C for 24 h. / were counted on nutrient agar and
the log population calculated (Table 6). All four pathogenic bacteria were inhibited by all
probiotic strains tested to varying degrees. On average, the probiotic bacteria reduced the
population of pathogenic bacteria by 2.8 log units. B. cereus was inhibited to a greater degree
by all probiotic bacteria and strains than other pathogenic bacteria. On average, the inhibito-
ry effect of all probiotic bacteria and strains was the weakest against E. coli. S. aureus was
inhibited to a greater degree by B. animalis and L. rhamnosus than the other probiotic bacteria.

Ratsep et al. [15] published their research of a microtitre plate assay on the antimicrobial effect
of L. plantarum (five strains: N11, N27, N33, N44 and E) supernatant against various C. difficile
strains (six clinical isolates from Norwegian patients, six clinical isolates from Estonian patients
and two reference strains: VPI 10463 and M13042). Overnight C. difficile cultures were added
to BHI broth with a density according to McFarland 3.0. Various reaction mixes were pre-
pared (natural (acidic), neutral (pH 6.0) and neutral, heated for 20 min at 100°C) and incubat-
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ed under anaerobic conditions for 48 h at 37°C. The optical density at 620 mm was measured
at the beginning of incubation and after 48 h and the suppressive activity of L. plantarum strains
calculated as a percentage of inhibition. The highest inhibitions of C. difficile growth were in
the samples of heated neutralized supernatants and the lowest in cases of the neutralized
samples. There was statistically higher inhibition in heated neutralized supernatants versus
neutralized supernatants of N11 and E56 lactobacilli strains. When comparing antagonistic
activity of L. plantarum strains, there was a relevant difference only between N11 and N33
strains in the samples of heated neutralized supernatants. The neutralization of supernatant
did not reduce its inhibitory effect. Thus, lowering the pH of the environment is not the main
mechanism in inhibition of C. difficile by lactobacilli. Also heating of supernatant did not reduce
its activity; thus, some thermostable compounds may be involved in the inhibition. The above-
mentioned authors [15] also performed the co-culturing assay with the L. plantarum strains and
C. difficile strains by inoculating 50 mL of brain heart infusion broth with 50 uL of lactobacilli
suspension and 50 uL of C. difficile suspension and incubating under anaerobic conditions
for 48 h at 37°C. After incubation, serial 10-fold dilutions were prepared and the C. difficile
populations were enumerated on fastidious anaerobe agar. It was found that the five L.
plantarum strains (N11, N27, N33, N44 and E) were able to inhibit the growth of the 14 C. difficile
strains (six clinical isolates from Norwegian patients and Estonian patients and two refer-
ence strains: VPI 10463, M13042) in the co-culture incubation as the average log cfu/mL after
48 h was 3.0, whereas the average log cfu/mL of the C. difficile strains alone was 7.0.

Another important co-culturing method is the use of cell lines as noted in the research by Abdel
et al. [31] of 12 lactobacilli isolates interfering with the adherence and invasion of S. Typhi 66
using kidney epithelial cell line Vero (ATCC CCl-81). The same authors also investigated this
interference with the co-culturing assay in MRS broth. It was found that nine lactobacilli
isolates inhibited the growth of S. Typhi in the co-culturing assay. Nine lactobacilli isolates
were also successful in achieving a >50% inhibition of adherence of S. Typhi isolate (556) to
Vero cells.

Assays published since 2013 of antimicrobial activity of chosen probiotics using various co-
culturing assays on chosen pathogenic microorganisms are noted in Table 3. The results were
similar to the results of spot-on lawn and agar well diffuse assays.

Probiotic strains or strains with probiotic potential Indicator pathogenic microorganisms Reference

with efficient antimicrobial activity in vitro

Lb:L. plantarum FH185 G+:S. aureus,G-:S. Typhimurium [9]

Lb:L. acidophilus La-5, Bb: B. longum ATCC15707 G+:S. aureus, L. monocytogenes,G-:E. coli O157:H7 [41]
Lb:L. acidophilus P106, L. plantarum P164 Prs:Giardia lamblia [69]
Lb:L. rhamnosus GR-1, L. reuteri RC-14 Fng:C. glabrata [75]
Lb:L. helveticus KLDS 1.8701 G+:S. aureus ATCC 25923, L. monocytogenes ATCC [76]

19115, G-: E. coli O157:H7 ATCC 43889, S.
Typhimurium ATCC 14028
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Probiotic strains or strains with probiotic potential Indicator pathogenic microorganisms Reference

with efficient antimicrobial activity in vitro

Lb:L. reuteriOth:B. subtilis MA139 G-:E. coli K88 [77]
Lb:L. plantarum C014 G-:A. hydrophila TISTR 1321 [78]
Lb:L. acidophilus, Oth:Pediococcus G-:S. Enteritidis 13A [79]
Lb:L. paracasei CNCM 1-4034, L. rhamnosus CNCM G-:E. coli ETEC CECT 501, S. Typhimurium CECT [80]
1-4036, Bb: B. breve CNCM 1-4035 443 S. Typhi CECT 725, S. sonnei CECT 457

Lb:L. fermentum 907, Bb: B. longum 1011 G-:E. coli O157:H7, E. coli O86 [81]

Where probiotics are divided as follows: Ib: lactobacilli; bb: Bifidobacterium; and pathogens are divided as follows: G+:
Gram positive; G-: Gram negative; fng: fungi; prs: parasite.

Table 3. A selection of assays published since 2013 of successful antimicrobial activity of chosen probiotics using the
co-culturing assay on chosen pathogenic microorganisms.

5. Recent results of in vivo antimicrobial/antagonistic assays for various
probiotic strains

5.1. Recent results of determining the in vivo antimicrobial assays using animal models

In the research by Mazaya et al. [36], both in vitro and in vivo studies were conducted. The
significant in vitro antimicrobial activity (no method specified) of two lactobacillus strains
isolated from Egyptian dairy products (L. plantarum LA5 and L. paracasei LA7) was found
against several potential pathogens: S. aureus ATCC 25923, B. subtilis ATCC 23857, M. luteus
ATCC 21882, P. aeruginosa ATCC 27853 and S. Typhi. In vivo assays were also conducted on
5-week-old male mice, divided into six groups (10 mice/group). Animals within different
treatment groups were treated daily for 8 days as follows: Group 1, untreated control; Group 2,
animals challenged with single inoculation S. Typhi (200 uL aliquot of 1X 108/P.O); Group 3,
animals treated orally with L. plantarum (LAS5) (200 pL aliquot of 1X 108/P.O) for 7 days;
Group 4, animals treated orally with L. paracasei (LA7) (200 uL aliquot of 1X 108/P.O) for 7
days; Group 5, animals challenged with single inoculation S. Typhi, then treated with LA5 for
next 7 days; Group 6, animals challenged with single inoculation S. Typhi and treated with
LA 7 for next 7 days. Administration of LA5 or LA7 counteracted the pathogenic effect
resulting from Salmonella infection. The lactobacilli succeeded to get rid of salmonellosis based
on its phagocytic and immunostimulant activity against typhoid antigen.

Lazarenko et al. [82] conducted an in vitro and in vivo assay to determine anti-staphylococcal
actions of certain probiotic cultures (L. casei IMV B-7280, L. acidophilus IMV B-7279; B. longum
VK1 and B. bifidum VK2). In vitro assay using perpendicular strokes yielded antagonistic
activity against all three strains of S. aureus (209-P, 43, 8325-4). The in vivo study with S. aureus
8325-4 on mice showed that the combination of probiotics (L. casei IMV B-7280, B. longum VK1
and B. bifidum VK2) was most successful as after day 9 no colonies of S. aureus 8325-4 were
found in the vagina of the mice.
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In the study by Bujalance et al. [35], a lack of correlation between in vitro and in vivo meth-
ods of the antimicrobial activity of probiotic lactobacilli against enteropathogenic bacteria was
determined. In this study, the in vitro assay using the agar spot test showed that 20 strains of
probiotic lactobacilli successfully inhibited Y. enterocolitica, S. enterica ser Typhimurium and L.
monocytogenes. However, in the in vivo study using mouse models the selected strains (L. casei
C1 and L. plantarum C4) lacked protective effects against S. Typhimurium. Similar conclu-
sions of finding no antagonism in vivo are noted in the study by Bratz et al. [83]. Another
study [79] found that the tea Yerba mate exhibited antagonistic activity in vitro but as a feed
additive did not reduce S. Enteritidis colonization in vivo in broiler chickens. These studies
prove that successful in vitro assays do not necessarily mean that the chosen microorganism
with probiotic properties will be successful in real conditions. On the other hand, in vivo animal
studies do not automatically prove antagonism in humans or other species. Therefore, the
justification of using vertebrate animal models is questionable [32]. Gupta et al. [84] used
Drosophila melanogaster commonly known as the “fruit fly,” instead of a vertebrate animal
model. It is a eukaryotic organism and is considered an alternative in the drug discovery
process, mainly because the key physiological processes are well conserved from fly to
humans. Moreover, a short life cycle, distinct developmental stages, easy cultivation, numer-
ous offspring and a strong cytogenetic/genetic background make Drosophila a model organ-
ism to study many biological processes including toxicity testing. Zhou et al. [30] used porcine
neonatal jejunal epithelial cell lines (IPEC-]2) for in vitro assay and worms (Caenorhabditis
elegans) for in vivo testing of lactobacilli isolates against enterotoxigenic E. coli

Probiotic strains or strains with probiotic Indicator pathogenic microorganisms Reference
potential with efficient antimicrobial activity

in vivo using animal models

Lb:L. reuteri CL9, K16, K67 and S33 G-:E. coli O149: K88 JG280 [30]
Lb:L. salivarius JM32, L. plantarum PZ01 Oth: G-:S. Enteritidis ATCC 13076 [34]
P. acidilactici JH231

Lb:L. plantarum LAS5 and L. paracasei LA7 G-:S. Typhi [36]
Oth:B. amyloliqufaciens G+:C. difficile [54]
Lb:L. plantarum C014 G-:A. hydrophila TISTR 1321 [78]
Lb:L. casei B-7280, Bb: B. longum VK1, B. bifidumVK2 G+: S. aureus8325-4 [82]
Lb:L. plantarum LR/14 Ins:Drosophila melanogaster [84]
Lb:L. acidophilus CH1 Prs:Enterocytozoon bieneusi [85]
Oth:Pseudoalteromonas sp. G-:V. harveryi ATCC 14126 [86]

Where probiotics are divided as follows: Ib: lactobacilli; bb: Bifidobacterium; oth: other; and pathogens are divided as
follows: G+: Gram positive; G—: Gram negative; fng: fungi; prs: parasite; ins: insect.

Table 4. A selection of assays published since 2013 of successful antimicrobial activity of chosen probiotics using the in
vivo animal models on chosen pathogenic microorganisms.
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The most recent in vivo antagonistic assays using animal models are noted in Table 4. These
results confirm the strain specific antagonistic activity of chosen probiotics.

5.2. Recent results of determining the in vivo antimicrobial assays using clinical trials

Most important research on the antagonistic effect of probiotics are clinical trials, however only
a few well conducted clinical studies have been reported. Most clinical studies include the
comparison of antibiotic therapy with adjuvant probiotic therapy. In the study by Dore et al.
[87], in this prospective, single centre, open label pilot study, patients scheduled for upper
endoscopy for any reason and found to be positive for H. pylori infection were invited to enter.
The intervention consisted of L. reuteri (DSM 17938, Reuflor, BioGaia AB, Sweden) 10® cfu/
tablet plus pantoprazole (proton pump inhibitor) 20 mg twice a day. A 76% decrease in urease
activity was observed. The absence of a control group with pantoprazole without L. reuteri
however prevents any definite conclusion.

In the study by Pendharkar et al. [88] the clinical outcome for women conventionally treated
for bacterial vaginosis and yeast infection with probiotics bacilli was investigated. This study
is an example of the antibiotic therapy with adjuvant probiotic therapy. In the clinical trial,
women were recruited in three groups as follows: women with bacterial vaginosis receiving
clindamycin and metronidazole treatment together with a prolonged administration of
EcoVag® (containing L. rhamnosus DSM 14870 and L. gasseri DSM 14869) for 10 consecutive
days after each antibiotic treatment followed by weekly administration of capsules for next
four months, women with recurrent vulvovaginal candidiasis receiving extended flucona-
zole and EcoVag® treatment, and women receiving extended fluconazole treatments only.
The 6- and 12-month cure rates for bacterial vaginosis were 67 %. The 6- and 12-month cure
rates for vulvovaginal candidiasis were 100 and 89% in women receiving fluconazole and
EcoVag®, and 100 and 70% in women receiving fluconazole only. The study suggests that the
treatment with antibiotics or anti-fungal medication in combination with EcoVag® capsules
provide long-term cure against bacterial vaginosis and R-VVC.

Some of the most recent in vivo antagonistic clinical trials are noted in Table 5. These results
confirm that adjuvant therapy with antibiotics and chosen probiotics enhances the antagonis-
tic activity.

Probiotic strains with efficient Pathogenic Basic therapy Type of Reference

antimicrobial activity using in vivo  microorganisms or trial

clinical trials and other therapies treated disease

Lb:L. reuteri DSM 17938 G+:H. pylori Proton pump inhibitor: CT [87]
pantoprazole

Lb:L. rhamnosus DSM 14870, L. gasseri  Bc: not specified, Fng: Antibiotics: Clindamycin, CT [88]

DSM 14869 Candida spp. metronidazole, fluconazole

Lb:L. rhamnosus GG (LGG), Bb: B. G+:H. pylori Standard triple H. pylori DBRCT  [89]

bacterium BB-12 eradication therapy with



Antimicrobial Effect of Probiotics against Common Pathogens
http://dx.doi.org/10.5772/63141

Probiotic strains with efficient Pathogenic Basic therapy Type of Reference
antimicrobial activity using in vivo  microorganisms or trial
clinical trials and other therapies treated disease

antibiotics: omeprazole,
pantoprazole, clarithromycin,

amoxicillin, or metronidazole

Lb:L. rhamnosus GG (LGG), L. Dis: AAD Antibiotics: broad spectrum  DBRCT  [90]
acidophilus La-5, Bb: B. bacterium BB-12 oral antibiotics

Lb:L. acidophilus, L. paracaseiBb:B. lactis G+:H. pylori Antibiotics: broad spectrum  BDRCT  [91]
At: bismuth oral antibiotics: lansoprazole,

amoxicillin, clarithromycin

Lb:L. casei DN-114001 Dis: AAD Antibiotics: broad spectrum  CT [92]

oral antibiotics

Lb:L. acidophilus, 1. rhamnosus, L. Dis: bacterial vaginosis ~ Antibiotic: metronidazole CT [93]
acidophilus, L. bulgaricus, Bb:B.
bifidusOth:S. Thermophilus

Where probiotics are divided as follows: 1b: lactobacilli; bb: Bifidobacterium; oth: other; pathogens are divided as follows:
bc: bacteria; G+: Gram positive; G—: Gram negative; fng: fungi; and clinical trials are divided as follows: DBRCT: double-
blinded randomized clinical trial; CT: clinical trial; AT: additional therapy; Dis: disease; AAD: antibiotic associated
diarrhoea.

Table 5. A selection of published since 2013 of antimicrobial activity of chosen probiotics using in vivo clinical trials on
chosen pathogenic microorganisms or treatment of diseases.

6. Discussion and conclusions

The antimicrobial ability of probiotics is a very important trait and includes the production of
antimicrobial compounds, competitive exclusion of pathogens, enhancement of the intesti-
nal barrier function and others. Usually, probiotic strains produce more than one antimicro-
bial substance that may act synergistically, increasing the spectrum of targeted
microorganisms. This property may be desirable as long as this antimicrobial spectrum is
restricted to pathogenic microorganisms but it cannot be excluded that it will not affect the
normal microbiota of the gut or other microbiotas as well [94]. The results show that probiot-
ic properties are strain dependent and that strain identification is imperative [3].

Probiotic candidates have been accessed from very diverse habitats including faeces of breast-
fed human infants [65, 69, 80, 85, 95], faeces of healthy adults [9, 15, 65, 70], faeces of elderly
[81], faeces of children [25, 96], breast milk [42], human saliva [52], vaginal isolates of healthy
women [66, 75], various fermented foods or beverages including raw or fermented milk [23,
35, 44], kefir [97], cheese [51, 56, 98], whey [99], yogurt [16, 41], dahi [100, 101], other dairy
products [25, 36, 61], sourdough [102], sausages [17], fermented meat [24], kimchi [10, 62],
maize [25, 59], fermented olives [103], Yerba mate [79], ragi [64], soy sauce [86], soil [104], as
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well as animal origin including rat faeces [71], geese [68], calves [105], pigs [45], fish [39, 60,
63, 78] and other seafood [40, 43, 46] and many others.

By far, the most commonly investigated probiotic were bacteria of the genus Lactobacillus (L.
plantarum, L. acidophilus, L. fermentum, L. casei, L. paracasei and L. reuteri). The genus Bifidobac-
terium and other probiotic microorganisms (Lactococcus, Pediococcus, Enterococcus, Bacillus and
Saccharomyces) have been also been investigated, but to a somewhat lesser extent. Studies were
also conducted on known probiotics from various tissue type collections. The most common
pathogens used to test the antagonistic activity of probiotics were different strains of S. aureus,
E. faecium, E. faecalis, L. monocytogenes, E. coli, various Salmonella, Vibrio and Yersinia spp.,
and P. aeruginosa.

The antimicrobial activity of probiotic microorganisms has a very wide area application
including adjuvant therapy to antibiotic consumption or for correcting dysbiosis of the
gastrointestinal tract microbiome due to diarrhoea [37, 38, 106], antagonistic activity in humans
against urinary tract infections [26, 66, 75], eradicating H. pylori infections [87], nosocomial
infections [15, 96], dental biofilm formation [72], lowering serum cholesterol [10, 55], treating
fevers [31], as well as in the agro-food industry for manufacturing fermented products [44, 62,
107], preventing food spoilage [16, 23, 41], as food additives for functional foods [50, 56, 57,
59, 67, 97], as prophylactic agents, adjuvants or alternatives to antibiotic therapies to antibiot-
ic therapy in poultry [34, 47, 68], cattle [105, 108], pigs [45], fish [74, 78] and other livestock
industry [104], just to name a few.

The process of determining antimicrobial properties of probiotic is complex and includes in
vitro assays, in vivo models or substitute models, clinical studies, metagenomic analyses and
mathematical modelling. Only after all these steps are completed, a probiotic candidate can
beidentified as such [109]. In vitro studies are the most represented. Although, they are a crucial
step in selecting probiotic candidates, they are only the first step as efficient antimicrobial
activity via in vitro studies does not necessarily mean that the antimicrobial activity is present
in in vivo assays. Therefore, further research methods (double-blinded randomized clinical
trials) are necessary to prove the important antimicrobial trait of probiotic candidates. Asnoted
in Section 5.2, there are only a few well-conducted published clinical studies. Most clinical
studies include the comparison of antibiotic therapy with adjuvant probiotic therapy which is
an important aim of probiotic consumption.

There is a clear need for more elaborate assays that would better represent the complex
interactions between the probiotics and the host microbiome to understand the consequen-
ces of the in situ production of antimicrobials by the former [94]. Another important fact is that
probiotics are often found to have higher antagonist activity as multispecies groups [6, 7, 26].
Quorum sensing among probiotics is also an important factor; however, quorum-sensing
studies among probiotics are sparse. It is well known that microorganisms coordinate
collective behaviour in response to environmental challenges using sophisticated intercellu-
lar communication networks and that they are not limited to communication within their own
species but are capable of intercepting messages and coerce cohabitants into behavioural
modifications [110], therefore probiotics are included. Although all these facts make re-
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search of the antimicrobial/antagonistic activity of probiotics even more complex, it also
presents a great opportunity for future research.
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Abstract

Celiac disease (CD) is an autoimmune enteropathy induced by gluten ingestion in
genetically susceptible individuals. Genetic predisposition plays an important role in
the development of CD, but it is not sufficient by itself for the disease development.
Although gluten proteins are the main environmental factor involved in CD pathogen-
esis and ingestion of gluten is necessary to manifest the disease, recent studies have
suggested that alteration of the microbiota could be involved and, in particular, the
interplay between gut microbiota and the mucosal immune system. Dysbiosis, the
alteration of the microbiota, has been associated with a variety of intestinal patholo-
gies including Crohn disease and CD. Most observational studies in children and adults
with CD have shown alterations in the intestinal microbiota composition compared to
control subjects, which is only partially recovered after treatment with a gluten-free diet
(GFD). At this time, the only treatment for CD is lifelong adherence to a GFD, which
involves the elimination of grains containing gluten, wheat, rye, and barley. However,
it is difficult for many patients to follow a GFD. Abnormalities in the gut microbiome
in CD patients have led to the use of probiotics as a promising alternative as a
therapeutic or preventative approach.

