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PROBIOTIC MICROORGANISMS

1.1 DEFINITIONS

Yuan Kun Lee

Department of Microbiology, National University of Singapore, Singapore

“Probiotics” is derived from Greek and means “prolife.” It has been redefined
throughout the years as more scientific knowledge and better understanding on its
relationship between intestinal health and general well-being has been gained. The
following are definitions of “probiotics” derived through times.

Lilly and Stillwell in 1965 (5) defined probiotics as “Growth promoting factors
produced by microorganisms.”

Parker in 1974 (7) suggested an interaction betweenmicroorganismswith the host:
“Organisms and substances with beneficial effects for animals by influencing the
intestinal microflora.”

Fuller in 1989 (3) defined it as “A live microbial feed supplement which
beneficially affects the host animal by improving its intestinal microbial balance.”

Havenaar and Huis Int Veld in 1992 (4) said probiotics are “A mono- or mixed
culture of livemicroorganismswhich, applied to animal orman, affect beneficially the
host by improving the properties of the indigenous microflora.”

ILSI (International Life Sciences Institute) Europe Working Group (1998) (9): “A
viablemicrobial food supplementwhich beneficially influences the health of the host.”
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Diplock et al. in 1999 (1) puts it as
“Probiotic food is functional if they have been satisfactorily demonstrated to

beneficially affect 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 in the risk of diseases.”

Naidu et al. in 1999 (6) said “Amicrobial dietary adjuvant that beneficially affects
the host physiology by modulating mucosal and systemic immunity, as well as
improving nutritional and microbial balance in the intestinal tract.”

Tannock in 2000 (11) observed that long-term consumption of probiotics was not
associated with any drastic change in the intestinal microbiota composition, and thus
proposed an alternative definition: “Microbial cells which transit the GI tract and
which, in doing so, benefit the health of consumer.”

Schrezenmeir and de Vrese in 2001 (10) defined probiotics as “A preparation of a
product containing viable, definedmicroorganisms in sufficient numbers, which alter
the microflora (by implantation or colonization) in a compartment of the host and by
that exert beneficial health effects in this host.”

FAO/WHO (Food and Agriculture Organization and World Health Organization)
(2001)(2)andReidetal.(2003)(8)concentratedexclusivelyonitshealthpurpose:“Live
microorganismswhichwhen administered in adequate amounts confer a health benefit
on the host.”

1.2 SCREENING, IDENTIFICATION, AND CHARACTERIZATION
OF Lactobacillus AND Bifidobacterium STRAINS

AbelardoMargolles, BaltasarMayo, and Patricia

Ruas-Madiedo

Instituto de Productos L�acteos de Asturias (CSIC), Villaviciosa, Asturias, Spain

Several genera of bacteria (and yeast) have been proposed as probiotic cultures, the
most commonly used are Lactobacillus and Bifidobacterium species. However, the
selection of a strain to be used as an effective probiotic is a complex process (Fig. 1.1).
The work begins with the source of screening of strains, the most suitable approach
being the natural intestinal environment.

According toFAO/WHOguidelines it is necessary to identify themicroorganism to
species/strain level given that the evidence suggests that the probiotic effects are strain
specific (60). It is recommended to employ a combination of phenotypic and genetic
techniques to accomplish the identification, classification, and typing. For the
nomenclature of bacteria, scientifically recognized names must be employed and it
is recommended to deposit the strains in an internationally recognized culture collec-
tion. Further characterization of strains must be undertaken taking into account the
“functional” or probiotic aspects and safety assessment. In vitro tests, some of them
summarized inFig. 1.1, are useful to gain knowledgeof both strains andmechanismsof
the probiotic effect. In addition, even if these genera have a long history of safe con-
sumption in traditionally fermented products and several species have been awarded a
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“General Recognised As Safe” (GRAS) status by the American Food and Drug Asso-
ciation (63) or a qualified presumption of safety (QPS) consideration by the European
Food Safety Authority (EFSA) (59), some characteristics (Fig. 1.1) must be studied to
ensure the safety of the novel lactobacilli and bifidobacteria strains. Several of the in
vitro tests can be correlated with in vivo studies with animal models, but probiotics for
human use must be validated with human studies covering both safety (phase 1 trials)
andefficacy (phase2 trials) aspects. Phase2 studies shouldbedesignedasdouble-blind,
randomized, and placebo-controlled to measure the efficacy of the probiotic strain
compared with a placebo and also to determine possible adverse effects (60).