Keywords: celiac disease, gluten free diet, intestinal microbiota, dysbiosis, probiotics

1. Introduction

Celiac disease (CD) is an autoimmune enteropathy induced by gluten ingestion in genetically
susceptible individuals [1]. The major genetic risk factor for CD is represented by HLA-DQ
genes. Ninety percent of affected individuals carry the HLA-DQ2 haplotype, 5% the DQ8
haplotype, and the remaining 5% carry at least one of the two DQ2 alleles [1, 2]. Genetic
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predisposition plays an important role in the development of CD but it is not sufficient by itself
for the disease development [3]. Approximately, 30% of the general population carry the HLA-
DQ2/8 CD susceptibility genes, however, only 2-5% of these individuals will develop CD,
suggesting that additional environmental factors contribute to disease development [4].
Although gluten proteins are the main environmental factor involved in CD pathogenesis and
ingestion of gluten is necessary to manifest the disease, recent studies have suggested that
potential factors such as birth delivery, breast-feeding, infectious agents, and antibiotic intake
could contribute to the development of CD [5-7]. The alteration of the microbiota could also be
involved and, in particular, the interplay between gut microbiota and the mucosal immune
system [8].

The microbiota, the set of microorganisms that colonize the human body, has a fundamental
role for the host. It is important for both physiological and metabolic factors, ranging from the
absorption of nutrients to the regulation and development of the immune system [9].
Dysbiosis, the alteration of the microbiota, has been associated with a variety of pathologies
like Crohn disease and obesity [10, 11]. Most observational studies in children and adults with
CD have shown alterations in the intestinal microbiota composition compared to control
subjects, which is partially recovered after treatment with a gluten-free diet (GFD) [12-14]. It
has been demonstrated that levels of Bifidobacteria and Lactobacilli are reduced in CD patients
[14, 15]. Specific alterations in the microbiota could contribute to the etiopathogenesis of CD
by providing proteolytic activities that influence the generation of toxic and immunogenic
peptides from gluten, and compromise the intestinal barrier function [16]. Probiotics are
nonpathogenic live microorganisms, which, when orally administered in adequate amounts,
alter the microflora of the host and have beneficial health effect [17].

At this time, the only treatment for CD is lifelong adherence to a GFD, which involves the
elimination of grains containing gluten, wheat, rye, and barley. However, it is difficult for
many patients to follow a GFD. Some probiotics have been found to digest or alter gluten
polypeptides [18]. Abnormalities in the gut microbiome in CD patients have led to the use of
probiotics as a promising alternative as a therapeutic or preventative approach.

Here we focus on the role of microbiota in the pathogenesis of CD and on the chances for
probiotics to be involved in an alternative treatment strategy.

2. Microbiota composition in celiac children

Several research papers have suggested that an important risk factor involved in the etiolo-
gy of CD could be the gut microbiota. Multiple studies investigating the role of gut microbio-
ta in CD have been performed on fecal samples and, later, on duodenal biopsies.

The studies that have addressed the relation between fecal microbiota and CD in the pedia-
tric population are summarized in Table 1 [13, 19-24]. In the earliest report involving a total
of 49 children, 26 celiac patients aged 12-48 months and 23 age-matched controls, Collado et
al. evaluated the composition of the fecal microbiota by both culture-dependent and culture-
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independent methods using fluorescent in situ hybridization (FISH) [13]. They showed a high
level of Bacteroides, Clostridium, and Staphylococcus in fecal samples from CD children com-
pared to healthy subjects when analyzed by culture methods. The numbers of Bacteroides-
Prevotella, Clostridium histolyticum, Eubacterium rectale-Clostridium coccoides, Atopobium, and
sulfate-reducing bacterial groups were also significantly higher in fecal samples from CD
children analyzed by FISH [13]. Subsequently, Sanz et al. [19], using polymerase chain
reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) in 10 CD children aged
15-45 months and 10 age-matched healthy controls, demonstrated that the presence of species
such as Lactobacillus curvatus, Leuconostoc mesenteroides, and Leuconostoc carnosus were charac-
teristic of coeliac patients, while the Lactobacillus casei group was characteristic of healthy
controls. Moreover, the authors found a reduction in Bifidobacterium population diversity in
CD patients. Collado et al. [20], using real-time PCR, evaluated duodenal and fecal microbio-
ta in three groups of children: (1) untreated CD patients on a gluten-containing diet (GCD); (2)
treated CD patients who had been on a GFD for a minimum of two years; and (3) healthy
controls. They found that feces and biopsies of CD patients had an increased presence of
Bifidobacterium, Bacteroides, and Clostridium leptum groups with respect to the control group;
Escherichia coli and Staphylococcus were otherwise predominant in CD subjects on GFD. GFD
determined a complete normalization of gut microbiota [20]. De Palma et al. examined fecal
microbiology and immunoglobulin-associated features in active and non-active stages of CD
in children and in age-matched controls [21]. They found that in CD patients there was an
alteration in the type of fecal immunoglobulin-coated bacteria along with a shift in the
composition of the microbiota. In fact, they demonstrated a reduction of the percentages of the
IgA-coated bacteria in CD patients on a GFD and in those not following a GFD compared to
the control group. They also found a reduction of the percentages of IgG- and IgM-coated
bacteria in treated CD patients with respect to untreated CD subjects and control group.
Moreover, treated and untreated CD subjects showed a predominance of Bacteroides-Prevotella
as well as an impaired mucosal barrier, as suggested by the reduction of IgA-coated bacteria
with respect to the controls [21]. Sanchez et al., in an attempt to determine whether intestinal
Staphylococcus spp. and their pathogenic features differed between CD patients and healthy
controls, studied 40 CD children (20 active CD and 20 non-active CD) and 20 healthy con-
trols [22]. Staphylococci were isolated from feces and identified by PCR and DNA sequencing.
CD was associated with alterations in species diversity and composition of the fecal Staphylo-
coccus population. Staphylococcus epidermidis isolates carrying the mecA gene and both the mecA
and atIE genes were more abundant in CD patients than in controls, most likely reflecting
increased exposure of these subjects to opportunistic staphylococcal pathogens and antimi-
crobials, which in turn affected the composition/features of their intestinal microbiota [22]. Di
Cagno et al. in a study including seven CD patients on GFD, seven CD patients on a GCD, and
seven healthy controls, utilizing DGGE analysis and gas chromatography-mass spectrome-
try-solid-phase microextraction analysis of fecal volatile organic compounds (VOCs), found
that the fecal microbiota and VOCs of CD patients on GFD were more similar to those of healthy
patients than to those of CD patients on GCD [23]. Consequently, the authors speculated that
Lactobacillus and Bifidobacterium strains isolated from healthy children could be a potential
probiotic treatment to restore the balance of intestinal microbiota in treated and untreated CD
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patients [23]. Similar conclusions have been reached by Lorenzo Pisarello et al. [24] in a very
recent work. They found lower counts of Lacfobacillus in the feces of CD compared to con-
trols. Furthermore, the authors selected from feces of controls 5 Lactobacillus strains because of
their high resistance percentages to gastrointestinal tract conditions. Lactobacillus rhamnosus
(LC4) showed the highest percentage of autoaggregation and Lactobacillus paracasei showed

high hydrophobicity suggesting a potential use of these strains as probiotics in CD [24].

Author/ Year Country Patients population

References

Methods

and sample size

Main results

Colladoetal. 2007 Spain 26 untreated CD (mean  Culture+ FISH In untreated CD:
[13] age, 26 months) 1 Bacteroides
23 controls (mean age, 1 Staphylococcus
23.1 months) 1 Clostridium
1 Bacteroides-Prevotella,
1 Clostridium hystoliticum,
t Eubacterium rectale-C. coccoides,
1 Atopobium, Staphylococcus
| Bifidobacterium
Sanzetal. [19] 2007 Spain 10 untreated CD (mean  Culture+qPCR In untreated CD:
age, 28 months) +DGGE High diversity of fecal microbiota
10 controls (mean age, 24 1 Leuconostoc carnosum,
months) 1 Leuconostoc mesenteroides,
1 Lactobacillus curvatus
| Lactobacillus casei,
| Bifidobacterium adolescentis
Collado et al. 2009 Spain 30 untreated CD (mean qPCR In untreated and treated CD:
[20] age, 38.5 months) 1 Bacterial count
18 treated CD (mean age, 1 E. coli,
37.7 months) 1 Bacteroides,
30 controls (mean age, 1 Clostridium leptum
33.5 months) Staphylococcus prevalence
| Bifidobacterium
In treated CD:
1 Lactobacillus
DiCagnoetal. 2009 Italy 7 untreated CD (range, 6- PCR+DGGE In treated and untreated CD:
[23] 12 years) | Ratio of cultivable lactic acid

7 treated CD (range, 6-12
years)
7 (range, 6-12 years)

controls

bacteria and Bifidobacterium to
Bacteroides and Enterobacteria
In treated CD and in controls:
Lactobacillus brevis, Lactobacillus
rossiae, Lactobacillus pentosus

Only in controls:
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Author/ Year Country Patients population Methods Main results
References and sample size
Lactobacillus fermentum, Lactobacillus
delbrueckii subsp., Lactobacillus
bulgaricus, Lactobacillus gasseri
De Palmaetal. 2010 Spain 24 untreated CD (mean FISH+ flow In untreated CD:
[21] age, 5.5 years) cytometry | Bifidobacterium,
18 treated CD (mean age, | Clostridium histoliticum,
5.5 years) | Clostridium lituseburense,
20 controls (mean age, 5.3 | Fecalibacterium prausnitzii
years) 1 Bacteroides-Prevotella
In untreated CD and in controls:
| Levels of IgA coating the
Bacteroides-Prevotella
Sanchezetal. 2012 Spain 20 (mean age, 57.4 PCR+ DNA In untreated CD:
[22] months) untreated CD  sequencing 1 Staphylococcus spp. diversity

20 (mean age, 67.3
months) treated CD
20 (mean age, 54.0

months) controls

1 Staphylococcus haemolyticus
| Staphylococcus aureus
1 mecA and atIE genes in S.

epidermidis clones

Lorenzo Pisarello2015 Argentina 15 treated CD (mean age, Culture In treated CD

etal. [24] 7.5 years) (autoaggregation | Lactobacilli
15 controls (mean age, 6.5 assay, 1 Enterobacteria
years) hydrophobicity  Lactobacillus rhamnosus and
assay) Lactobacillus paracasei identified to

improve sign and

symptom in CD

CD celiac disease, FISH fluorescent in situ hybridization, DGGE denaturing gradient gel electrophoresis, PCR polymerase
chain reaction, gPCR quantitative polymerase chain reaction.

Table 1. Fecal microbiota in celiac disease.

Duodenal microbial composition of pediatric CD patients was explored more extensively later
on, with the main findings summarized in Table 2 [20, 25-33]. Microbiota characterization
from duodenal biopsy specimens was initially carried out on CD Spanish children by Nadal
etal. [25]in2007. The authors, in an attempt to identify the specific composition of the duodenal
microbiota of celiac patients (with active and non-active disease), evaluated 20 CD patients on
GCD, 10 CD patients on GFD for 1-2 years, and 8 healthy controls. Bacteriological analyses of
duodenal biopsy specimens, carried out by fluorescent in situ hybridization coupled with flow
cytometry, showed that the proportions of total and Gram-negative potentially pro-inflam-
matory bacteria were significantly higher in CD patients with active disease than in patients
on GFD and controls. Although, the ratio of beneficial bacterial groups (Lactobacillus-
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Bifidobacterium) to potentially harmful Bacteroides-E. coli was significantly reduced in CD
patients on GFD, there was not a complete normalization of gut microbiota compared with
controls [25]. Several subsequent Spanish studies confirmed these results [20, 26-28].
Particularly, these studies found that the Bacteroides, E. coli, Bifidobacterium, Enterobacteriacae,
and Staphylococcus groups were significantly more abundant in GCD patients than in the
controls with a greater diversity of these species [20, 26, 28], while, in contrast, members of the
family Streptococcaceae were less abundant in CD patients [28]. Furthermore, the Prevotella
genera were more frequent in healthy subjects than in celiac patients [27]. Ou et al. identi-
fied Clostridium, Prevotella and Actinomyces as predominant bacteria in the proximal small
intestine biopsies from a cohort of 45 CD children and 18 healthy controls born during the so-
called “Swedish CD epidemic” (2004-2007). This could explain the four-fold increase in the
incidence of CD in children less than two years of age observed between 2004 and 2007 [29].
Schippa et al. [30] analyzed the mucosa-associated microbiota of CD children, before and after
a GFD, and controls by temporal temperature gradient gel electrophoresis (TTGE). The most
important findings of the study were: a demonstration of a presence of peculiar microbial
TTGE profile and a significant higher biodiversity in CD pediatric patients” duodenal mucosa
after 9 months of GFD compared to healthy controls. Di Cagno et al. [31], utilizing culture-
dependent and culture-independent methods and metabolomics analyses, investigated the
differences in the microbiota and metabolome of 19 treated CD patients and 15 controls. They
confirmed the lower levels of Lactobacillus and increased levels of Bacteroides in CD patients.
Moreover, the authors showed that a GFD lasting at least two years did not completely restore
the microbiota and metabolome in CD patients [31]. A recent Spanish study demonstrated that
the intestinal microbiota of patients with duodenal Marsh 3c lesions showed similarity of 98%
and differed from that of CD patients with other type of histologiclesion as Marsh 3a, Marsh 3b,
and Marsh 2 [32]. This indicated that the composition of duodenal microbiota differed
depending on the grade of intestinal damage.

Authors/ Years Country Patients population Methods Main results
references and sample size
Nadal et al. [25] 2007  Spain 20 (untreated CD (mean  FISH+ flow In untreated CD:
age, 5.1 years) cytometry 1 Total bacteria
10 treated CD (mean age, 1 Gram-negative bacteria
5.6 years) 1 Bacteroides and E. coli, which
8 controls (mean age, 4.1 normalized after GFD
years) In treated and untreated CD:

| The ratio of Lactobacillus-

Bifidobacterium to Bacteroides

Colladoetal. 2009  Spain 8 untreated CD (mean age, qPCR In untreated CD:

[20] 56.4 months) Bacterial counts
8 treated CD (mean age, 1 Lactobacillus prevalence
65.2 months) | C. coccoides prevalence

1 Staphylococcus
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Authors/ Years Country Patients population Methods Main results
references and sample size
8 controls (mean age, 45.0 1 E. coli
months) | Bifidobacterium
In treated and untreated CD:
1 Bacteroides
1 C. leptum
Ou et al.[29] 2009 Sweden 33 untreated CD (median Culture In untreated CD
age, 5.9 years) +Scanning 1 Streptococcus
17 treated CD (median age, electron T Neisseria
7.5 years) microscopy
3 challenged CD (median
age, 10.8 years)
18 controls (mean age, 3.2
years)
Schippaetal. 2010 Italy 20 CD (before and after ~ TTGE Differences in biodiversity between
[30] GFD) (mean age, 8.3 years) untreated CD and treated CD
10 controls (mean age, 11.7 1 Bacteroides vulgatus and E. coli in CD
years)
Sanchezetal. 2010 Spain 20 treated CD (mean age, PCR-DDGE In untreated and treated CD:
[26] 51.1 months) | Bacteroides diversity
12 untreated CD (mean In untreated CD:
age, 54.9 months) | Bacteroides dorei
8 controls (mean age, 50.1 1 Bifidobacterium diversity
months) 1 Bifidobacterium adolescentis,
1 Bifidobacterium animalis
| Bacteroides diastonis, | Bacteroides
fragilis
| Bacteroides thetaiotaomicron,
| Bacteroides uniformis
| Bacteroides Ovatus
DiCagnoetal. 2011 Italy 19 treated CD (mean age PCR-DDGE  In treated CD:
[31] 9.7 years) | Lactobacillus
15 controls (mean age, 10.4 | Enterococcus
years) | Bifidobacteria
1 Bacteroides,
1 Staphylococcus, 1Salmonella,
1 Shigella, Klebsiella
Sanchezetal. 2013  Spain 32 untreated CD (mean  Culture In untreated CD:

(28]

age, 5.1 years) +PCR
17 treated CD (mean age,

5.9 years)

1t Proteobacteria, Enterobacteriaceae,

Staphylococcaceae (Klebsiella oxytoca,
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Authors/ Years Country Patients population Methods Main results
references and sample size
8 controls (mean age, 6.9 Staphylococcus epidermidis,
years) Staphylococcus pausteri)
| Firmicutes
| Streptococcus anginosus,
| Streptococcus mutans
Nistal et al. [27] 2012 8 untreated CD (mean age, 165rRNA | Streptococcus and Prevotella
3.75 years) gene
5 controls (mean age, 7.2  sequencing
years)
DeMeijetal. 2013  Netherland 21 untreated CD (median IS-pro In treated and untreated CD:
[32] age, 6.8 years) 1 Streptococcus
21 controls (median age, 1t Lactobacillus
8.1 years) t Clostridium
Cheng et al. [33] 2013  Finland 10 untreated CD (median qRT-PCR+  No significant differences in the
age 9.5 years) HIPchip abundance of bacterial phylum-like
9 controls (median age, 8.5 microarray groups between CD and controls
years) The bacterial diversity was
comparable between CD and controls
In treated and untreated CD:
1TLR2 expression
1 IL-10, IFN-g, C-X-C chemokine
receptor type 6 expression
Giron 2015  Spain 1luntreated CD (median DGGE The intestinal microbiota of children
Fernandez- age, 5.0 years) with Marsh 3c lesion showed
Crehuet et al. 6 controls (median age, 8.8 similarity of 98% and differs from
[34] years) other CD children with lesion as

Marsh 3a, 3b and Marsh 2

In CD: | Richness,

diversity and abitability of Lactobacillus
In untreated CD: | Streptococcus,
Bacteroides, E. coli In controls

| Streptococcus, Bacteroides

1 Bifidobacterium, Lactobacillus,

Acinetobacter

CD celiac disease, FISH fluorescent in situ hybridization, DGGE denaturing gradient gel electrophoresis, GFD gluten-free
diet, HIPchip Human Intestinal Tract Chip, IFN-g interferon-gamma, IL-10 interleukin-10, IS-pro 165-23S interspacer, PCR
polymerase chain reaction, jPCR quantitative polymerase chain reaction, gRT-PCR quantitative reverse-transcriptase-
polymerase chain reaction, TGGE temporal temperature gradient gelelectrophoresis, TLR2 toll-like receptor 2, C-X-C
chemokine receptor type 6.

Table 2. Duodenal-associated microbiota in celiac disease.
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In contrast, two recent studies reached different results. De Meij et al. [33], analyzing the total
microbiome profile in small bowel biopsies of 21 untreated CD and 21 age-matched controls,
found that mucosa-associated duodenal microbiome composition and diversity did not differ
between children with untreated CD and controls. The same results were obtained by Cheng
et al. using bacterial phylogenetic microarray to comprehensively profile the microbiota in
duodenal biopsies of 10 CD and nine healthy children, suggesting that the duodenal mucosa-
associated bacteria do not play an important role in the pathogenesis of CD [34].

In summary, although the majority of the studies available have confirmed the presence of
intestinal dysbiosis in CD children characterized by low levels of Lactobacilli and Bifidobacte-
ria and increase in Gram-negative bacteria (Bacteroides), which were not completely normal-
ized after GFD, some of them have failed to find a distinct signature that defines celiac
microbiota. The available articles regarding the relationship between the gut microbiota and
GFD, demonstrated that a GFD only allows a partial recovery of the gut microbiota in CD
patients [30, 34, 35].

3. Pathogenetic role of intestinal dysbiosis in CD

The intestinal microbiota composition and function play a fundamental role in the balance
between the host's health and disease by different mechanisms: (1) regulation of epithelial cell
proliferation and expression of tight junction proteins which act on intestinal permeability; (2)
influence on mucin gene expression by goblet cells and their glycosylation pattern; 3) secretion
of antimicrobial peptides (defensins, angiogenins, Reg3y, etc.) by intestinal cells, which
contribute to control gut bacterial adhesion. Certain components of the gut microbiota also
affect the expression and activation of pattern recognition receptors (PRR), such as toll-like
receptors (TLRs), which are expressed by epithelial cells and innate immune cells. The
mammalian TLR recognizes specific patterns of microbial components, called pathogen-
associated molecular patterns (PAMPs). After the PRR-PAMP interaction, activated innate
immune cells start the adaptive immune response by presenting the antigen and by produc-
ing cytokines, which leads to antigen-specific, protective immune response. In inflammatory
and autoimmune diseases this response causes damage to host's tissues [36]. The gut micro-
biota impacts on adaptive immunity. Recently, specific commensal bacteria have been shown
to influence T lymphocyte production (Thl, Th17) or anti-inflammatory regulatory T cells
(Tregs) [36].

To date, human microbiota and mucosal barrier function are the key players in etiology of
many inflammatory and autoimmune diseases [37]. Changes in mechanisms regulating
mucosal immunity and tolerance, can lead to impaired mucosal barrier function, increased
penetration of microbial components from lumen into the mucosa and circulation, and
consequently lead exaggeration of aberrant immune responses and inflammation.

The exact mechanisms through which the gut microbiota might influence CD onset or
progression is unknown, but could include activation of innate immune system, modulation
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of the epithelial barrier, or exacerbation of the gliadin-specific immune response [38].
Moreover, the presence of microbiota can significantly influence the inflammatory effect of
gluten. The microbiota may facilitate the access of gliadin peptides to the lamina propria and
its interaction with infiltrated lymphocytes and antigen presenting cells (APCs) responsible
for triggering the immune response via different mechanisms. In genetically predisposed
individuals, gluten in association with microbial antigens can stimulate and modulate innate
and adaptative immune response, sustaining a chronic mucosal inflammation, underlining
this chronic disease [38].

4, Probiotics in the treatment of CD

Probiotics are nonpathogenic live microorganisms, which when orally administered in
adequate amounts, alter the microflora of the host and have beneficial health effects. Probiotics
have shown to preserve the intestinal barrier promoting its integrity both in vitro and in
vivo [39, 40] as well as regulating the response of the innate and adaptative immune system.
The association of CD with intestinal dysbiosis and the evidence supporting a role for the
microbiota and specific bacteria in maintaining gut barrier function and regulating the
response of the innate and adaptive immune system, have supported the potential use of
probiotics in CD treatment [41, 42]. Although the data regarding the use of probiotics for CD
are encouraging, most of these data come from in vitro experimental models of CD [43, 44].
Studies regarding probiotics and CD in humans are very scarce [45-47]. Smecuol et al.
evaluated the effect of the Bifidobacterium infantis natren life start (NLS) on gut permeability,
the occurrence of symptoms, and presence of inflammatory cytokines in adult CD patients on
GCD. Results have shown that probiotics did not modify intestinal permeability probably due
to an insufficient dose or a short time of administration. However, probiotic administration
improved gastrointestinal symptoms, alleviating and reducing constipation [47].

In children, the clinical trials performed on the effect of probiotics on CD are summarized in
Table 3. In the earliest study Olivares et al. [45] evaluated the influence of Bifidobacterium
longum CECT 7347 in addition to a GFD in children newly diagnosed with CD. They showed
a decrease in peripheral CD3+ T lymphocytes and a trend in the reduction of tumor necrosis
factor (TNF)-a serum levels, and a reduction in the Bacteroides fragilis group(pro-inflammato-
ry bacteria) and in the content of IgA in stools. Klemenak et al. [46] evaluated the effect of a
combination of the strains Bifidobacterium breve BRO3 and B. breve B632, as compared to placebo.
They reported that B. breve strains decreased the production of the pro-inflammatory cyto-
kine TNF-a in children CD on a GFD.

At this time, the only treatment for CD is lifelong GFD, which involves the elimination of grains
containing gluten, wheat, rye, and barley in addition to food products and additives derived
from them [48]. To date, adherence to a diet is difficult for many patients. Studies have shown
that dietary transgression in patients with CD is common and can occur anywhere from 32%
to 55% [49]. Moreover, a GFD may be rich in high glycemic index foods which can increase
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insulin resistance and, thus, the risk of obesity and cardiovascular disease. In the last decade,
new therapies have been suggested to improve compliance to a GFD or to replace a GFD [50].
The use of probiotics appears to be able to reduce the damage caused by eating gluten-
containing foods and may even accelerate mucosal healing after the initiation of GFD [50, 51].
A specific commercially available probiotic, VSL#3 (containing eight different bacteria), has
been shown to reduce the toxicity of gluten when used in a fermentation process [52]. It is
thought that the gut microbiota can be modified in its composition and function by probiotic
administration. These may counteract or postpone the onset of CD, and it can be useful in
patients on GFD, when the normal composition of the intestinal flora has not yet fully
recovered.

Authors/ Years Country  Study Patients population Main results Comments

references design and sample size

Olivaresetal. 2013  Spain DB, R, PC 18 CD (mean age, 6.8 years) | B. fragilis group B. longum CECT 7347
[45] received B. longum CECT  lactivated T- could improve the health
7347; 18 CD (mean age 8.5 lymphocytes! status of CD patients
years) received placebo for TNF-a
3 months in parallel with
the GFD

Klemenacet al. 2015  Italy DB, R, PC 22 CD (age, 10.43) daily ITNF-a levels on Probiotic intervention

[46] Slovenia received B. breve CD group with B. breve strains has
25 CD (age, 10.81) daily shown a positive effect
received placebo for 3 on decreasing the
months production of pro-

18 (age, 8.83) controls inflammatory cytokine
TNF-a in children with
CD on GFD

CD celiac disease, DB double-blind, R randomized, PC placebo controlled.

Table 3. Clinical trials on the effect of probiotics for CD.

5. Conclusions

An alternative treatment that can improve CD patients’ quality of life may lie in probiotics. In
particular, probiotics such as Lactobacilli and Bifidobacterium could be useful to reset altered gut
microbiota, as well as reduce gliadin toxicity and immune activation. Their use as a primary
prophylactic treatment for children at high risk of CD is also a potential consideration.
However, their use in routine clinical practice is hindered by limited data from human studies.
The role of specific probiotics and their mechanism of action need to be identified in a larger
experimental population to confirm their effectiveness.
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Abstract

The resident microbiota in the human body, such as the oral cavity, gastrointestinal tract
and genitourinary tract, is able to provide resistance to disease. However, imbalances
in the microbial components can promote the growth of opportunistic microorgan-
isms, such as yeasts of genus Candida. Fungal infections present as a major cause of
infectious diseases and the microorganisms of genus Candida are the most frequently
isolated pathogenic fungi in human fungal infections. Bacillus spp. and Lactobacillus spp.
are bacteria that have probiotic effects used in commercially available products and in
studies that aim for the development of probiotics able to inhibit the microbial
pathogenicity and restore the balance of resident microbiota. Thus, with increasing
fungus resistance to the use of antifungal agents, which are capable of causing serious
side effects to the host organism unable to destroy the target microorganism, it becomes
important to develop therapeutic and/or prophylactic alternatives that have a different
and an effective mechanism of action with capacity to combat fungal infections without
harming the patient. Probiotic bacteria provide an alternative strategy for the preven-
tion and treatment of candidiasis and other infectious diseases.
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1. Introduction

The incidence of fungal infections has increased significantly in the past 25 years [1]. Human
beings are colonized by a diverse and complex collection of microorganisms, contributing all
of them to host nutrition, development of the immune system, response to pathogens and
mucosal cell differentiation and proliferation [2].

Probiotic bacteria are also used in human and animal nutrition to influence beneficially the
balance of intestinal microbiota of the host. Probiotics have several beneficial effects related to
increasing digestion, strengthening the immune system and stimulating the production of
vitamin. The use of probiotics is aimed to reduce the use of antibiotics and improve animal
growth, as well as feed conversion [3].

Infectious diseases along with multidrug resistance are the major public health problem in
developing countries with increased mortality and morbidity [4, 5]. Apart from the threat of
multidrug resistance, several studies have confirmed that the continuous use of antibiotics can
damage human commensal microbiota [5, 6]. Thus, an alternative and effective research focus
is necessary to combat these pathogens with no effect on normal microbiota. In this regard,
the use of probiotics and their natural metabolic compounds can be a substitute in various
food and pharmaceutical industries [5].

There are around 600 pathogenic fungal species for humans and this group includes the fungi
that cause infection of skin (e.g., Malassezia species) and fungi that have the potential to cause
systemic infections (e.g., Cryptococcus neoformans and Candida albicans) [7]. The yeasts of the
genus Candida are the fourth most common cause of systemic infections acquired in hospi-
tals in the United States with 50% mortality rates. The most pathogenic species is C. albicans
and can cause two major types of human infections: superficial infections, such as oral
candidiasis, and systemic infections [8, 9].

The genus Candida is commonly found in the oral cavity of healthy individuals, isolated from
approximately 75% of the population with a higher prevalence of C. albicans, followed by C.
tropicalis and C. glabrata [10]. Candida species are a frequent cause of recurrent infections in the
mucosa when favored by risk factors such as the use of antibiotics of broad spectrum and
corticosteroids for long time, human immunodeficiency virus (HIV) infection, radiotherapy
in the area of head and neck, the use of orthodontic appliances, deficient oral hygiene, among
other factors affecting immunocompromised patients that may result in transition of com-
mensal phase of C. albicans to pathogenic [11, 12].

Under certain conditions of immunosuppression, such as individuals with acquired immu-
nodeficiency syndrome (AIDS), oral manifestations are the most important and earliest
indicators of infection. The oral candidiasis is accepted internationally as a cardinal sign of
HIV infection and is present in 50% of patients with HIV infection and in 80% of patients with
AIDS [13, 14].

In Brazil during the period among 1996-2006, candidiasis was the second cause of deaths in
HIV-positive patients due to fungal infections, being responsible for an average of 39 annual
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deaths [15]. Moreover, oral candidiasis remains clinically relevant in these individuals, where
treatment is difficult and recurrent episodes are frequent, requiring multiple antifungal
treatments, which may lead to resistance selection [16, 17]. Due to this, C. albicans can develop
resistance to antifungals used to treat oral candidiasis, such as fluconazole and miconazole [18,
19].

Due to the high recurrence of Candida lesions, and the increased resistance of conventional
antifungal drugs in clinical practice, the continuous use of probiotics to prevent fungal
infections may be an interesting strategy. In this chapter, we discuss how probiotics can help
in the prevention and/or adjuvant treatment of candidiasis.

2. Probiotic

The history of probiotics began with the history of man; cheese and fermented milk were well
known to the Greeks and Romans who recommended their consumption, especially for
children and convalescents. The first association of probiotics and health benefits was made
at the turn of the century when the Russian scientist, Elie Metchnikoff, systematically studied
the composition of the microbiota and suggested that the ingestion of fermented milk would
improve this so-called autointoxication [20].

Probiotics play animportant role in human health. There is general agreement on the important
role of the gastrointestinal microbiota in the health and well-being status of humans and
animals [21]. Probiotics are defined as live microorganisms, which when administered in
adequate amounts confer a health benefit on the host. This term is defined by a United Nations
and World Health Organization Expert Panel [22].

There was an increase in the number of searches, both in vivo and in vitro, related to the benefits
of probiotics on health and described in the literature for the treatment of infectious diseases
caused by fungi, viruses, and bacteria or diarrhea associated with the use of antibiotics,
alleviation of inflammatory chronic bowel disease, decreased risk of colon cancer, reduced
allergies, effect on intestinal microbiota [21], and anticancer therapies [23].

Other beneficial effects of probiotics include lowering serum cholesterol level [24-27],
improving lactose intolerance, increasing the utilization of nutrients, decreasing the use of
antibiotics [24, 27], and antidiabetic treatments [26, 28, 29]. In the context linking food and
health, probiotics have been the subject of numerous scientific studies and publications
demonstrating their therapeutic effectiveness on both systemic and gastrointestinal tract [21]
(Figure 1).

Microorganisms commonly used as probiotics belong to the heterogeneous group including
Bacillus, Lactobacillus, Bifidobacterium, Saccharomyces cerevisiae, and Escherichia coli [30, 31]
(Figure 1).
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Figure 1. Some properties of probiotics.

3. Lactobacillus spp.

3.1. General characteristics

Lactobacillus spp. are Gram-positive bacteria, facultative anaerobic bacilli found in the normal
microbiota of the gastrointestinal tract of birds and mammals, and genitourinary tract and oral
cavity in the humans [31, 32]. This genre is heterogeneous and the number of species is
constantly being modified due to the description of new species and reclassification of
others [33]. Some members of the genus Lactobacillus were reclassified into Carnobacterium [34],
Atopobium [35], Weissella [36], and Paralactobacillus [37]. In early 2007, 120 species composing
the genus Lactobacillus [33] and in 2008 over 145 new species have already been identified [38,
39].

Different Lactobacillus species found in the gastrointestinal tract are concerned with the balance
of microbiota and it has been widely studied due to their health-promoting properties [40].
Their effects on intestinal microbiota in terms of protection include competition for adhesion
sites with pathogenic microorganisms and antimicrobial substance production, such as
organic acids, lactic acid, carbon dioxide, and bacteriocins [41]. In addition, the regular use of
probiotic appears to prevent certain gastrointestinal disorders such as lactose intolerance [42].

In 1907, Elie Metchnikoff won the Nobel Medicine Prize because he noticed that the daily
consumption of Bulgarian yogurt (known for its rich composition in lactic acid bacteria) is
beneficial to health. Metchnikoff worked at the Pasteur Institute in Paris and he discovered L.
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bulgaricus and this strain was introduced into the commercial production of dairy products
across Europe. He dedicated the last decade of his life to the study of bacteria that produce
lactic acid as a means to increase human longevity. After the studies of Metchnikoff, the
concept of probiotics was established and a new microbiology area started to develop [43].

3.2. Lactobacillus as probiotics and its mechanism of action

The main characteristics that a Lactobacillus strain needs to have to exercise an effective
probiotic action against pathogenic microorganisms are related to three factors: the ability to
inhibit the adhesion and colonization of pathogenic microorganisms in the host tissues,
biosurfactant production, and hydrogen peroxide (H,O,). There is a collagen-binding protein
called 29 kD present on the surface of some lactobacilli, which causes it to be capable of binding
to collagen vaginal epithelial cells and to inhibit binding of pathogenic microorganisms to host
tissues in significant numbers [44]. Some strains of lactobacilli produce biosurfactants
generically known as surlactin, which are responsible for reducing the surface tension of liquid
and thereby inhibiting the adherence of microorganisms. Surlactin studies are very impor-
tant to help in the understanding of the urogenital tract microbiota and their maintenance for
a balanced microbiota [45]. Other lactobacilli strains have the ability to produce hydrogen
peroxide, which can be toxic to microorganisms that do not produce catalase [46, 47].

According to Reid and Bruce [46], not all probiotic strains have the same mechanisms of action
and each has characteristics suitable for your application. For example, L. casei Shirota is
ingested daily for about 24 million people who do not have the 29-kDa protein and do not
produce H,O,. In the case of strain Shirota, its main action seems to be through the modula-
tion of the host immune response.

In a recent study, Abedin-Do et al. [48] showed that some Lactobacillus strains exert innate and
adaptive immune responses via their binding to pattern recognition receptors expressed on
immune cells and many other tissues such as the intestinal epithelium. Furthermore,
Lactobacillus can modulate the expression of genes involved in the regulation of immune
system [49-53].

Members of our group evaluated the capacity of L. rhamnosus and its products to induce the
synthesis of cytokines (tumor necrosis factor (TNF)-a, interleukin (IL)-1(, IL-4, IL-6, IL-10, and
IL-12) by mouse macrophages. Jorjao et al. [54] used three microorganism preparations: live
L. rhamnosus (LLR) suspension, heat-killed L. rhamnosus (HKLR) suspension, and the super-
natant of a heat-killed L. rhamnosus (SHKLR) suspension. LLR and HKLR groups were able to
significantly increase the production of TNF-a, IL-6, and IL-10. SHKLR also significantly
increased the production of TNF-a and IL-10 but not IL-6. All the L. rhamnosus suspensions
were not able to produce detectable levels of IL-1p or significant levels of IL-4 and IL-12. The
authors concluded that live and heat-killed L. rhamnosus suspensions are able to induce the
synthesis of different cytokines with pro-inflammatory (TNF-a and IL-6) or regulatory (IL-10)
functions, suggesting the role of strain L. rhamnosus ATCC 7469 in the modulation or in the
stimulation of immune responses.
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In order for probiotic strains to have a satisfactory action, they must remain alive against stress
challenges along the entire gastrointestinal tract, including the presence of bile in the small
intestine. Bile is highly toxic to microorganisms not adapted to intestinal conditions. Moreover,
some lactobacilli developed specific mechanisms to resist the deleterious effects caused by
these compounds [55]. Among these mechanisms, we can cite the efflux pump that actively
removes the acids and accumulated bile salts within the cytoplasm and the enzymatic activity
of hydrolases, which are capable of neutralizing deleterious effect of bile [56-58].

According to FAO WHO [22], the ideal characteristics of a probiotic strain of Lactobacillus
considered are as follows:

* Not pathogenic;

* Stable in acid and in the presence of bile;
* Adhesion ability in human mucosa;

¢ Colonize the intestine;

* Remain viable during storage and use;

* Have beneficial physiological effects and safe.

3.3. Lactobacillus in prevention and treatment of Candida infection

In vitro assays are important to evaluate the antifungal activity of each strain and characteri-
zation of the mechanisms of action, performing as a screening to in vivo tests with experi-
mental models.

Sookkhee et al. [59] isolated and identified different species of lactic acid bacteria from the oral
cavity of 130 volunteers in Thailand and they studied probiotic action against C. albicans in
vitro. The authors found 3790 different samples of lactic acid bacteria including the genera
Lactococcus, Lactobacillus, Streptococcus, Leuconostoc, and Pediococcus, and it was concluded that
L. paracasei and L. rhamnosus strains were two species that had the greatest number of clinical
isolates able to inhibit C. albicans.

Noverr and Huffnagle [60] examined the effect of living cultures, heat-killed cultures, and
supernatants of probiotic bacteria (L. casei, L. paracasei, and L. rhamnosus) on the morphogen-
esis of C. albicans and observed an inhibition in the formation of germ tube when C. albicans
interacted with living cells or supernatant of Lactobacillus. It was also found that superna-
tants obtained from cultures of 2 h inhibited germ tube formation of C. albicans. However, the
addition of 24-h growth cultures took complete inhibition, suggesting that the accumulation
of a soluble compound of the supernatant is responsible for this inhibition.

Coman et al. [61] evaluated the antifungal activities of two probiotic strains, L. rhamnosus
IMC 501® and L. paracasei IMC 502%, and their 1:1 combination, named SYNBIO®, using agar
well-diffusion method and liquid coculture assay. They tested probiotic strains in eight strains
of Candida, including C. albicans, C. krusei, C. glabrata, C. parapsilosis, and C. tropicalis. All the
Candida strains are strongly inhibited, except C. glabrata and C. tropicalis, and during the
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coculture assay, the inhibitory activity of probiotic bacteria against Candida strains was
approximately 40% in some cases and absent in other cases, in particular against some strains
of C. albicans and C. tropicalis. The authors concluded that in vitro screening of Lactobacillus
strains according to their activity in various environmental conditions might be a valuable
method that could precede clinical efficacy studies for adjunct treatment with probiotics in
cure of different infections.