This chapter focuses on the current techniques for bacterial identification, taxo-
nomic classification, and typing ofLactobacillus andBifidobacterium strains, and also
reviews the in vitro probiotic characterization of strains based on their functional
aspects.

1.2.1 Sources of Screening for Probiotic Strains

Even though essentially all animals contain strains of both Lactobacillus and
Bifidobacterium genera, it is well accepted that an effective human probiotic should

FIGURE 1.1 Procedure for the isolation and characterization of novel strains with putative
probiotic status.
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be of human origin. The underlying reason for this is that human intestines are
sufficiently different from those of animals, such that the isolates suited to those
environmentswouldnot necessarily be suited to the human intestine (121). The human
gastrointestinal tract (GIT) is a very complex ecological niche and its bacteria
inhabitants can achieve the highest cell densities recorded for any ecosystem.
Nonetheless, diversity at a division level is among the lowest (19) and the lactobacilli
and bifidobacteria comprise less than 5% of the total microbiota (92). A number of
articles have been published in the last few years studying the diversity of the GIT
ecosystem employing several culture-independent genetic tools. But, for the isolation
of novel strains, classical cultivation techniques must be employed. Enrichment,
selective media, and specific culture conditions are employed for the isolation of
strains from human samples that are initially identified by morphological characteri-
zation under the microscope. Molecular tools, mainly based on the sequencing of the
16S rRNAgene, allow identificationdown to the species level.Using thisbasic scheme
several collections of strains have been isolated from human (and other animal)
samples. Commonly, fecal samples are donated by healthy adult or infant volunteers
(49, 156). But other GIT sections obtained from healthy individuals and patients
submitted to biopsies such as the terminal ileum (56) or colonic mucosa (49) can be
screened.Also the oral cavity seems tobe the origin of someallochthonous lactobacilli
of the intestine (44). Recently, it has been indicated that the infant fecal microbiota
reflects the bacterial composition of the breast milk (79, 101). Therefore, the natural
microbiota of human milk could be proposed as a source for the isolation of novel
probiotic bacteria.

Another approach to search for improved probiotic strains (Fig. 1.1) is the
adaptation of wild types to the intestinal stressful conditions. After ingestion, the
probiotic bacteria must survive the passage through the GIT and reach the colon in
order to exert their beneficial effect. The low pH in the stomach and the high
concentration of bile salts in the small intestine, which act as biological detergents
disrupting the cell membrane, are the principal challenges that probitics must
overcome (21). Margolles and coworkers (100) obtained sodium-cholate-resistant
Bifidobacteriumderivatives by exposure to gradually increasing concentrations of this
compound. The resistant phenotype remained stable and promoted some physiologi-
cal changes that improved the survival of the adapted bacteria into the colon
environment (52). Similarly, Collado and Sanz (39) developed a method for direct
selection of acid-resistant Bifidobacterium strains by prolonged exposure of human
feces to stressful conditions. The recovered strains were intrinsically resistant to acid
gastric conditions (pH 2.0) and also showed good tolerance to high concentrations of
bile salts andNaCl.This cross-resistance between lowpHandbile saltswaspreviously
described in bile-adapted strains (118). Several strains with improved tolerance to
these and other stressful factors havebeen described in literature (34, 111, 130, 146) as
amethod of selecting lactobacilli and bifidobacteria strainswith improved viability to
GIT and technological conditions.

Finally, taking advantage of the genome sequences, novel strains with improved or
“designed” probiotic characteristics can be constructed toward specific therapies
(157, 165). However, the use of recombinant strains is still far from being applied in
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functional foods, at least in the European legal frame. Some Bifidobacterium strains
have been genetically engineered for therapy against tumors after oral administration
(74) and to fight against intestinal pathogens (114, 168).