Parolin et al. [62] identified 17 clinical strains of Lactobacillus from the vaginal cavity of healthy
premenopausal women, including the following species: L. crispatus, L. gasseri, and L. vaginalis,
and evaluated their in vitro activity against Candida spp. (nine strains) and characterized their
antifungal mechanisms of action. In general, the strains tested were more active toward C.
albicans. No Lactobacillus strains showed activity against C. krusei and C. parapsilosis. All strains
produced hydrogen peroxide and lactate, and in particular, L. crispatus BC2, L. gasseri BC10,
and L. gasseri BC11 appeared to be the most active strains in reducing pathogen adhesion. It
was concluded that these in vitro assays are prerequisites for the development of new
therapeutic agents based on probiotics for prophylaxis and adjuvant therapy of Candida
infection.

Some in vivo studies also show the effectiveness of probiotics in Candida infection. Wagner et
al. [63] demonstrated that the inoculation of probiotics (L. acidophilus, L. reuteri, L. casei GG,
and B. animalis) in immunodeficient mice reduced the density of C. albicans in gastrointesti-
nal tract, incidence of systemic candidiasis, and prolonged the survival of adult and neona-
tal mice. Probiotic bacteria also modulated antibody and cell-mediated immune responses to
C. albicans. The authors demonstrated that probiotic bacteria can protect immunodeficient mice
from candidiasis; however, none of the probiotic bacteria we studied completely eliminated
C. albicans from the alimentary tract.

Matsubara et al. [64] evaluated the oral colonization by C. albicans in experimental murine
immunosuppressed and treatment with L. acidophilus and L. rhamnosus. The colonization by
C. albicans on the oral mucosa, started on day 1 after inoculation, remained highest from day
3 until day 7 and then decreased significantly. Probiotic bacteria reduced Candida coloniza-
tion on the oral mucosa significantly compared to the untreated group of animals (negative-
control group). The reduction of yeast colonization in the group treated with L. rhamnosus was
significantly higher compared to the group receiving nystatin (positive-control group). The
authors concluded that the treatment with probiotics in this model may be an effective
alternative to prevent it.

Deng et al. [65] evaluated the probiotic action in vitro and the anticolonization capacity of L.
paracasei FJ861111.1 in vivo in mice infected with other selected pathogenic microorganisms.
In vitro results showed that Shigella dysenteriae, Staphylococcus aureus, Cronobacter sakazakii, E.
coli, and C. albicans were inhibited by L. paracasei F]J861111.1 that presented elevated survival
at pH 2.5 and bile salt concentration at 0.3%. In vivo results demonstrated that the ferment-
ed milk with L. paracasei improved significantly the total population of bacteria, and the
presence of Lactobacillus in the feces of mice. The colonization by C. albicans was significantly
inhibited in the intestine of mice after infection and demonstrated the potential of this strain
used as a probiotic organism for the production of functional fermented milk.
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Although mice and rats are the gold standard for Candida studies, economic and ethical issues
limit the use of mammals in these experiments, especially when a large number of strains need
to be analyzed [66]. Invertebrate models have been used to study the microbial pathogenici-
ty and pathogen-host interactions, which provided considerable insight into different aspects
of microbial infection [67]. In this respect, Galleria mellonella has been found to be an interest-
ing invertebrate model for the study of the pathogenicity of C. albicans [68-71]. Recently, our
laboratory developed pioneering in vivo study to evaluate the probiotic action of L. acidophi-
Ius in the experimental candidiasis in G. mellonella. Vilela et al. [31] demonstrated that the
inoculation of L. acidophilus into G. mellonella infected with C. albicans reduced the number of
yeast cells in the larval hemolymph and increased the survival of these animals. However, L.
acidophilus exerted no inhibitory effect on C. albicans filamentation in G. mellonella tissues. In
this study, we verified that G. mellonella is an adequate model for the study of the probiotics.

4. Bacillus spp.

Bacillus spp. were classified a long time as only soil microorganisms, but they are also
commensal microorganisms of the gut of humans and animals due to the great adaptability to
the intestinal environment, representing part of your natural life cycle [72-74]. Some Bacillus
species have been used as probiotics for at least 50 years, but scientific interest for these
microorganisms has occurred mainly in the last 15 years [30, 75].

Among the large number of probiotic products in use today are bacterial spore formers, mostly
of the genus Bacillus. Bacillus bacteria have been used widely as putative probiotics because
they secrete many exoenzymes [76-78]. The species that have been most extensively exam-
ined include B. subtilis, B. clausii, B. coagulans, B. licheniformis, and B. polyfermenticus [26, 30, 79].
Although it requires an evaluation in each case, many species of Bacillus are considered as
nonpathogenic and safe for animal and human consumption [79-81].

Used primarily in their spore form, these products have been shown to prevent gastrointesti-
nal disorders and the diversity of species used and their applications are astonishing [30], then,
demonstrating that exert immune stimulation, antimicrobial activity, and competitive
exclusion. Studies have shown that these bacteria are able to grow inside the intestinal tract
and could be considered temporary residents. This is important because it indicates that they
are not exogenous microorganisms but may have unique symbiotic relationship with the
host [74].

4.1. General characteristics

The members of genus Bacillus are Gram-positive, aerobic or facultative anaerobic, catalase-
positive, and spore-forming bacteria [82, 83]. These microorganisms are saprophytic com-
mon in soil, water, dust, and air [84] and also involved in food spoilage [85]. These bacteria
are considered allochthonous and enter the gut by association with food [30] or in an endo-
symbiotic relationship with their host, being able to survive temporarily and proliferate within
the gastrointestinal tract [30, 86].
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B. subtilis is a model microorganism for studies involving the genus Bacillus [87]. This species
is a widely used oral vaccine delivery system since it has been classified as a novel food
probiotic for both human and animal consumption [88, 89]. The beneficial effects of B. subtilis
on the balance of the gastrointestinal microbiota justify its use as probiotic in pharmaceutical
preparations, for the prevention and treatment of intestinal disorders and the reduction of
inflammation [90-92].

4.2, Spores as probiotics

Sporulation of Bacillus spp. represents a protection process, which is usually induced by low
levels of nutrients and conditions unfavorable to the survival of the bacteria in vegetative
form [93]. The spores are extremely resistant cell structures that when exposed to appropri-
ate abiotic factors, through the germination, they can return to vegetative form [94].

Bacterial spore formers are being used as probiotic supplements for use in animal feeds, for
human dietary supplements, as well as in registered medicines [74]. The use of spore-based
products raises a number of questions. Since the bacterial species being used are not consid-
ered resident members of the gastrointestinal microbiota, how do they exert a beneficial effect?
According to Cutting [74], while often considered soil organisms this conception is mis-
placed and Bacilli should be considered as gut commensals. Therefore, in fact, the question to
be answered is what produces the probiotic effect: the vegetative cells (spores germinated) or
the spores themselves? The natural life cycle of spore-forming microorganisms involves spore
germination, sporulation, and re-proliferation when nutrients are scarce [30]. According to
these authors, although it is unlikely that they are true commensals, a unique dual life cycle
of spore formers in the environment and within the gut of animals could represent a mecha-
nism that may be responsible for probiotic action.

Bacillus spp. forms thermostable spores and shows advantages over other microorganisms
non-spore-forming, but also have probiotic activity. Thus, the product can be stored at room
temperature in the dried form without any deleterious effect on the viability. Furthermore,
since spores are extremely stable and resistant, they are able to survive low pH of gastric
barrier [95, 96]. Therefore, a particular dose of ingested spores can be stored indefinitely
without refrigeration and the desired dose of vegetative bacteria will reach the small intes-
tine intact [74].

The research efforts and the search for new perspectives for clinical and nutritional applica-
tions with probiotic preparations that last comparatively more than other pharmaceutical
drugs are justified because the spores are more resistant than the vegetative cells. This allows
for greater reliability in the treatment method with probiotics and reduces the cost of produc-
tion [79].

4.3. Mechanism of action of Bacillus probiotic

Before a bacterial strain can be considered probiotic, some criteria must be assessed as
inhibition capacity in the growth of harmful microorganisms, not toxic, not pathogenic, and
be tolerant to acid, bile salt conditions, and pancreatic secretions in order to reach the small
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and large intestines, its ability to adhere to intestinal epithelial cells [82, 97-99], remain viable
during transport and storage, exert beneficial effects on the host, stabilize the intestinal
microbiota, adhere to the intestinal epithelial cell lining, and produce antimicrobial substan-
ces toward pathogen [82, 98].

Many authors have proposed that the properties of adhesion are a decisive factor for the
selection of new probiotic strains. The mechanisms of action of probiotics against gastrointes-
tinal pathogens consist principally on the following:

* Competition for nutrients and sites of accession;

* Production of antimicrobial metabolites [21, 100];

* Changes in environmental conditions;

* Modulation of the immune response of the host [21, 101].

The principal mechanism by probiotics is the production of antimicrobials that inhibit
pathogenic microorganisms. Bacillus species produce a large number of antimicrobials and
include bacteriocins and bacteriocin-like inhibitory substances, subtilin and coagulin, as well
as antibiotics, surfactin, iturins A, C, D, E, and bacilysin [30, 102]. In 1979, Ozawa et al. [103]
demonstrated that B. subtilis var. natto inhibited the growth of C. albicans in the intestinal tract
and [104] showed that a surfactin had activity against yeast.
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Figure 2. Mechanism of action of Bacillus probiotic.
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Stimulation of the immune system or immunomodulation is considered an important
mechanism to probiotics. Studies in humans and animal models have provided that the oral
administration of spores stimulates the immune system, and this confirms that spores are
neither innocuous gut passengers nor treated as a food. Helper lymphocyte (Th1) responses
are important for IgG synthesis but more importantly for cytotoxic T-lymphocyte recruit-
ment, and for the destruction of intracellular microorganisms, and involve presentation of
antigens on the surface of the host cell by a class I major histocompatibility complex (MHC)-
processing pathway [30].

Studies have shown that small amount of inoculum of B. subtilis spores can germinate in the
small intestine, grow, proliferate, and then again sporulate [105, 106]. Thus, the spores of
Bacillus spp. can germinate in significant numbers in the jejunum and ileum [107], and
stimulate and regulate the synthesis of immunoglobulin A, the pro-inflammatory cytokines
such as tumor necrosis factor and interferon vy, and the helper T lymphocytes [108]. There-
fore, through colonization, immune stimulation, and antimicrobial activity developed by these
bacteria it is possible to prove that they have the potential probiotic effect [109].

Different mechanisms have been proposed for competitive exclusion agents including
competition for host-mucosal receptor sites, secretion of antimicrobials, production of
fermentation by-products, such as volatile fatty acids, competition for essential nutrients, and
stimulation of host immune functions [30] (Figure 2).

4.4. Studies with Bacillus spp. as probiotics

In literature, there are in vivo and in vitro studies of Bacillus spp. about the benefits of their
probiotic action in humans and animals. However, despite its recognized probiotic action and
its benefits to human and animal health, to date, there are no studies on the effect of Bacillus
spp. in the genus Candida. Subsequent text describes some studies with the genus Bacillus as
probiotic.

Lee et al. [26] studied the potential probiotic characteristics of B. polyfermenticus KU3 isolated
from kimchi, a Korean dish made from fermented vegetables. The spore cell of B. polyfermen-
ticus KU3 was highly resistant to artificial gastric juice and survived for 24 h in artificial bile
acid. B. polyfermenticus KU3 did not generate the carcinogenic enzymes, 3-glucosidase, N-
acetyl-3-glucosaminidase, and B-glucuronidase, and adhered strongly to HT-29 human
intestinal epithelial cell lines. The authors found that B. polyfermenticus KU3 strongly inhibit-
ed the proliferation of cancer cells such as HeLa, LoVo, HT-29, AGS, and MCE-7 cells. The
supernatant of B. polyfermenticus KU3 had an anticancer effect against HeLa and LoVo cells.
Conversely, the proliferation of normal MRC-5 cells was not inhibited. They also demonstrat-
ed the anti-inflammatory activity of B. polyfermenticus KU3 under inflammatory conditions, as
shown by the reduction in nitric oxide and pro-inflammatory cytokines (TNF-q, IL-10, TGF-
(32, and COX-2). This study demonstrated the probiotic characteristics of B. polyfermenticus KU3
and provided evidence for the effect of this bacterium against various cancer cells.
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Studies performed by Thirabunyanon and Thongwittaya [99] investigated the activity of
isolates of Bacillus spp. for possible use as potential probiotics, and their protective inhibi-
tion activity against Salmonella enteritidis infection. The gastrointestinal tracts of native chickens
were evaluated for use as a potential probiotic. Bacillus demonstrated higher growth inhibi-
tion of seven food-borne pathogens, including S. enteritidis, S. typhimurium, E. coli, B. cereus, S.
aureus, Listeria monocytogenes, and Vibrio cholerae. The authors concluded that B. subtilis NC11
has a protective activity against S. enteritidis infection, and is able to competitively exclude it
from its original site in the gastrointestinal tract, which is the beginning of the route of food-
pathogenic contamination.

Rhee et al. [110] studied the effect of bacteria administered orally on the development of the
gut-associated lymphoid tissue (GALT) in infant rabbits and B. subfilis showed greater
importance in GALT development. Besides, B. subtilis secretes antimicrobial agents, as
coagulin, amicoumacin, and subtilisin, which may have probiotic effect by suppressing the
growth of competing microorganisms, such as enteric pathogens.

Pinchuk and colleagues [90] demonstrated that a probiotic strain B. subtilis 3, originally isolated
from animal feed, has inhibitory effect against Helicobacter pylori due to the production of
antibiotics, including amicoumacin A. The group of isocoumarin antibiotics (which the
amicoumacin A belongs) can exert, among other properties, anti-inflammatory and anti-tumor
actions, and present potential for use in the treatment of H. pylori infection.

In the human and animal consumption, the spores of B. subtilis were used as probiotics and
competitive exclusion agents [107, 111], and, in some countries, B. subtilis was applied in oral
bacteriotherapy of gastrointestinal disorders [107].

Bacillus probiotics were developed for topical and oral treatment of uremia [30]. B. coagulans
had the ability to secrete a bacteriocin, coagulin, that has activity against a broad spectrum of
enteric microbes [112] and since 1983 [113] showed the beneficial effects of Bacillus probiot-
ics on urinary tract infections.

Ghelardi and colleagues [114] aimed to investigate the survival and persistence of B. clausii in
the human gastrointestinal tract following oral administration as spore-based probiotic
formulation. The authors concluded that B. clausii strains can have different ability to sur-
vive in the intestinal environment. B. clausii spores administered as a liquid suspension or a
lyophilized form behave similarly in vivo and B. clausii spores survive transit through the
human gastrointestinal tract, and they can germinate, outgrowth, and multiply as vegetative
forms.

The use of Bacillus species as probiotic is expanding rapidly with increasing number of studies
demonstrating immune stimulation, antimicrobial activities, and competitive exclusion by
these microorganisms. Most research with Bacillus has been performed in animals and some
clinical studies also in humans. Thus, the question is: Are the findings relevant to probiotic
research in humans?

Therefore, if the results are promising and not only the bacteria are becoming superbacteria,
but also other microorganisms such as fungi, why not apply the probiotic properties of Bacillus
spp. in the genus Candida?
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5. Conclusion and future perspective

This chapter sought to provide the reader knowledge about the probiotic action of bacteria
Bacillus spp. and Lactobacillus spp., describing the characteristics of microorganisms, the
probiotic mechanism of action, and the studies described in the literature.

The high prevalence of Candida spp. associated with the increased resistance of microorgan-
isms to conventional antifungal treatments boosts the development of research for new
treatments to infections caused by Candida, such as probiotics. The treatment with probiotics
promotes the reestablishment of the natural condition of microbiota with advantages over
conventional antifungal because they do not induce microbial resistance, are nontoxic when
administered in adequate amount, and therefore do not produce undesirable side effects, and
also stimulate the immune system.

Infectious diseases along with the resistance of microorganisms to drugs represent serious
problem in health. The knowledge of microorganisms that have characteristics capable of
influencing the pathogenicity of Candida, and that characterize possible methods of preven-
tion and treatment for candidiasis, is important, mainly, to provide alternative for microbial
resistance without causing harmful side effects to the human organism and do not cause
resistance to the fungus.
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Abstract

Phosphorus plays vital roles in human health and nutrition. In nature, phosphorus
exists as phosphate, either inorganic or organic. The major form of phosphate in plant-
derived diets is phytate that cannot be degraded by monogastric animal, as well as
humans. Initially, this chapter reviews current research of phosphorus in human
nutrition and health. Subsequently, problems of phytate degradation and phosphorus
utilization in plant-derived diet are outlined. Next, as the main part, the enzymes of
phytase, which catalyze the release of inorganic phosphorus from phytate, are
compared, especially those produced by gut microbiota. Meanwhile, how probiotic
bifidobacteria can be used for producing phytase and therefore enhance their benefi-
cial effects are discussed. Phytase-producing bifidobacteria can be either isolated rarely
in nature or constructed by genetic cloning of phytase genes from other well-charac-
terized enzymes. The combination of bifidobacteria and highly active phytase may
improve human health and nutrition especially as supplementary probiotic foods.
Therefore, potential application is prospected. Finally, other considerations related to
industrial production and usage of phosphorus-enriched additives are remarked. In
conclusion, improving and maintaining the phosphorus balance in food by bifidobac-
teria may be promising for a healthier life.

Keywords: bifidobacteria, phytate, phytase, phosphorus, nutrition

1. Introduction

Phosphorus is an essential nutrient for the body and is routinely consumed through food. After
consumption, phosphorus is usually bound with oxygen and exists as phosphate in the body.
Both organic and inorganic forms of phosphate are present in regularly consumed foods. The
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amountoftotal phosphateingestion canbesignificantlyinfluenced by processed food. Following
a meal, inorganic phosphate can be rapidly absorbed across the small intestine and enter the
bloodstream causing an elevation in serum phosphate levels. An increase in serum levels of
inorganic phosphate usually reduces serum levels of ionic calcium by forming a calcium
phosphate complex. High ratio of phosphate to calcium usually leads to hypophosphatemia.
In contrast, dietary phosphate deficiency, mostly due to malnutrition, can also impair the bone
mineralization process and eventually lead to the development of rickets [1]. Nevertheless,
phosphorus homeostasis is important for versatile functions, especially skeletal growth,
development, and maintenance [2].

Despite the essential role of phosphate in living cells and wide application of phosphate
additives in kinds of food, humans cannot efficiently digest plant-derived phosphate, namely,
phytate that is the main form in both cereals and vegetables [3]. Degradation of phytate is
catalyzed by phytases, which are predominately presented on bacteria and fungi. Bifidobac-
teria are the most frequently used microbial supplements in functional foods and probiotic
formulations [4]. Probiotics have many beneficial effects in human intestine [5]. Phytase
activity was detected in a few species of bifidobacteria [6,7]. Furthermore, heterologous
secretion of phytases cloned from other bacteria was reported in bifidobacteria as well [8].
These strains can be used in fermented foods for conversion of poorly digestible phytate
enriched in plant materials, which serves an alternative approach for dietary phosphorus
supplementation in humans, especially those health-compromised individuals.

2. Role of phosphorus in human nutrition and health

2.1. General biochemistry and distribution of phosphorus

In biological systems, phosphorus involves in many important reactions, including forming
cell membrane and nucleic acids, generation of ATP, cell signaling through protein phosphor-
ylation or dephosphorylation, urinary buffering, and bone mineralization. In addition,
phosphorus widely takes part in biochemical reactions, e.g., glucose and triacylglycerol
(triglyceride) utilize phosphate to synthesize glucose 6-phosphate and glycerol 3-phosphate
respectively. Phosphorus is the sixth abundant element in the human body and comprises
approximately 1% of total body weight [9]. In mammals, phosphorus is presented as phos-
phate, which is a predominantly intracellular anion. There is 85% phosphate in bone and
teeth, 14% in other tissues, and 1% in extracellular fluid.

Under steady state, a regular Western diet provides approximately 20 mg/kg/day of phos-
phorus [10]. Around 16 mg/kg/day is absorbed in the proximal intestine, mainly in the jejunum.
The normal range of serum phosphate concentration is 4.5-8.3 mg/dl and higher in infants
who require more of the mineral for bone growth and soft tissue buildup [11]. At zero metabolic
balance, about 13 mg/kg/day phosphorus is excreted in the urine in adults. Thus, under
phosphate equilibrium state and normal renal function, the amount of urine phosphorus can
be an indicator of the amount absorbed in the intestine [12]. Reasonably, phosphate absorp-
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tion and reabsorption decline along human aging, respectively, in both the intestinal tract and
kidney. Meanwhile, expression of sodium-phosphate co-transporters decreases [13].

2.2. Phosphorus for nutrition and health

Phosphorus can be supplied in two forms, namely, organic phosphate and inorganic phos-
phate. Inorganic phosphate additives have greater bioavailability than organic sources of
phosphorus that are the main form of phosphate in plant-derived foods. Phosphorus serves
vital roles in the human body and is essential component of nutrient. It is crucial for bone
growth and mineralization. Both bench and clinical researches show that phosphate is one of
the major factors in the maintenance of bone health, and its deficiency results in bone pathology
and clinical illness, such as rickets and osteomalacia [14]. Inorganic phosphorus is one of the
two main ionic components required for hydroxyapatite formation during the mineraliza-
tion of the extracellular matrix [15].

Roughly, 80-90% of the mineral content of bone is calcium and phosphorus, and 85% of the
phosphorus is in the skeleton. Adequate phosphorus intake is essential for skeletal minerali-
zation. Although calcium plays an important role in regulating chondrocyte maturation,
apoptosis of hypertrophic chondrocytes is dependent upon circulating phosphate at normal
levels [16]. Diets high in phosphorus often lead to diminished intestinal calcium absorption,
reducing serum calcium concentration, and stimulating parathyroid hormone (PTH) secre-
tion [17]. Phosphorus also directly regulates the production of 1,25(0OH)2D by kidney cells.
Furthermore, phosphorus is considered to be a major dietary source of acid [18].

2.3. Phosphate homeostasis and health

As more than 2000 chemical reactions in living cells use phosphate, optimal phosphate balance
is essential for effective regulation. Generally, phosphate homeostasis is determined by both
intestinal absorption from consumed food and renal excretion of the serum phosphate.
Sodium-dependent phosphate (NaPi) transporters actively regulate the intestinal phosphate
absorption and partially mediate renal phosphate excretion and reabsorption as well.
Parathyroid hormone (PTH) facilitates urinary phosphate excretion because of strong
inhibition of NaPi transporters function [10]. Dietary phosphate restriction induces an
adaptive increase of intestinal phosphate uptake, and prolonged restriction increases NaPi-2a
activity, thereby attempting to restore the balance by increasing kidney phosphate reabsorp-
tion [19].

The maintenance of optimal phosphate balance is managed by complex interactions be-
tween the gut, kidney, and bone, as well as “phosphatonins” involving multiple regulators.
More precisely, the duodenum and jejunum are responsible for phosphorus absorption in the
diet via both passive diffusion and active sodium-dependent transportation [20]. The kidney
is the major organ involved in the regulation of phosphate homeostasis. A variety of factors
along the proximal convoluted and straight tubule of the kidney, including serum PTH,
calcium, 1,25(0OH)2D3, and bicarbonate concentrations, take part in the regulation of phos-
phate. In animals with intact parathyroid glands, the phosphate concentration in the proxi-
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mal tubules is 70% of the plasma level. There is little phosphate reabsorption in the proximal
straight tubule in the presence of PTH. However, in the absence of PTH, phosphate is avidly
reabsorbed along the proximal straight tubule. As previously reported, phosphate renal losses
were enhanced by increasing fibroblast growth factor 23 (FGF-23).

2.4. Phosphate toxicity

Excessive retention of phosphate in the body is toxic to humans and can cause a wide range
of cellular and tissue injuries; partial toxicities are shown in Figure 1 [21]. Common toxicity of
phosphate in humans includes impaired renal function, rhabdomyolysis, and tumor lysis
syndrome [22]. Occasionally, exogenous phosphate toxicity is also documented in patients
when exposed to hypertonic phosphate enemas [23]. Horribly, excessive exogenous phos-
phate administration can be fatal though the lethal dose in humans is unknown [24]. Overall,
itis convincingly demonstrated that phosphate accelerates various pathologies. Acute toxicity
can provoke hypocalcemia and associated symptoms including tetany, hypotension, and
tachycardia. Moderate toxicity leads to deposition of calcium phosphate crystals, including
often fatal cardiovascular calcification that usually irreversible. For instance, phosphate
toxicity has been implicated as independent risk factor for high mortality in chronic kidney
disease patients [25]. In an animal study, a 7-20-fold higher commercial phosphate-contain-
ing enema induced 100% mortality [26]. In another study, the NaPi2a/klotho double-knock-
out mice lost their fertility when fed with a high-phosphate diet [27]. Phosphate toxicity can
induce an increased rate of apoptosis in various tissues. It has been found that phosphate
toxicity accelerates the mammalian aging process by inflicting tissue damage and reducing
survival as well [28]. Meanwhile, several studies reported links between high dietary inor-
ganic phosphate intake and cancer development [17,29], as well as bone health problems [10,
30].
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Figure 1. Partial list of pathological events related to phosphate toxicity composed by Razzaque [21] from related liter-
atures in both human and animal studies.

3. Phytate in plant-derived diets

Phytate, the salt form of phytic acid, represents 60-80% of total phosphorus in plant seeds that
can be hydrolyzed by phytase. Even milk and its related products are the richest phosphate
sources in human diet; the major sources of phosphate in all natural foods are protein-rich
foods and cereal grains. However, humans do not encode genes for phytase and hence can
poorly digest phytate in plant-derived diets. Lacking of phytase causes three major prob-
lems in simple-stomached animals as well as humans: (1) environmental pollution from
manure phosphorus, (2) dietary addition of inorganic phosphorus, and (3) depletion of rock
phosphorus deposits. For instance, in a crossover trial with chronic kidney disease-suffering
patients, the fasting serum phosphorus concentration was lower after the vegetarian diet than
after the meat diet that contained identical phosphorus. More notably, secretion of plasma
FGF-23 was about 40% lower in subjects treated with vegetarian diet after one week [31].

Phosphate interacts with several dietary minerals, such as calcium, sodium, and magnesium.
Therefore, deficiency of these minerals is more common than deficiency of phosphate when
its bioavailability is low. It was noted that the phosphorus bioavailability of natural foods is
variable. Particularly, the bioavailability of phosphorus in phosphate-rich plant foods such as
whole grains, legumes, peas, nuts, and seeds is relatively low, because a high proportion of it
is tied up in poorly absorbed phytates. Considering many studies link high phosphorus intakes
that are mainly supplied by inorganic phosphate additives to increased morbidity and
mortality, natural plant foods may favorite health outcomes as their relatively low bioavaila-
bility of phosphorus.

4. Phytases and gut microbiota

Phytases (myoinositol hexakisphosphate phosphohydrolase) are enzymes that catalyze the
stepwise removal of phosphates from phytic acid (myoinositol hexakisphosphate) or its salt
phytate. Until now, a plenty of phytases were discovered and they show different catalytic
mechanisms. The first and most extensively studied group of phytases, such as Escherichia coli
AppA, belongs to the class of histidine acid phosphatases (HAPs) [32]. The other three groups
of phytase are classified as b-propeller phosphatase (BPP; also referred to as alkaline phy-
tase, exampled by Bacillus amyloliquefaciens phytase) [33], protein tyrosine phosphatase (PTP;
also referred to as dual-specificity phosphatase) [34], and purple acid phosphatase (PAP;
metalloenzymes) [35]. Corresponding three-dimensional structures and catalytic sites of these
phytases are created using protein sequences. As shown in Figure 2, they have different
secondary structures together with different active sites [36]. The currently known distribu-
tion of different types of phytases had been summarized in a previous review [3]. Among them,
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the majority are encoded by bacteria and fungi even a few species of animal and plant possess

phytase activity as well.
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Figure 2. Secondary structure structures of representatives of each of the four structural classes of phytases. (A) Histi-
dine acid phytase (HAPhy), (B) b-propeller phytase (BPPhy), (C) protein tyrosine phytase (PTPhy), and (D) purple acid
phytase (PAPhy). Pictures are adapted from the work done by Lei et al. [3].

Phylum Number Class

Proteobacteria 124 a-Proteobacteria (57)
b-Proteobacteria (4)

g-Proteobacteria (61)

Actinobacteria 39 Streptomycetales (20)

Micromonosporales (11)
Corynebacteriales (4)

Pseudonocardiales (3)

Bifidobacteriales (1)
Firmicutes 18 Bacillales (9)
Clostridiales (8)
Lactobacillales (1)
CFB group bacteria 7 Flavobacteriales (5)
Cyanobacteria 6 Gloeobacterales (4)
GNS bacteria 2
Dictyoglomales 2

BBPR_1292, which is annotated as lipoprotein in Bifidobacterium bifidum PRL2010, has two conserved domains that are
phytase-like or esterase-like (pfam13449) and NHL repeat unit of beta-propeller proteins (c118310).

Table 1. Existence of phytase genes in bacteria.

The gut, especially the jejunum, is the most active site, responsible for the absorption of two

thirds of phosphate intake in humans. However, as mentioned above, gut cannot absorb
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organic phosphorus presented as phytate in plant-derived diets. We know that human gut
consists of a complex community of microorganisms, namely, gut microbiota. One main role
of gut microorganisms is they benefit the host by fermentation of human readily undigested
substrates to absorbable nutrients. Some gut microorganisms produce kinds of enzymes and
many of these enzymes are deficient in host, thereby symbiotic relationship is developed. Such
a case is phytase producing microbe, like Escherichia coli, Streptomyces coelicolor, Clostridi-
um spp., and so on. Search of “phytase” in the NCBI gene database yielded 198 genes annotated
as bacterial phytase. A detailed presence of phytase genes in bacteria is demonstrated in
Table 1. Among them, Proteobacteria and Actinobacteria are the most predominating groups
that are also natural habitants of human gut.

5. Phytate degradation by bifidobacteria

5.1. Phytase-encoding genes

As shown in Table 1, there is only one gene in B. bifidum PRL2010 that was annotated as
possible phytase-encoding gene. Meanwhile, two enzymes in bifidobacteria, exactly B.
pseudocatenulatum ATCC 27919 and B. longum subsp. infantis ATCC 15697 with phytase
activity, have been characterized [37]. Therefore, protein sequences of these three enzymes
(BBPR_1292, BIFPSEUDO_03792, and BLON_0263) were used for searching homologues in
Bifidobacterium (taxid: 1678).

Organism Protein name Accession Locus_tag Length
(aa)
B. dentium ATCC 27678 Histidine acid WP_003838654 BIFDEN_01159 637
phosphatase
B. dentium ATCC 27679 Histidine acid WP_003843340 HMPREF0168_2166 631
phosphatase
B. dentium Bd1 Histidine acid WP_012902513 BDP_1985 643
phosphatase
B. longum DJO10A Histidine acid WP_010081042 Blon03000750 617
phosphatase
B. longum DJO10A Histidine acid WP_012472023 BLD_1202 622
phosphatase
B. longum NCC2705 Histidine acid WP_011068470 BL0400 606
phosphatase
B. longum subsp. infantis 157F Histidine acid WP_015713264 BLIF_0216 622
phosphatase
B. longum subsp. infantis ATCC Histidine acid WP_012576702 Blon_0263 623

15697=JCM 1222 phosphatase
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Organism Protein name Accession Locus_tag Length
(aa)
B. longum subsp. infantis ATCC Histidine acid WP_014484530 BLIJ_0267 618
15697=JCM 1222 phosphatase
B. longum subsp. infantis CCUG 52486  Histidine acid WP_007051528 BLIG_00414 617
phosphatase
B. longum subsp. longum 35B Histidine acid WP_007057720 HMPREF1314_0451 572
phosphatase
B. longum subsp. longum 44B Histidine acid WP_007056476 HMPREF1312_1349 617
phosphatase
B. longum subsp. longum BBMN68 Histidine acid WP_013410389 BBMNG68_1139 622
phosphatase
B. longum subsp. longum F8 Histidine acid WP_015512490 BIL_17170 617
phosphatase
B. long um subsp. longum JCM 1217 Histidine acid WP_007054753 BLL]_0234 617
phosphatase
B. longum subsp. longum KACC 91563  Histidine acid WP_014485906 BLNIAS_02473 617
phosphatase
B. pseudocatenulatum DSM 20438=JCM  Histidine acid WP_004222312 BIFPSEUDO_03792 639
1200 phosphatase
B.sp.12_1_47BFAA Histidine acid WP_008783259 HMPREF0177_01170 561
phosphatase

Table 2. Protein list of histidine acid phosphatase in Bifidobacterium sp.".

Available from http://www.ncbi.nlm.nih.gov/proteinclusters/?term=BIFPSEUDO_03792.

BLAST searches revealed that (1) BBPR_1292-like proteins are exclusively presented on the
genomes of all B. bifidum strains with at least 99% identity and (2) BIFPSEUDO_03792 and
BLON_0263 are presented in a few strains of Bifidobacterium. Though there is the presence of
BBPR_1292-like proteins, there is no specific phytase activity that had been detected in B.
bifidum. Based on sequence comparisons, these two characterized enzymes are more close to
the phytases of plants, fungi, and vertebrates. However, in the protein clusters database of
histidine acid phosphatase (PCLA_3557679), there are 18 proteins that belong to 16
bifidobacteria strains as listed in Table 2. Notably, all these predicted phytases belong to B.
dentium, B. longum, and B. pseudocatenulatum. Nevertheless, phytase activity has been detected
in some Bifidobacterium sp. even it is not a common metabolic feature.

5.2. Phytase enzyme activities

Initially, it was believed that bifidobacteria are phytase negative, as very low level activity may
be because of unspecific release by phosphatase, except B. pseudocatenulatum ATCC 27919 [6].
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To further evaluate the enzyme activities, five strains of different bifidobacterial species, i.e.,
B. animalis, B. bifidum, B. infantis, B. longum, and B. pseudolongum, were inoculated to degrade
myoinositol hexaphosphate (InsP(6)). In a complex medium in which phytic acid was the only
source of phosphorus, B. infantis ATCC 15697 showed the highest level of phytate-degrad-
ing activity. The optimal condition is at slight acid pH (6.0-6.5) and higher temperature (50°C).
Maximum activity appears at the stationary phase of growth and when 1% lactose was used
as carbon source [7]. The same research team compared phosphatase and phytase activities
of 23 bifidobacterial strains (13 from infants and 10 from adults) belonging to three different
species (B. longum, B. breve, and B. catenulatum). The highest phytate-degrading activity is
displayed in B. longum BIF307, similar to previous comparison in which is B. infantis, a

subspecies of B. longum has the highest phytase activity.

Although two novel phytases from B. pseudocatenulatum and B. longum subsp. infantis had been
characterized, parallel comparison of bifidobacterial phytase activities to E. coli AppA is
difficult, as they were expressed as relative percentage activity. Nevertheless, the enzymes that
belong to a new subclass are highly specific for the hydrolysis of phytate and render
myoinositol triphosphate as the final hydrolysis product [37]. From our experience, native
phytase activity in bifidobacteria is extremely lower than commercial enzymes. Therefore, we
constructed a series of recombinant B. bifidum S17 that can secrete heterologous AppA within
high specific activity to phytate; even our primary aim is using appA as a suitable secretion
reporter [8]. Among these constructs, B. bifidum S17/pMgapS6P using the GAP promoter and
BBIF_1761 signal direct the most efficient phytase secretion (Figure 3).
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Figure 3. Phytase activity in spent cell-free medium of recombinant B. bifidum S17 strains. B. bifidum S17-harboring
pMgapP-derived plasmids containing different SPs (S0-S6) were grown in 5 ml reinforced clostridia medium under
anaerobic condition. The control plasmid pMgapP (-) contains no SP and serves as a background control for expres-
sion of a nonsecreted phytase. Values are relative phytase units (RPU) per ml supernatant and are mean + standard
deviation of three independent cultures measured in technical triplicates. The figure is adapted from Osswald et al. [8].
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6. Potential application of phytase-producing bifidobacteria in foods

Despite phytase’s main application in animal feeds, its applications in human foods can be
equally important, if not exceed. To a large extent, using phytase in human foods is not
primarily the target toimprove phosphorus consumption, because depletion of phytate is more
important as it chelates essential minerals, including iron, zinc, and calcium, contributing to
deficiencies of these nutrients. It was estimated that there are approximately two to three
billion people around the world suffering from mineral deficiency. The application of phytase
in human health may be more exciting but need further in-depth study of potential adverse
effects. Because certain inositol phosphates are beneficial to human health, phytase and
phytase-producing cells can be immobilized as cost-effective bioreactors for large-scale
production of these compounds [39]. There are many successful attempts to use phytase in
brewing, baking, and dephytination of soy milk [25].

In fact, application of phytase or phytase-producing bacteria in food has already been
illustrated. For example, B. pseudocatenulatum ATCC 27919 was tested as a starter in sour-
dough for the production of whole rye-wheat mixed bread [40]. In situ production of phy-
tase during fermentation by probiotics results higher mineral availability in breads. The ability
of B. infantis ATCC 15697 to degrade InsP(6) and accumulate InsP(3) could contribute to the
reduction of the anti-nutritional properties of InsP(6) and generation of intermediate com-
pounds with beneficial properties. B. longum BIF307, another phytase producer, was used in
whole wheat bread making and decreased InsP(6) content. In another study, phytase-produc-
ing bifidobacterial strains significantly reduced the InsP(6) + InsP(5) concentrations com-
pared to control samples during the bread-making process. Meanwhile, dialyzable Fe contents
were increased from 2.3- to 5.6-folds. However, the effects appeared to be still insufficient to
improve Fe bioavailability in Caco-2 cells [41]. Anyway, with similar technological and
sensorial quality, levels of InsP(6) are significantly lower in bifidobacteria-fermented bread.
Collectively, probiotic bifidobacteria are particularly suitable to reduce the content of InsP(6)
in rich fiber products for human consumption [42].

7. Advantages of using phytase-producing bifidobacteria

One of the most important advantages of using phytase-producing bifidobacteria is safety. As
widely known, several species of bifidobacteria are generally regarded as safe (GRAS) or
qualified presumption of safety (QPS). The GRAS status made these strains particularly
attractive for application in both food and pharmaceutical industries. Currently, probiotic
bifidobacteria are widely used as micro-ecological reagent in many countries. These micro-
ecological reagents had been added into both foods and pharmaceuticals without additional
toxicity test.

Secondly, as important as the safety issue, many beneficial effects of bifidobacteria made them
promising in industry especially ameliorating gastrointestinal disorders (both bacterial- and
viral-induced gastroenteritis), allergic diseases, antibiotic-associated diarrhea, lactose
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intolerance, constipation, and irritable bowel disease. Let alone increasing iron accessibility,
phytase-producing bifidobacteria has expanded nutrition profile [41,42]. In the gut of human
eating plant-derived diets, phytase-producing bifidobacteria can degrade phytate-based
components, therefore improving their adaptability or cross-feeding other symbiotic inhabi-
tants in the same niche.

Thirdly, intake of phytase-producing bifidobacteria is superior to eating inorganic phos-
phate additives for human. In one aspect, phosphorus homeostasis can be easily disturbed
after eating external inorganic phosphate additives. In another aspect, phytase-producing
bifidobacteria can improve organic phytate-originated phosphorus. Thereby, supplementa-
tion of external inorganic phosphate additives becomes unnecessary. This is particularly
significant for avoiding excessive phosphate, resulting in different kinds of toxicities that are
largely caused by phosphate-containing additives in foods and drinks. For example, phos-
phorus-based food additives may pose high risk in people suffering chronic kidney disease,
as this made dietary management of hyperphosphatemia practically difficult. In dialysis
patients, managing hyperphosphatemia may require using phosphate binder other than
restricting protein intake as this allows patients to eat more protein-rich foods [43]. In addition,
a study evaluated 93 premature infants with a mean gestational age of 27.5 + 2.0 weeks. The
result demonstrated that elevated serum phosphorus was inversely correlated to the day of
life of the infant after receiving human milk-derived fortifier though the incidence of hyper-
phosphatemia was mild and transient in this population [44]. For those health promised
people, intake of phytase-producing bifidobacteria supplied a novel interventional approach.