Recombinant Lactobacillus strains are currently under study for the enhancement
of the immune system (77, 78), treatment against Helicobacter pylori (41) and
improvement of inflammatory colitis (76). Although the species Lactococcus lactis
is generally not considered as a probiotic, recombinant strains have been constructed
for the oral delivery of therapeutic molecules (87) for the treatment or alleviation of
diverse diseases such as allergies (12) and colitis (164).

1.2.2 Identification, Classification, and Typing of Bifidobacterium Strains

1.2.2.1 Taxonomy Microorganisms of the genus Bifidobacterium are nonspore-
forming, nonmotile, and nonfilamentous rods, which can display various shapes, with
slight bends or with a large variety of branchings, fromwhich themost typical ones are
slightly bifurcated club-shapedor spatulated extremities. They can be found singularly,
in chains, in aggregates, in “V,” or palisade arrangementswhen grownunder laboratory
conditions. They are strictly anaerobic, although some species can tolerate low oxygen
concentrations, and they have a fermentativemetabolism (151). Tissier described these
bacteria at the beginning of the twentieth century (173). They were first included
among the family Lactobacillaceae, but in 1924 Orla-Jensen proposed the reclassifi-
cation of the species Lactobacillus bifidum into the new genus Bifidobacterium (151).

The species of the genus Bifidobacterium form a coherent phylogenetic group and
showover 93%similarity to the 16S rRNAsequences among them (150). This genus is
clustered in the subdivision of highGþCGram-positive bacteria, and it is included in
the phylum Actinobacteria, class Actinobacteria, subclass Actinobacteridae, order
Bifidobacteriales, and family Bifidobacteriaceae. According to the DSMZ Bacterial
Nomenclature database (http://www.dsmz.de/microorganisms/bacterial_nomencla-
ture), the species included in the genus Bifidobacterium are 29: B. adolescentis,
B. angulatum, B. animalis, B. asteroides, B. bifidum, B. boum, B. breve, B. catenu-
latum, B. choerinum, B. coryneforme, B. cuniculi, B. dentium, B. gallicum,
B. gallinarum, B. indicum, B. longum, B. magnum, B. merycicum, B. minimum,
B. pseudocatenulatum, B. pseudolongum, B. psychraerophilum, B. pullorum, B.
ruminantium, B. saeculare, B. scardovii, B. subtile, B. thermacidophilum, and
B. thermophilum. In turn two subspecies constitute the species B. animalis (subsp.
animalis and lactis), B. pseudolongum (subsp. globosum and pseudolongum), and B.
thermacidophilum (subsp. thermoacidophilum and porcinum), and the species B.
longum is subdivided in three different biotypes (longum, infantis, and suis).

All the currently knownBifidobacterium isolates are from avery limited number of
habitats, that is human and animal GITs, food, insect intestine, and sewage (65, 196).
Among the strains most commonly found in human intestines and feces are those
belonging to the species catenulatum, pseudocatenolatum, adolescentis, longum,
breve, angulatum, bifidum, and dentium, and the typical species isolated from
functional foods is B. animalis subsp. lactis (104); therefore, strains belonging to
these species are the first target for health-promoting studies.
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A number of phylogenetic studies carried out during the last few years
(108, 148, 196, 200),mainlybasedon sequence comparisonof total or partial sequences
of the 16S rRNAgenes and other housekeeping genes, have grouped the bifidobacterial
species in six groups, B. boum group, B. asteroides group, B. adolescentis group,
B. pullarum group, B. longum group, and B. pseudologum group (Fig. 1.2).

1.2.2.2 Identification and Typing Currently, there is great concern that the correct
identification of a probiotic strain is the first prerequisite to be able to state its
microbiological safety. Many studies have revealed deep deficiencies in the microbio-
logical quality and labeling of currently marketed probiotic products for human and
animal use. The incorporation of incorrectly identified probiotic bacteria in functional

FIGURE 1.2 Evolutionary relationships of Bifidobacterium strains obtained using 16S
rDNA sequences. The evolutionary distances were inferred using the neighbor-joining method
and were computed using the maximum composite likelihood method. Units indicate the
number of base substitutions per site. All positions containing gaps and missing data were
eliminated from the dataset.
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food products clearly has public health implications, by undermining the efficiency of
probiotics and by affecting public confidence in functional foods (83). Thus, the use of
adequate tools to provide proper strain identification for legal and goodmanufacturing
practices, and to track probiotics during food production, as well as during their
intestinal transit, are strictly necessary.