Lastly butnotleast, bifidobacteria can produce phytase in human gut as microbial cell factories.
They can be ingested as live cells and then colonized in the intestine to facilitate the degrada-
tion of plant-derived diets. The relatively constant replication of bifidobacteria in human
intestine can either enlarge the bioavailability of organic phytate or downsize the toxicity of
excessive phosphorus, hence maintaining the balance of phosphorus in a long term.

8. Final remarks

Phosphorus salts are added to foods as additives in many countries. Thus, dietary intake of
phosphorus is higher than the recommended daily allowance in these countries and popula-
tions. For instance, phosphorus additives were particularly common in the categories of small
goods, bakery goods, frozen meals, and biscuits in Australia [45]. In the United States, it has
been estimated that phosphorus additives may add as much as 1 g of phosphorus to the diet
[46]. However, high phosphorus intake has been shown to inhibit the increase in serum
1,25(0OH),D concentration in response to low dietary calcium intake [30].

Collectively, although long-term and large amount consumption of phosphorus additives,
little is known about risk associated with dietary phosphorus intake. A prospective cohort
study of healthy adults reveals that high dosage of dietary phosphorus intake is associated
with increased mortality [47]. Considering that the deleterious effects of chronic ingestion of
unrestricted amounts of phosphate in individuals are not clear, consumption of high phos-
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phate-containing processed foods and soft drinks should be alarming, particularly for health-
compromised individuals [48,49]. Under those circumstances as mentioned above, using
phytase-producing bifidobacteria may be a new way for increasing bioavailability of phos-

phorus from plant-derived diets, therefore avoiding supplementation of inorganic additives.
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Abstract

In the modern lifestyle, food is supposed not only to feed the hunger but also to provide
an appropriate amount and quality of nutrients necessary for proper functioning of the
body. The interest of consumers in functional food, including fermented products with
probioticproperties,hasbeengrowingforseveralyears. Meatand meatproductsrepresent
one of the most important components of contemporary human diet. Meat fermenta-
tion is one of the oldest methods of preserving food. This is a low-energy, biological
acidulationwhichresultsinuniqueflavourand palatability, colour, microbiological safety
and tenderness. Changes of muscle form into fermented meat product are caused by
homo- or heterofermentative starter cultures or “wild” microorganisms which lower the
pH. Fermented meat products are one of the most cherished and valuable food prod-
ucts. Fermentation and ageing process would deliver most aromatic and rich in flavour
products, which is incomparable with other processes. A new solution is dry-aged meats
with the use of new probioticstarter cultures with a high degree of health safety and long
shelf life due to the inhibition of growth of the pathogenic microorganisms and therefore
reduction of the formation of harmful compounds from protein transformation or lipid
oxidation.

Keywords: dry-fermented meat, probiotic starter cultures, lipid oxidation, biogenic
amine, bioactive peptides

1. Introduction

Meat and meat products are one of the most important components of human nutrition.
Manufacturing raw cured sausages has a very long tradition and its origin is to be sought in the
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Roman times in the Mediterranean area. In the past, raw cured sausages were manufactured
only in the cool and cold time of the year and, therefore, it was possible to avoid the risk of
spoilage. Nowadays, the preservation role of meat fermentation has become largely obsolete
due to the introduction of the cold chain. Nevertheless, fermented meat products remain very
popular and are still produced inlarge amounts, especially in Europe, probably because of their
unique and specific sensory properties, their convenience and their alleged rootedness in
culinary and cultural heritage [1].

One of the most promising areas of development in the human nutritional field over the last
two decades has been the use of probiotics and recognition of their role in human health and
disease. Lactic acid-producing bacteria are the most commonly used probiotics in foods and
supplements. The means by which probiotic bacteria elicit their health effects are not under-
stood fully, but may include competitive exclusion of enteric pathogens, neutralization of
dietary carcinogens, production of antimicrobial metabolites and modulation of mucosal and
systemic immune function [2]. According to the currently adopted definition by the Food and
Agriculture Organization/World Health Organization [3], probiotics are defined as “live
microorganisms which when administered in adequate amounts confer a health benefit on the
host”.

Although dairy products are the most commonly used food vehicles for the delivery of
probiotics, several investigations dealing with the use of probiotics in cereal products [4, 5]
vegetables and fruit juices [6, 7] and fermented meat products [8-13] to improve their
nutritional value as functional foods have been reported.

The commercial application of probiotics in meat products is not yet popular, mainly be-
cause of technological issues. As fermented meat products are processed without heating, they
could be suitable products for assessing probiotic LAB as starter cultures [14]. However,
probiotics may be inactivated due to low pH or water activity value, as well as presence of
native microorganisms or curing salt. The most important problem is to find compromise
between technology, safety, quality and health-beneficial value of food [15].

2. Lactic acid bacteria in meat fermentation

2.1. Traditional starter cultures

Starter cultures are live, defined and specially selected microorganisms with the GRAS
(generally recognized as safe) safety status, responsible for the proper course of meat ageing.
Starter cultures may consist of selected bacteria, moulds or yeasts. Their use in the produc-
tion of dry-aged cold meats is always intentional and aims at obtaining the specified sensory
and microbiological characteristics in the end product [16-18].

The fermentation of food is known from centuries. First fermentation processes were driven
by adventitious microbiota, represented by unknown microorganisms naturally present in the
raw food ingredients and in the environment. A number of fermented foods, such as tradi-
tional cheeses, dry-fermented sausages and fermented beverages, are still produced without
the addition of microbial inoculation [19]. Over time, with the aim to improve and standard-
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ize the foods, the subsequent evolutionary step has been constantly associated with the back-
slopping approaches, where higher counts of microorganisms are added to activate the
fermentation. However, these natural starter cultures were often variable in load and compo-
sition, and if, on one hand, they can confer to the product peculiar characteristics of unique-
ness and quality, on the other hand, they are continuously evolving according to seasonal and
environmental variations and may result in variable qualities of the final product. For this
reason, since the beginning of the past century, strains isolated from the best natural fermen-
tations have been cultivated and studied under defined conditions by industrial companies
and research institutions and used as selected starter cultures in food productions [20].

Group of microorganisms Technological function and changes in meat>

Lactic acid bacteria Natural preservative: lactic acid production, acidifying bacteria;

Lactobacillus sakei inhibiting

Lactobacillus curvatus the development of putrefactive and pathogenic microorganisms;

281

Lactobacillus plantarum
Lactobacillus pentosus
Lactobacillus casei
Pediococcus acidilactici

Pediococcus pentosaceus

Gram-positive cocci
Staphylococcus carnosus
Staphylococcus xylosus

Micrococcus varians

Yeasts
Debaryomyces hansenii

Candida famata

Moulds
Penicillium nalgiovense
Penicillium camemberti

Penicillium chrysogenum

storage stabilization Good sensory quality, flavour and aroma
development

Proteolysis and lipolysis stabilization

Bacteria redox flavouring: nitrates and nitrites reduction; using up
the oxygen; decomposition of peroxides; lipolysis stabilization (delaying
rancidity); colour stabilization; good sensory quality, flavour and aroma

development

The surface microflora: using up the oxygen; decomposition of
peroxides;
delaying rancidity colour stabilization; good sensory quality, flavour

and aroma development

The surface microflora: using up the oxygen; decomposition of
peroxides;
proteolysis and lipolysis stabilization; good sensory quality, flavour and

aroma development

Mixed composition of yeasts and moulds
Penicillium nalgiovense + Debaryomyces hansenii

Penicillium candidum + Debaryomyces hansenii

Table 1. The starter cultures composition for dry-fermented meat production [15].

Currently, the production of commercial starter preparations uses primarily lactic acid bacteria
which show favourable technological effect. Typical starter cultures (Table 1) which are used
to all types of fermented cold meats are composed of mildly acidifying bacteria cultures of the
following species: Lactobacillus sakei, L. curvatus, L. plantarum, Pediococcus acidilactici and
Pediococcus pentosaceus. In Europe, mainly cultures of L. sakei and L. curvatus are used to
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manufacture dry-aged cold meats [14, 16]. Strains of bacteria belonging to one species often
differ in various physiological and metabolic properties among each other. Due to the fact that
most strains of L. curvatus demonstrate the ability to produce biogenic amines, L. sakei bacteria
are more often used in practice. These microorganisms are not capable of catalysing the
decarboxylation of amino acids, thereby reducing or even inhibiting the formation of biogen-
ic amines in dry-fermented meat products [14, 15, 21-23].

In spite of LAB, starter cultures may also contain micrococci, most frequently those of
Micrococcus varians species and of Staphylococcus xylosus, Staphylococcus carnosus and Strepto-
myces griseus [15].

Apart from providing consistent quality and typical sensory features, the primary function of
LAB bacteria included in such starter cultures is mainly to preserve the product through the
production of lactic acid during metabolic changes and competition with microbiota natural-
ly occurring in the meat product and pathogenic microorganisms. The composition of starter
cultures impacts the duration of the ageing process and storage stability of such products but
also on their flavour, odour and texture [16, 24].

2.2. Development of novel starter cultures

One of the major focuses of the current innovation in development of novel starter cultures to
meat industry seems to be on improved food safety and health properties. The isolation and
selection of lactic acid bacteria which can be used as starter cultures in meat fermentation
present a considerable challenge to standardization and management of quality of dry-
fermented sausage. The basic starter cultures used in meat industry are selected strains of
homofermentative Lactobacillus (lactic acid bacteria (LAB)) and/or Pediococcus and Gram-
positive catalase-positive cocci (GCC), nonpathogenic, coagulase-negative staphylococci and/
or Kocuria. Lactic acid bacteria originating from fermented meats are specially adapted to the
ecology of meat fermentation. The rapid production of lactic acid in those products is primarily
responsible for the quality and safety of the product [16, 25].

First of all the addition of selected starter cultures usually induces a higher acidification,
compared to the standard product, which was reported by several authors [13, 26-28].
Moreover, in Spanish raw-fermented sausage with addition of probiotic starter cultures, the
reduction of fat and salt has been achieved [27]. Also flavour, texture and taste are very
important components of the final quality of dry-fermented meat products, and most of these
traits are related to the metabolic activities of microorganisms [20].

Selected LAB starter cultures could have positive influence on sensorial acceptation of dry-
fermented meat products. For example, in [29], they have found that Lb. sakei and Staphylococ-
cus equorum added to the Dacia sausage resulted in better smell intensity, overall quality and
mastication attributes, as well as lower biogenic amines content in comparison to control
samples. In Ref. [30], they studied the effect of selected LAB starter cultures in Italian dry-
fermented sausage and found that the obtained products were saltier, juicier and more tasty
as compared to the control.
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It has been also found that probiotic starter cultures may have been successfully used in
fermentation process of meat products. In Ref. [31], they found that probiotic bacteria did not
change the characteristic flavour and aroma of raw sausages in comparison to product
obtained from commercial starter cultures. Also in studies [12, 27], they have obtained the
sausages with probiotic cultures addition and recorded a satisfactory overall sensory quality
without any noticeable off-flavour.

The recent literature is also well consistent in indicating advantages of selected starter cultures
in the control of pathogenic bacteria and other spoilage microflora. Fermented meat products
are commonly considered safe for consumption, and the acidification by lactic acid starter
bacteria is one of the main preserving factors. The most frequently isolated lactic acid bacteria
from dry sausages processed with different technologies are L. sakei, L. curvatus and L.
plantarum [32, 33].

The lactic acid bacteria (LAB) produce an array of antimicrobial substances (such as organic
acids, diacetyl, acetoin, hydrogen peroxide, reuterin, reutericyclin, antifungal peptides and
bacteriocins) [34, 35]. Therefore, there is an increasing interest in lactic acid bacteria (LAB)
derived from meat that can be used as starter or adjunct cultures in dry sausage fermentation.
Their ability to produce bacteriocins and nonproteinaceous low-molecular-mass antimicrobial
compounds (mainly lactic acid and hydrogen peroxide) is of importance [36]. As there is no
sufficient glucose in meat to reduce the pH, the addition of glucose is essential to develop the
desired metabolic activity to produce lactic acid via glycolysis. Hydrogen peroxide is produced
after glucose is consumed by cells [37].

Bacteriocins are the peptides produced by lactic acid bacteria with antibacterial properties.
These peptides can reduce or inhibit the growth of other Gram-positive [38—40], and thus they
can be used to control the growth of food-borne pathogens such as L. monocytogenes in food
products [41]. In Ref. [38], they isolated P. acidilactici from Spanish dry-fermented sausages
and found that they had a strong inhibitory effect against members of Gram-positive genera.
It has been observed that starter cultures containing L. sakei reduced the growth of Listeria in
fermented sausages [42, 43]. Also L. curvatus and L. plantarum in sausage starter cultures have
shown antilisterial effect [44, 45]. In the other study [46], they reported antilisterial effect of a
lactic acid bacterium isolated from Italian salami. In Ref. [47], they found that nine strains of
Lactobacillus casei and three strains of L. plantarum isolated from dry-fermented sausages had
an antagonistic activity against the indicator species tested. The bacteriocin produced by L.
casei was named as Lactocin 705 and showed antibacterial effects against L. plantarum, L.
monocytogenes, S. aureus and a wide range of Gram-negative bacteria. Bacteriocinogenic starter
cultures are recommended as an additional hurdle to reduce the risk of L. monocytogenes in dry
sausage [48]. In contrast sakacin P, synthesized by L. sakei subsp. sakei 2a isolated from pork
sausage, inhibits the growth of Listeria monocytogenes [49]. The addition of the bacteriocino-
genic L. sakei CTC494 in combination with some ingredients (i.e. pepper, salt and nitrite) in
sausage batter has a dramatic effect on L. monocytogenes survival in fermented sausages [50].
Sakacins produced by L. sakei are mainly active against other LAB and L. monocytogenes as well
as against the Gram-negative psychrotroph Aeromonas hydrophila [51, 52].
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Besides prevention of microbiological hazards, also probiotic starter cultures have been
developed. Many advantages and disadvantages are connected with application of probiotic
bacteria to dry-fermented meat products.

2.3. Probiotic starter cultures: benefits and problems

Dynamic development of the functional food market has contributed to the attempt to use
starter cultures consisting of probiotic LAB in meat processing. Two trends may be observed
during development of new probiotic starter cultures. One of them is an attempt to apply
already known probiotic cultures (from the gastrointestinal tract of healthy humans) used, e.g.
in the production of fermented milk beverages. The second one consists in isolating of the
strains of lactic acid bacteria from naturally fermented meat products and examining them in
terms of probiotic qualities as well as of safety of use in an industrial scale [25, 53-55].

The number of benefits arising from the use of probiotic starter cultures is worth noticing
(Table 2). The important aspect of using cultures of probiotic bacteria in the production of dry-
fermented meat, in addition to the possibilities of growth and survival in meat environment
and exercising favourable effect of these microorganisms on human body, is the ability to
inhibit the growth of pathogenic microflora, which usually is capable of producing biogenic
amines. Model studies with the use of probiotic bacteria as a starter culture to manufacture
ripening meat products revealed that strains of Lactobacillus acidophilus, L. lactis subsp. lactis,
Lactococcus lactis subsp. lactis, L. plantarum, L. reuteri and L. fermentum reduce or even inhibit
the production of biogenic amines in the products discussed [56-58].

Advantages Disadvantages

Meat, as a rich source of nutrition Technological issues:
components, is a suitable medium for . ) R o .
o ) * Presence of native microflora can inhibit growth of probiotic bacteria
probiotic bacteria growth
* Presence of other inhibitory factors: low water activity, low sugar

contents, nitrates and salt additives

* Difficulties with inoculation probiotic in appropriate number of
bacteria
¢ Stability of probiotic during storage

Beneficial effect on human health Difficulties with identification of probiotic strains in meat matrix

corresponding with applied probiotic strain

Inhibition of pathogen growth, production of ~Non-sterile environment can affect the spontaneous fermentation or

bacteriocin and antimicrobial compounds spoilage

Unique sensorial quality No detailed procedure for production of probiotic meat products
Reduction of fat oxidation, proteolytic Possibilities of biogenic amine production

reactions

Table 2. Benefits and issues related to application of probiotic starter cultures.
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As a result of their own metabolic changes, the probiotic starter cultures produce a number of
bacteriostatic and bactericidal substances (e.g. lactic acid, acetic acid, formic acid, ethanol and
bacteriocins), thereby inhibiting the growth of undesired and pathogenic microbiota, includ-
ing Gram-negative strains from family Enterobacteriaceae (e.g. Escherichia coli) and Pseudomo-
naceae as well as species such as Listeria monocytogenes or Staphylococcus aureus, thus naturally
preserving the products discussed [14, 48, 59, 60].

Another benefit arising from the use of probiotic bacteria to manufacture dry-fermented meat
products is reduction of fat oxidation and proteolytic reactions. Primary and secondary
products resulting from degradation of lipids and proteins have significant impact on
deterioration of sensory quality (i.e. negative aftertastes: bitter, of old fat) but also of features
such as colour and texture. Additionally, they affect the health safety and shorten the use by
date of the meat products discussed [18, 61-63]. Research on autoxidation of the fat in ripening
products clearly proves that probiotic strains protect lipids from oxidation during storage
which is indicated by substantially lower values of TBARS parameter in comparison to the
control sample [64, 65].

Proteolysis is one of the most important biochemical processes in dry-aged meat products
where proteins are metabolized and broken down to polypeptides, peptides and free amino
acids [62, 66]. Protein breakdown takes place with the participation of microbiological
enzymes, which in turn leads to deamination and decarboxylation. These reactions occur faster
at low pH values. The basic products of protein decarboxylation in meat are cadaverine,
putrescine, tyramine and histamine. Large concentration of biogenic amines in meat prod-
ucts may resultin adverse symptoms in consumers, such as increase in blood pressure, increase
in rate and strength of heart contraction and problems with the central nervous system,
including migraines. Additionally, it may cause stomachaches, vomiting or severe sweating
[56]. It has been observed that the proper choice of probiotic strains limits proteolytic changes
in dry-aged meat products [15, 26, 67]. This relation has been observed in studies [66] and [23]
which examined dry-aged pork tenderloin with addition of L. casei LOCK 0900 strain with
documented probiotic and very good technological properties. Controlling and proper
conduct of the process of fermentation and ageing ensure low concentration of biogenic amines
in raw cold-meat products, thereby preventing poisoning [15].

It is currently believed that dry-fermented meat products are an appropriate medium for
probiotic bacteria. Many studies have shown that growth and survival rate of probiotic LAB
in dry-fermented sausages are possible [18, 60]. However, the previous attempts to manufac-
ture meat product in controlled process of fermentation and ageing conducted by proven and
selected probiotic strains mainly pertain to sausages [1, 10, 23, 33, 54, 57, 68, 69]. Moreover,
there are few research works published which will unequivocally confirm the technological
suitability of probiotic cultures and their healthy impact on human body caused by regular
consumption of such meat products [70-72].

Probiotic strains used in the production of dry-aged meat products must demonstrate suitable
technological properties without departing from the traditional starter cultures used in meat
processing. Therefore, the idea to use probiotic starter cultures in meat processing industry
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raises many issues from the technological, microbiological and analytical perspective
(Table 2).

The task consisting in introducing the probiotic starter cultures to meat is not easy to per-
form, as these bacteria which are in fact the intestinal bacteria do not demonstrate very good
technological properties. It was determined that from 50 to 500 million of lactic acid bacteria,
including mainly L. sakei and L. curvatus, may be placed into one gram of the product discussed.
Therefore, the raw meat material itself constitutes a problem, because spontaneous growth of
LAB may occur there.

Secondly, inoculation of the probiotic bacteria is performed to the raw material which is not
sterile as is the case of fermented milk products or fermented juices [73, 74]. Thirdly, certain
analytic difficulties also emerge here. Identification of selected probiotic strains in meat with
the use of traditional microbiological methods is not complete, because only the general
number of LAB is assayed. Only advanced identification methods based on genetic analysis
of nucleotide sequences typical for given bacterial strain may ensure that all of them will be
assayed [54].

Numerous authors of available literature focus on the survival rate of probiotic starter bacteria
added to dry-fermented meat products. The factors limiting and even inhibiting the growth
of the discussed microbes in meat environment include mainly the native microflora but also
low water activity and the content of sugars naturally occurring in meat, as well as techno-
logical additives: sodium chloride, nitrates and other curing agents [15].

Low content of simple sugars in fresh meat, necessary for lactic acid bacteria, including
probiotic ones, to conduct metabolic change, also poses a significant problem (4.5-7 mM/g of
raw material). Therefore, microorganisms discussed start to use amino acids as an alterna-
tive source of carbon which starts the spoilage process of meat and results in intensive bitter
taste. For this reason, saccharides are added in amount of 0.4-0.8% during the production of
aged meat products [13, 48].

There is also a technological difficulty in inoculating bacterial strain (form, number, applica-
tion method) to cured element to an unground meat in particular. Starter cultures are most
often manufactured in lyophilized or frozen form. In the case of dry-fermented sausages, they
are inoculated to the sausage meat, usually after they are mixed with cold water or curing
brine. Adding starter cultures to tenderloin or ham is significantly more difficult, as they are
also posed by varied consistency of different muscles. They result, i.e. from the presence of fat
at the meat's surface which may uneven drying up and thereby excessive or inhibited growth
of microorganisms [15].

One of the major technological problems involves no detailed procedure for production of
probiotic meat products developed. This primarily requires determination of optimal
temperature for fermentation and ageing, which will allow probiotic strains to grow and
dominate natural microbiota in the meat. Fermentation and ageing of meat products are mainly
conducted in the temperature within the range of 15-26°C. Lower temperature allows to obtain
high-quality product with a long ageing period and use by date. In contrast, the use of higher
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temperature decreases the duration of fermentation; however there is a risk that microorgan-
isms responsible for product's spoilage will grow in the meat [13, 15].

Additionally, one of the important technological criteria to be met by a probiotic strain includes
stability during storage, i.e. capability to retain the number of 6.00-7.00 log cfu/g in the product
in the last use by date [70, 71].

Another aspect of the selection of bacterial cultures pertains mainly to their beneficial impact
on sensory quality and also moderate acidifying activity, low thermal activity within range
of 0-15°C, antagonism with respect to undesired microbes and food pathogens as well as
resistance to bacteriophages [18, 56, 75].

Probiotic microorganisms selected to the production of aged meat products must meet not
only the necessary requirements of safety and functionality but also the technological criteria
discussed above.

3. Technological and health aspects of probiotic meat products

3.1. Influence of probiotic bacteria on lipid oxidation

The shelf life of fermented meat products is generally not limited by bacterial deterioration
but by chemical spoilage [76]. It is oxidation stability that is the main restriction on the shelf
life of probiotic meat products [77]. Processed products, which are minced, mixed with salt
and heated, expose muscle tissue to oxidative stress responsible for loss of quality and lead to
oxidative flavours and loss of haem iron and vitamins and finally cause discoloration [77].
Oxidation of lipids can also have a negative effect on nutritional value and may be responsi-
ble for the production of toxic compounds. In Ref. [76], they have reported that enzymatic
hydrolysis during fermentation accelerates lipid peroxidation. In addition, a strong correla-
tion between lipid and myoglobin oxidation, especially in fresh meat, has been documented
by scientists [78]. In [78], they have reported that secondary lipid oxidation products (2-
heptenal, 2-nonenal, 4-hydroxy-2-nonenal) promote pigment oxidation. However, there is also
strong evidence that haem pigments may initiate lipid oxidation through the reaction of
hydrogen peroxide with metmyoglobin to form ferryl and perferrylmyoglobin, which have
powerful prooxidant effects on lipids. In probiotic meat product, the fact that the high 20-30%
concentration of fat (dry-fermented ham, neck, sausage) does not limit the adaptive capacity
of probiotic bacteria in fermented meat products is interesting. Probiotic bacteria can stabi-
lize the oxidation process taking during the maturing and prolonged storage period. In Ref.
[79], they found that neither the presence nor the level of probiotic Bifidobacterium animalis ssp.
lactis BB-12 has a negative influence on colour and oxidative stability of dry-cured neck
during 12 months of ageing. The authors observed the significantly (P < 0.05) lower TBARS
values in neck B1 and B2 (1.54 and 1.69 mg MDA /kg) compared to the values with spontane-
ously added LAB (2.26 mg MDA/kg). In [80], they pointed out that inoculation with L.
fermentum HL57 potential probiotic strain increased the amount of malondialdehyde in Iberian
dry-fermented sausages resulting in a negative colour and taste. The interaction of myoglo-
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bin with H,0O, activates metmyoglobin, which may be a ferrylmyoglobin radical that is very
unstable and can transform rapidly into the peroxyl radical form. On the other hand, in
research [81], they proposed that L. casei, L. plantarum, L. curvatus and L. sakei strains actively
contribute to the hydrolysis of sarcoplasmic proteins such as myoglobin. Also in Ref. [82], they
found that some strains of lactic acid bacteria demonstrated antioxidative activity with
inhibition rates of ascorbate autoxidation in the range of 7-12%. In another paper the same
authors presented that six strains of L. acidophilus and two strains of B. longum demonstrated
an inhibitory effect on linoleic acid peroxidation [83]. The inhibitory rates of linoleic acid
peroxidation ranged from 33 to 46% when 1 mL of intracellular cell-free extract was tested [83].
Authors of the Ref. [18] found out that the addition of probiotic strain L. casei EOCK 0900
changed physicochemical profile of dry-fermented sausages. Sausages with lower probiotic
bacteria inoculation (6.0 log cfu/g) had better quality, inclusive colour and lipid oxidative
stability (lower peroxide value, conjugated dienes and TBARS value) than those with 6.3 log
cfu/g of probiotic strain. Based on research [18], it can be concluded that dry-fermented
sausages produced with probiotic L. casei 0900 LOCK are oxidatively stable and the stability
of the fat does not limit the shelf life of probiotic-treated dry-fermented sausages. The study
suggests that the probiotic strain can be used in the production of edible sausage. The study
conducted by authors of [84] proved that the use of potential probiotic L. acidophilus Bauer in
dry-fermented pork neck production process decreases the hydroperoxide concentration at a
level comparable to synthetic antioxidant.

Studies of the effects of the probiotic L. rhamnosus LOCK 0900 strain with green tea extract on
the oxidative stability of ageing dry-cured pork loin showed that adding the probiotic strain
with natural antioxidant increased the antioxidant potential of meat product by lowering the
oxidation-reduction potential and TBARS values and improving the part of red in the general
tone of colour [13].

The results presented by authors of Ref. [85] clearly demonstrated that the use of probiotic
strains mixture (L. casei LOCK 0900, L. casei LOCK 0908 and Lactobacillus paracasei LOCK 0919)
is possible in manufacturing process of organic dry-fermented sausages without nitrate and/or
nitrite. The uncured fermented sausages with probiotic strains have appropriate oxidative
stability and are shelf-stable during 180 days of storage period [85].

Examples of starter cultures that represent significant influences on fermented meat prod-
ucts regarding lipid oxidation, proteolysis, biogenic amine formation and sensorial quality
were collected in Table 3.

Starter culture Product Influence Literature
L. rhamnosus LOCK900 Dry-fermented The probiotic strain can be used in the production [18]
(Formerly Lactobacillus sausage of edible sausage
casei LOCK Dry-fermented sausage produced with probiotic is
0900) oxidatively stable during storage

Dry-fermented Pork loin inoculation with a probiotic strain [92]

pork loin has different free amino acid concentrations, the taste
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Starter culture Product Influence Literature

and flavour attributes

Dry-fermented Inoculation with a probiotic strain proved to be a [91]
pork loin protective measure against the formation and

accumulation of biogenic amine

L. acidophilus Bauer Dry-fermented Probiotic strain decreases the hydroperoxide [84]
pork neck concentration at a level comparable to
synthetic antioxidant

L. acidophilus Bauer has antioxidant properties

L. rhamnosus LOCK900 Dry-cured Addition of probiotic strain with green tea [13]
(Formerly Lactobacillus pork loin extract increased the antioxidant potential of meat

casei LOCK product and improved the part of red in the

0900) general tone of colour

L. rhamnosus LOCK900, L. Uncured fermented The uncured fermented sausages with probiotic strain [85]
rhamnosus LOCK908 and ~ pork sausage mixture have appropriate oxidative stability and are

L. casei LOCK919 (organic sausage)  shelf-stable during 180 days of storage period

(Formerly L. casei LOCK
0900, L. casei LOCK 0908
and L. paracasei LOCK
0919)

Table 3. Influence of probiotic starter cultures on lipid oxidation, proteolysis, biogenic amine formation and sensorial
quality in meat processing.

3.2. Influence of probiotic bacteria on proteolysis and biogenic amine formation

Proteolysis results in generation of peptides, oligopeptides and finally free amino acids
(FAAs). Proteolysis is one of the most important biochemical changes, which take place during
ageing of fermented meat products. FAAs contribute to the basic taste and aroma of ferment-
ed meat products [86]. However, an excessive amount of FAAs seems to be responsible for the
biogenic amine formation.

The biogenic amines (BAs) are the compounds in which one, two or three hydrogens of
ammonia are replaced by alkyl or aryl groups. Tyramine and phenylethylamine have aromatic
structure, while putrescine, cadaverine, spermine and spermidine have the aliphatic one.
Heterocyclic structures were proved for histamine and tryptamine. Based on number of amine
group, we can divide the BA into the monoamines (phenylethylamine, tyramine), diamines
(cadaverine, putrescine) and polyamines (spermidine, spermine) [87]. Biogenic amines have
been reported in variety of foods, such as fish, meat, cheese, vegetable and wine [88]. They can
be formed but also degraded as a result of normal metabolism of living cells in plant, animal
and microorganism. BA can be produced by two different pathways: firstly by the decarbox-
ylation of free amino acids and secondly by the amination and transamination of aldehydes
and ketones [15]. The control of biogenic amines formation mainly focused on the control-
ling the growth of biogenic amine-forming bacteria. Microorganisms have a different ability
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to synthesize decarboxylases. Pseudomonas, Enterobacteriaceae, enterococci and lactobacilli were
found to have a high decarboxylase activity [88]. Within the same species, the presence, the
activity and the specificity of decarboxylases are strain dependent. Bacterial amino acid
decarboxylases usually have an acidic pH optimum 4.9-5.3, because the BA productions have
been recognized as defence microbial mechanisms against an acidic environment [88, 89]. On
the other hand, rapid and intense acidifications of environment reduce the growth of
Enterobacteriaceae and enterococci. The factors that could significantly influence the BA
formations in fermented meat are pH value, redox potential, environment microorganisms,
starter culture, temperature of maturing, salt concentration, additives, water activity and
hygienic quality of meat [89]. Authors of paper [90] proved that when salt concentration
increased from 0 to 6%, the rate of BA production of Lactobacillus delbrueckii subsp. bulgaricus
decreased. Other authors proved that concentration of sodium chloride at the level from 3.5
to 5.5% inhibited the histamine formation. Several studies showed that temperature of
fermentation, maturing and storing have influence on BA accumulation in meat product [88].
Higher maturing temperature (20-25°C) could stimulate the growth of LAB which inhibits the
amine-positive bacteria. The storing temperature below 4°C inhibits most of amine-positive
bacteria except from psychrotrophic Pseudomonas, so the BA concentration in this kind of meat
product is relatively low compared with product stored at 14-16°C. The addition of sugar
(glucose, lactose) to fermented meat products has some influence on bacterial population
dynamics and BA production. The absence of sugar stimulated the proteolysis and tyramine,
cadaverine, putrescine and tryptamine formation. The preservative sodium nitrite could be
added to fermented meat products because of their ability to reduce the putrescine and
cadaverine accumulation. The addition of pure or mixture of various probiotic strains can
decrease BA formation in fermented meat products. It is extremely important that probiotic
starter culture should not form BA and have to be competitive in suppressing growth of amine-
positive microbiota. In Ref. [91], they pointed out that pork loin inoculation with a probiotic
strain L. casei EOCK 0900 has different free amino acid concentrations, which could influ-
ence the taste and flavour attributes. Also in [92], they presented evidence that some sorts of
probiotic starter cultures (L. casei LOCK 0900, Bifidobacterium bifidum, L. acidophilus Bauer) have
different abilities to create the high- or low-molecular-weight peptides and free amino acids.
Another authors [93] found out that LAB reduced the pH values during ageing and thereby
activated the endogenous acid protease (cathepsin B, L). Inoculation with a probiotic strain L.
casei LOCK 0900 proved to be a protective measure against the formation and accumulation
of cadaverine, putrescine, spermine and tryptamine. In Ref. [91] the author has not observed
the correlation between the higher content of free amino acids (potential precursor of BA) and
the level of biogenic amines. A 50% BA decrease was observed in comminuted fermented meat
products with mixture of L. curvatus CTC371 and S. xylosus despite the increase of free amino
acid availability. In Ref. [23] BA changes during maturation were presented. Potential probiotic
pork loins were analysed in 4-, 8- and 16-month-old samples. The authors have not detected
histamine and spermidine. Spermine was present at very low levels (4.0-5.8 mg/kg), while
cadaverine (10.8-39.6 mg/kg) and tryptamine (17.8-49.2 mg/kg) were the most abundant BA.
The level of all BA did not exceed the suggested toxic limits [23].
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3.3. Bioactive peptides in probiotic fermented meat products

The proteolytic activity during meat processing generates a large amount of peptides and free
amino acids because of calpain, cathepsin and peptidase enzymatic activity [86]. The most
interesting peptides are those that can be considered as bioactive peptides because of their
different health-care abilities like antihypertensive activity, antioxidant activity, antimicrobial
activity, etc. The activities of bioactive peptides depend on their chemical structure (amino
acids composition, kind of amino acid in N- and C-terminal), the length of molecule chain and
their weight, charge character of amino acids and the hydrophobic/hydrophilic property. Meat
has been reported to contribute to the generation of bioactive peptides. As such peptides,
antihypertensive, opioid, immunostimulating, antimicrobial, antithrombotic, hypocholester-
olemic, antioxidative and prebiotic activities have been studied. Angiotensin I-converting
enzyme (ACE) plays an important physiological role in the regulation of blood pressure.
Fermented food with probiotic bacteria, especially Lactobacillus, produce bioactive peptides
known to inhibit the activity of angiotensin-converting enzyme (ACE) and thus alleviate high
blood pressure (hypertension). Authors of the study [94] used calpis sour milk fermented with
Lactobacillus helveticus and Saccharomyces cerevisiae and identified two peptides Ile-Pro-Pro and
Val-Pro-Pro, both of which possessed ACE inhibitory activity in vitro. These two bioactive
peptides were released from b-casein and k-casein by lactobacilli enzymes. In Ref. [95],
hypertensive subjects were fed with milk fermented with L. helveticus LBK-16H containing
bioactive peptides. After 21 weeks test subjects showed a significant lowering of their blood
pressure. Even in antihypertensive peptides, it has been found that antioxidative (VW, DLYA,
SLYA, DLQEKLE) and prebiotic (ELM) peptides are generated from meat protein by
enzymatic digestion. In [96], they reported that bioactive peptides from hydrolysis of
sarcoplasmic porcine proteins by the activity of L. sakei CRL 1862 and L. curvatus CRL 705
showed high ACE inhibitory activity. In[97], they pointed out that some peptides from Spanish
dry-cured ham have DPPH radical-scavenging activity (39-92%) as well as superoxide ion-
extinguishing ability with values ranging from 41.67 to 50.27% of the antioxidant activity,
suggesting the presence of peptides with antioxidant activity. Moreover every sample
exhibited pooled fractions corresponding to 1700 Da or lower were the most antihyperten-
sive with a decrease of 38.38 mm Hg in systolic blood pressure [97]. The antioxidant activity
of low-molecular-weight compounds isolated from Iberian-fermented sausage (chorizo) was
tested in Ref. [98]. Authors did not observe many bioactive peptides; however plenty free
amino acids, bacterial metabolites and [-alanyl-peptides have been identified. Bioactive
peptides from meat and fermented meat products exhibit various biological activities which
are favourable for human health.

4. Conclusion

In recent years, the possibility of development of probiotic meat products has been discussed
in the field of meat science and industry. Probiotics in meat may exert their benefits by way of
several mechanisms; therefore human clinical studies are needed to assess the health-
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promoting effect of probiotic dry-fermented meat products. So far, there is a little scientific
evidence related to such studies. Therefore, further studies are required to demonstrate the
clear benefits of probiotic meat products for human health.

On the other hand, the use of probiotic strain which possesses the ability to create the bioactive
compounds is the challenge for research and meat industry and could develop novel functional
meat products. Possible generation of bioactive peptides in dry meat products fermented by
probiotics as starter cultures seems the most promising way for designing novel functional
food. Therefore meat products with probiotics have a great future potential and it is expected
that increasing interest will be shown in basic research and potential applications for designing
new meat products.

Target products with probiotic bacteria are mainly dry sausages but also hams and loins, which
are processed by fermentation without heat treatment. Technically, it has already become
possible to produce probiotic meat products; moreover probiotic raw-fermented meat
products exist on a German and Japanese market. However, the production of probiotic meat
products requires overcoming certain technological limitations, such as the native microflora
of meat, a need to use additives such as nitrites and salt and also low water activity and low
content or absence of natural sugars. Probiotic bacteria strains that can be used in the
manufacturing of dry-fermented meat products should be capable of surviving in conditions
found in fermented products. Moreover, the product should maintain its sensory
characteristics.

Additionally, since food safety is another critical aspect of food quality, efforts should also be
directed to ensure that new functional meat products are safe. The dry-fermented meat
products with probiotic starter cultures addition have to possess appropriate biogenic amine
profile and should be oxidative and shelf-stable. Along with accumulation of scientific data,
there is an urgent need to inform consumers of the exact physiological value of probiotic meat
products. Without proof of product safety, most consumers would hesitate to adopt new foods
in their diet.
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Abstract

A prebiotic is a selectively fermented ingredient that results in specific changes in the
composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s)
upon host health. The most widely accepted prebiotics are lactulose, inulin, fructooligo-
saccharides (FOS), galactooligosaccharides (GOS), and the human milk oligosacchar-
ides (HMO). However, thereis a growinglist of potential prebiotics although the evidence
for these, especially in humans, is not as well established as for FOS and GOS. Some of
them are already commercialized but others such as polydextrose (PDX), pectic
oligosaccharides (POS), bacterial exopolysaccharides (EPS), polysaccharides derived
from algae and sugar alcohols are still in the early stages of development. This chapter
summarizes the scientific literature regarding the manufacture and the evaluation of the
properties of this group “emerging prebiotics”.

Keywords: emerging prebiotics, pectic oligosaccharides, polydextrose, algae-derived
oligosaccharides, bacterial exopolysaccharides, sugar alcohols

1. Introduction

The consumptionof prebioticsisbeing specially considered asagood health-improvingstrategy;
they have been recently defined as “nondigestible compounds that through its metaboliza-
tion by microorganisms in the gut, modulate the composition and/or the activity of the gut
microbiota, thus conferring physiological benefit effects on the host health” [1].

The microbial communities that inhabit the human intestinal tract constitute a complex
association, comprising more than 1000 species and around 10" microorganisms, mainly
anaerobic (>99.9%). Figure 1 shows the human gastrointestinal tract, indicating the different
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levels of microorganisms and the main bacterial groups. Along the jejunum, and particular-
ly in the ileum, there is a gradual increase in the number and diversity of bacteria, and finally,
the majority of gastrointestinal microbes are housed in the colon [2].

— Stomach:
Duodenum: 108103 r::fu:me
—_—
10%-10° cfu/mlL StI‘Eﬂtﬂff_ﬂ:‘CI and
streptococcl and lactabacilli
lactobacilli
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10101012 cfu/ml 1'?!“'1“5 fleun
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I:nfidobacterlla,F lactobacilli (H\\___”/ streptococel, lactobacill,
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Peptostreptococcus,
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Figure 1. The human gastrointestinal tract (CFU, colony-forming units).

However, scientific works on this field suggest that the gut microbiota is not only a simply
collection of microorganisms, but also reflects an interrelationship between the different
groups that might work together for the benefit of the host [2]. In addition, the microbiota also
establishes a close symbiosis with the host: humans provide the nutrients and the appropri-
ate conditions for its development, and it performs three essential primary functions: meta-
bolic, trophic, and defensive [3]. In fact, there is a long list of pathologies which are linked to
the alteration of the gut microbiota, including hepatic encephalopathy, diarrhea, diabetes,
obesity, colon cancer, IBS, IBD, gastrointestinal infections, and necrotizing enterocolitis [4, 5].

The composition of the gut microbiota is influenced by a variety of factors that include: (i) the
microbial species which are acquired at birth, (ii) host genetics, (iii) age [6-8], (iv) diseases and
antibiotic usage [9, 10], (v) the stress [11], and (vi) the diet. In fact, the diet is probably the most
important factor and several studies are focused on the modulation of the gut microbiota by
the consumption of functional foods, such as prebiotics [12-14].

For considering a food ingredient as a prebiotic, it must fulfill the following requirements [15]:
(i) it cannot be hydrolyzed or absorbed in the upper gastrointestinal tract, (ii) it has to
encourage the development of beneficial bacteria such as bifidobacteria and lactobacilli, and
(iii) it must induce beneficial physiological effects on the host health, so that well-conducted
human trials are required.

In addition to the generally identified as beneficial bacteria (bifidobacteria, lactobacilli, and
even, eubacteria), a recent review by Hill et al. [16] indicates that the species Akkermansia
muciniphila and Faecalibacterium prausnitzii, and others such as Roseburia spp. and Eubacteri-
um hallii, which could be useful to alleviate gut inflammation, to induce and regulate of the
immune system or to improve the intestinal barrier function.



Pectic Oligosaccharides and Other Emerging Prebiotics
http://dx.doi.org/10.5772/62830

The most widely accepted prebiotics are lactulose, inulin, fructooligosaccharides (FOS),
galactooligosaccharides (GOS), and the human milk oligosaccharides (HMO). However, there
is a growing list of potential prebiotics and some of them are already commercialized and
others, like polydextrose (PDX), pectic oligosaccharides (POS), bacterial exopolysaccharides
(EPS), polysaccharides derived from algae and sugar alcohols that are still in the early stages
of study [15]. This chapter summarizes the scientific literature regarding the manufacture and
evaluation of this group of emerging prebiotics.

2. Pectic oligosaccharides (POS)

POS have been recently classified as emerging prebiotics and their potential is currently being
evaluated.

2.1. Raw materials for POS production

POS are oligosaccharides that can be obtained by partial hydrolysis of pectins, which are
heteropolysaccharides with a highly complex structure.

Pectins are mainly made up by a backbone of galacturonic acid units (GalA) connected by a-
(1,4) links that can be randomly acetylated at the O-2 and/or O-3 positions and methylated at
C-6. This fraction is known as “smooth region,” and it is occasionally interrupted by the
“hairy region,” where side chains, formed by a variety of neutral sugars, can be found. Figure 2
shows the major structural fragments of pectin:
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Figure 2. Simplified structure of pectin.

a. Homogalacturonan (HG). HG is a linear polymer consisting of a chain with an estimat-
ed length of 72-100 GalA units that represent, approximately, 60% of the total pectin [17].
Acetylation and methylation degrees (DA and DM, respectively) vary according to the
origin and the development stage of the plant [18].

b. Xylogalacturonan (XG). XG is a chain of GalA residues partially substituted by D-xylose
residues connected by (3-(1,3) links at C-3 and/or C-2 positions.
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¢. Rhamnogalacturonan I (RG-I). It represents up to 7-14% of the pectins [19] and contains
alternating units of a-(1,4)-galacturonosyl and a-(1,2)-thamnosyl. In many -cases,
rhamnose residues show side chains as substituents on the O-4 position, made up of
arabinan and/ or arabinogalactan I and II, although lower concentrations of xylose or
glucose can be also found [18].

d. Rhamnogalacturonan II (RG-II). RGII is a region characterized by a length of 7-9 GalA
units, where complex branches made up of 12 types of monosaccharides (as a maxi-
mum) can exist, including some minority monomers such as apiose, fucose, acetic acid,
DHA, or KDO [20].

Pectin has a great number of applications including its use as ingredient for medicaments for
treating gastrointestinal disorders, diabetes, high blood pressure, or hypercholesterolemia [21-
23].

Currently, citrus pulp and apple pomace are the major sources of pectin, but this polymer can
also be found in other agro-products such as sugar beet pulp [24].

2.2. Manufacture and purification

Several methods have been used for POS production from both agro-industrial byproducts
and purified pectins, including partial enzymatic hydrolysis, acid hydrolysis, hydrothermal
treatments, dynamic high-pressure microfluidization, or photochemical reaction in media
containing TiO, [24].

Chemical methods include the acidic or basic hydrolysis of a and [-glucosidic links of the
principal chains of HG, RG-I, and RG-II and their side chains. These methodologies include
hydrothermal treatments and processes where external acids are added. In both cases,
hydronium ions act as catalytic species [24]. A variety of raw materials such as orange albedo,
apple pulp, or deesterified beet pulp have been treated to obtain POS, using acids such as
HNO,, HCJ, or TFA [24], although alkalis (KOH) can also be employed [25]. POS mixtures have
been obtained from lemon and orange peel wastes [26-28], dried apple pomace [29], sugar beet
pulp [30], or alperujo [31] using stainless steel reactors, whereas Sato et al. [32] employed both
a batch and a continuous tubular flow reactor to produce arabinooligosaccharides (AraOS)
and feruloylated AraOS from beet fiber.

As an alternative, pectin-degrading enzymes constitute a group of enzymes that catalyze the
degradation of the pectic polymers in plant cells. Although pectins have a complex structure,
they can be modified by diverse enzymes, including hydrolases, lyases, and esterases [33].

Several raw materials with different characteristics have been enzymatically treated, such as
bergamot peel [34], gum tragacanth [35, 36], ginseng pectin [37], orange peel wastes [38], lemon
peel wastes [39], sugar beet [40, 41], apple pectin [42], or medicinal herbs [43].

Both mono-active and commercial mixtures can be used for pectin depolymerization; however,
mono-active enzymes target only specific structures, causing the release of more defined
oligosaccharides than when commercial enzyme mixtures or chemical treatments are em-
ployed [44]. Mixture of several preparations have been widely employed for POS produc-
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tion [38, 41, 45-48]. A comparable yield respect to acidic treatments can be achieved using
enzyme preparations [42].

In addition, enzymes can be also advantageous for the alteration of the methylation or
acetylation degree of the polymer [44].

On the other hand, chemical and enzymatic hydrolysis have been combined to depolymer-
ize pectin [49] or to obtain different pectin fractions, such as POS and neutral and acidic
xylooligosaccharides [31]. Other technologies that have been combined are enzymatic and
microwave-assisted alkaline extraction [48], hydrothermal and acid treatment for polygalac-
turonic acid hydrolysis [50], subcritical water and ultrasonic-assisted treatments [51].

Finally, physical technologies (for instance, the dynamic high-pressure microfluidization
under acidic conditions) have been emerged as innovative [52].

After production, purification stages are usually needed to obtain a product suitable to be used
as food ingredient. The most common purification technique is the membrane filtration. A
process involving diafiltration followed by concentration was performed by Gomez et al. [26]
to purify pectic oligosaccharides from autohydrolysis liquors obtained from lemon peel
wastes, yielding a refined product with about 98 wt% of oligomers which contained oligoga-
lacturonides (with DP in the range of 2-18) and AraOS (with DP in the range of 2-8). A similar
approach was performed by Gémez et al. [27] achieving a refined final product containing 90%
of the target product, where there were identified AraOS (DP 3-21), GalOS (DP 5-12), and
OGalA (DP 2-12), with variable DM and also long-chain products.

Rubio-Senent et al. [53] isolated fractions (MW >3 kDa) which were rich in pectic material from
an alperujo aqueous hydrolysate by ultrafiltration thought 3 kDa regenerated cellulose.

Ultrafiltration and diafiltration (50 kDa cut-off) were employed by Sulek et al. [54] to isolate
AraOS, which were further fractionated into a stirred membrane reactor equipped with a 1
kDa MWCO.

This methodology has also been employed to sequentially fractionate oligosaccharides by its
molecular weight [55].

Other alternatives were also used in this field; Lama-Mufioz et al. [31] fractionated and purified
neutral and POS by adsorption XAD chromatography (Amberlite XAD-16 resin), and the gel
Sephadex G-75 was selected by Lee et al. [56] to purify POS from Korean Citrus Hallabong
peels.

2.3. Prebiotic potential of POS

POS have been suggested as a new class of prebiotics, which are capable of exerting a number
of health-promoting effects, including [24] stimulation of apoptosis in human colonic
adenocarcinoma cells, potential for cardiovascular protection in vivo, reduction of damage by
heavy metals, antiobesity effects, antitoxic, antiinfection, antibacterial, and antioxidant
properties.
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The main derived products from the intestinal bacterial fermentation of POS, as well as from
other dietary fiber, are the SCFA (acetate, propionate, and butyrate). SCFA exert several
beneficial effects including: (i) a key role in the prevention and treatment of the metabolic
syndrome, bowel disorders, and cancer [57-59]; (ii) protection against diet-induced obesity
and regulation of the gut hormones [60]; or (iii) a positive effect on the treatment of ulcera-
tive colitis, Crohn’s disease, and antibiotic-associated diarrhea and obesity [61-63]. Particu-
larly, butyrate is the major energy source for the colonocytes, propionate has a role in
gluconeogenesis processes, and acetate is used for the lipogenesis [64].

The following paragraphs summarize the results derived from the recent in vitro and in vivo
studies carried out employing POS as substrate:

a) In vitro assays

Citrus peel wastes and sugar beet pulp were subjected to hydrothermal treatment and the
resulting liquors refined by membrane filtration. The final POS mixtures were then ferment-
ed by human fecal samples leading to an increase of the bacterial population of up to eight
different groups. Specifically, POS from sugar beet pulp showed the highest bifidogenic
potential and the maximum SCFA concentration. Meanwhile, the largest increase in
Lactobacillus population was observed using POS from orange peel wastes as a carbon source,
whereas the best results for other bacterial groups such as Eubacterium, Faecalibacterium, or
Roseburia were observed for POS from lemon peels wastes [27, 65]. In the same way, POS
derived from sugar beet (enriched in AraOS) were used as substrates in in vitro fermentation
assays of POS leading to increases in bifidobacteria populations (which preferred low
molecular weight fractions) without stimulating the growth of Clostridium [66-68]. In a recent
study with POS from sugar beet pulp containing GalOS, AraOS, and mixtures of acidic
oligosaccharides (mainly made up of RG and HG oligosaccharides), no a clear bifidogenic
effect was observed, whereas important increases of Faecalibacterium were reported. Moreover,
the SCFA concentrations were found higher in experiments with POS than with FOS [69].

Regarding apple pectin, a variety of works were reported concluding that POS might be an
interesting prebiotic candidate with slightly improved physiological properties if they are
compared to commercial ones. In this context, Gulfi et al. [70] indicated that pectin hairy
regions from ripe apples revealed to be a very readily fermentable substrate for human colonic
bacteria, showing a substantial impact on pH and SCFA production. Suzuki et al. [71] found
that AraOS from apple pectin, especially those that consist of more than three units, are more
selectively utilized by Bifidobacterium adolescentis, B. longum, and Bacteroides vulgatus than FOS
and XOS. Meanwhile, Chen et al. [52] reported the ability of apple-derived POS for promot-
ing the bifidobacteria and lactobacilli growth and for decreasing numbers of bacteroides and
clostridia, whereas the fermentation of refined POS mixture from apple pomace with human
feces resulted in an increase in the populations of Bifidobacterium, Eubacterium rectale and
Lactobacillus, but also of Clostridium and Bacteroides [72].

Some authors as Mandalari et al. [12] employed other types of pectin sources, demonstrating
that almond seeds, which contain arabinose-rich pectin, exhibited potential for their use as a
novel sources of prebiotics, increasing the populations of bifidobacteria and Eubacterium rectale
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with the subsequent increase in butyrate concentrations. Guevara-Arauza et al. [73] ob-
served that POS from nopal act as prebiotics, reducing putrefactive ammonium production,

increasing SCFA production, and sustaining bifidogenic effects over longer periods of time.

In addition, in order to elucidate structure—function relationships in POS, Onumpeai et al. [74]
compared the fermentation properties of pectin fractions and their parent pectins using a pH-
controlled fecal fermentation system. All of the tested carbohydrates increased the popula-
tions of bacteroides, but just galactan- and arabinan-derived oligosaccharides increased the
bifidobacteria counts. On the other hand, methylated oligogalacturonides, compared to the
parent polysaccharide and to other pectic fractions, caused a significant increase in the

Faecalibacterium prausnitzii populations [74].

b) In vivo assays

Despite the advances in in vitro models, the in vivo studies involving the use of animals and
especially of humans provide the best models for studying the changes in the microbiota
populations. However, they often require specialist facilities and are both expensive and time-

consuming, limiting the number of this type of assays [75].

Jiao et al. [76] demonstrated that water-soluble oligosaccharides isolated from Panax gin-
seng significantly inhibited tumor growth in mice by enhancing their immune system. In this
last year, native intact (TrPP) and modified, low molecular weight (MTrPP) forms of pectic
polysaccharides isolated from turmeric were evaluated for ulcer-preventive potentials in in
vivo rat models. MTrPP was rich in galacturonic acid (687 mg/g; TrPP-544 mg/g) and galac-
tose (52.9%; TrPP-21.7%) from HG and RG-I containing galactan. The results suggested that
MTrPP possess significantly improved ulcer-preventive properties than TrPP (inhibiting ulcer
scores up to 85%), revealing that the fine structural features of pectin are crucial in deliver-

ing its therapeutic benefits against gastric ulcer [77].

Regarding the clinical assays, Fanaro et al. [78] observed increased counts of bifidobacteria
and lactobacilli by the administration of POS as a component of infant formulae. Similarly,
Magne et al. [79] detected increased proportions of bifidobacteria in the mixture GOS/FOS/POS
respect to the mixture GOS/FOS, as well as the proportions of Bacteroides and Clostridium
coccoides decreased. Moreover, the use of neutral and acidic oligosaccharides to preterm
infants (mixtures of POS, GOS and FOS) showed a trend toward a lower incidence of serious
endogenous infection and serious infectious episodes [80]. Finally, the intake of POS in a
mixture with short-chain GOS and long-chain FOS by volunteers who were in the earlier stages
of HIV-1 infection, resulted in the modulation of gut microbiota by increasing the bifidobac-

teria numbers and by decreasing the counts of pathogens [81].
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3. Polydextrose (PDX)

3.1. Structure and manufacture

PDX is an artificial highly branched polysaccharide synthesized conventionally by random
polycondensation of glucose with sorbitol and a food grade acid (e.g., citric acid) as catalyst,
at a high temperature and under partial vacuum [82]. Recently, other methods have been
explored as the synthesis by microwave irradiation [83]. PDX is composed of a mixture of
glucose oligomers, with an average degree of polymerization (DP) of 12, ranging from DP 2-
120 [84, 85] and contains all different combinations of a- and $-(1,2), (1,3), (1,4), and (1,6)
glycosidic linkages, but a-( 1,6) linkages are predominant [85, 86]. PDX is regarded as a
resistant polysaccharide [87] and it is widely used in the food industry as a low-energy bulking
agent (1 kcal/g) and as a sugar or fat replacer [86].

3.2. Prebiotic effects

Due to its complex structure and to the nature of its glycosidic bonds, PDX is resistant to
mammalian digestive enzymes in the upper gastrointestinal tract. For this reason, PDX reaches
the colon intact where it is partially fermented by gut microbiota, stimulating selectively target
bacterial groups [84, 85, 88]. These two characteristics, indigestibility and selective fermenta-
bility, support that the PDX has been identified as a source of prebiotic fiber with several health-
promoting effects [89], including:

* Improvement of the bowel function, by promoting the growth of beneficial bacteria (e.g.,
bifidobacteria and lactobacilli) while preventing the growth of harmful ones (such as
clostridia and bacteroides), decrease of fecal pH and increase of the residual concentration
of short chain fatty acids (SCFA) [88].

* Reduction of the risk of colon cancer development [88, 90].

* Modulation of the lipid metabolism, decreasing the total cholesterol and LDL cholesterol
and increasing HDL cholesterol [84].

* Prevention of the adhesion of opportunistic pathogens related with meningitis and sepsis
in neonates [91].

* Anti-inflammatory action [92] and positive effects on canine osteoarthritis [93].
* Reduction of the symptoms of human atopic eczema [94].

* Improvement of the absorption of magnesium, calcium and iron [95-97]. The studies related
to the biological and prebiotics effects of PDX (observed in vivo, in vitro and human
intervention assays) are summarized in Table 1.

Biological and prebiotic effects Study typeReferences

Proliferation of Lactobacillus and Bifidobacterium species and decreases in Bacteroides species. Increases in concentrations of SCFA. Improvement C.I. [98]
of the bowel function and inhibition of the excessive glucose absorption in the small intestine

Increases in Ruminococcus intestinalis and Clostridium clusters I, II, and IV that are butyrate-producing. Decreases in fecal water genotoxicity CL [88]
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Biological and prebiotic effects Study typeReferences
Reduction of LDL cholesterol and total cholesterol C.L [99]
Infants fed with formulas with PDX had softer stools (similar to breastfed infants) in comparison with those who receive unsupplemented CL [100]
formulas
Increases in bifidobacteria and stools weight. Decreased in fecal ammonia, phenol, indoles and BCFA (isobutyrate, isovalerate, and valerate) ClI. [101]
Reduction of the orofecal transit time, and improvement of stool consistency in persons suffering from constipation CIL [102]
Increases in Faecalibacterium prausnitzii numbers CL [103]
Reduction in fecal pH and improvement of stool consistency CL [104]
Supplementation with GOS-polydextrose and Lactobacillus rhamnosus GG in preterm infants reduces the risk of rhinovirus infections in infants C.I. [105]
The intake of yogurt with polydextrose, B. lactis HNO019, and L. acidophilus NCFM® improved constipation CIL [106]
Reduction of the production of biogenic amines and BCFA in rats. Improvement of the immune function AS. [107]
Increases in defecation without diarrhea ClIL [108]
Increases in populations of bifidobacteria with a similar pattern with breastfed infants ClL [109]
Increases in the number of bifidobacteria and selective stimulation of Bifidobacterium infantis compared with other carbohydrates tested invitro  [110]
Increases in bifidobacteria and lactobacilli and SCFA production in vitro [111]
Increases in the concentration of acetate and propionate and reduction of BCFA concentration. in vitro [112]
(CM,)
Increases in the production of fecal SCFA, especially acetate and propionate, and decreased fecal indole A.S. (dogs)[113]
Reduction of the expression of mucosal COX-2 (closely related to the colorectal cancer) A.S. (pigs) [114]
Increases in the content of ileal lactobacilli and in the levels of propionic and lactic acid. Reduction of cytokine expression AS. (pigs) [89]
Reduction of chronic visceral hypersensitivity in rats exposed to early-life painful stimulus A.S. (rats) [115]
Improved calcium absorption in postmenopausal rats AS. (rats) [116]
Ability to inhibit adherence of C. sakazakii to gastrointestinal epithelial cells in vitro [91]
Positive effect in canine osteoarthritis A.S. (dogs)[93]
Reduction of symptoms of allergen-induced dermatitis A.S.(mice) [94]
Stimulation of apoptosis in colon cancer cells invitro  [90]
(CM,)

A.S., animal study; C.IL, clinical intervention; C.M., colonic model.

Table 1. Results obtained in studies carried out using polydextrose as substrate.

4. Algae-derived oligosaccharides

4.1. Structure, sources, and production

Seaweeds are a source of bioactive compounds like sulphated polysaccharides, proteins,
polyunsaturated fatty acids (PUFA), and polyphenols with potential beneficial health effects,
such as antibacterial [115], anti-inflammatory [116, 117], antioxidant [118-120], antitumoral
[121, 122], anticoagulant [123] antiadhesive [116], and apoptotic activities [124, 125] among
others. The major polysaccharides which can be found in