Traditionally, bifidobacteria have been identified on the basis of phenotype
investigations. The host from which the bifidobacteria was isolated (e.g. animalis,
adolescentis, pullorum, dentium, etc.) often represented the first identification
criteria for many of these bacteria. Cell morphology, determination of metabolites,
enzyme activities, and the ability to utilize sugars are the most commonly analyzed
phenotypic characteristics for this genus, and until the 1960s the only identification
criteria used. Specifically, the association of a branched shape with the presence of
fructose-6-phosphate phosphoketolase (F6PPK) activity in a strain indicates that it
belongs to the genus Bifidobacterium (20, 170, 196). However, several problems
become apparent when the identification is carried out at species level, and the
classical phenotyping, such as sugar fermentation profiles, transaldolase serotyping,
cell-wall composition, and the study of the F6PPK isoforms, is clearly not discrimi-
native enough to reach species, subspecies, and biotype level identification with
confidence. Furthermore, these phenotypic methods suffer from a certain lack of
reproducibility due to the culture conditions, metabolic status of the cells, and
sometimes the lack of stability of the genetic determinants responsible for such
phenotypes. As a matter of fact, most cases of probiotic misidentifications stem from
the use of inappropriate phenotypic methods (83).

Mainly in the last decade molecular tools have been developed for identifying
probiotics, based on the analysis of nucleic acids and other macromolecules because
of the highpotential providedbyusingpolymerase chain reaction (PCR) amplification
and hybridization with DNA and RNA (22). A summary of the molecular
techniques used for identification and typing of potential probiotic bacteria is
presented in Table 1.1.

The study of ribosomal rRNA genes (rDNA) is the most common methodology
for bifidobacteria identification up to date. Bacterial ribosomes are formed from
proteins and three ribonucleic acids: 5S RNA, 16S RNA, and 23S RNA. The rRNA
genes are organized in rrn operons, bifidobacteria harboring from two to six
depending on the species (152, 196). The 16S rDNA has nine variable regions
(V1 to V9), and the three genes are separated by variable spacer regions. The
detailed analysis of the 16S rDNA, as well as the 16S–23S spacer region
(intergenic transcribed sequence, ITS), showed nucleotide fingerprints with differ-
ent discriminatory levels. The 16S sequencing is being employed to discriminate
all bifidobacterial species and their respective subspecies and biotypes (67, 106–
108, 200), whereas the 16S-23S rRNA ITS sequence is much more variable than
the 16S rRNA structural gene both in size and sequence, even within closely
related taxonomic groups, which makes it a suitable target for both identification
and typing by using species-specific primers (72); its analysis has a higher
discriminatory capacity and allows the differentiation of different Bifidobacterium
strains among the same species (94).
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Recently, more robust and powerful typing methods have been applied to Bifido-
bacterium species and strains, such as the multilocus sequence typing (MLST)
scheme. The MLST method was first utilized for bacteria in 1998, and it made use
of an automated DNA sequencing procedure to characterize the alleles present at
different housekeeping gene loci (95). As it is based on nucleotide sequences, it is
highly discriminatory and provides unambiguous results that are directly compared
between laboratories. Several authors (103, 191, 192, 194, 195, 197–200, 208, 211),
analyzed several gene sequences for detailed identificationand classificationpurposes
(tuf, recA, xfp, atpD, groEL, groES, dnaK, hsp60, clpC, dnaB, dnaG, dnaJ1, purF,
rpoC). Other gene sequences (pyk, tal) have also been studied proving to be valuable
for species and subspecies identification (137, 183).

Methods based on the PCR are widely used and allow the differentiation between
strains of the same species and to some extent, also between species. By examining
fingerprint patterns generated by amplification ofDNAfragments thesemethods offer
considerable potential for probiotic strain typing. The random amplification of
polymorphic DNA (RAPD) technique uses short random sequence primers that are
able to bindunder lowstringency topartially or perfectly complementary sequences of
unknown location along the genome. Fingerprint patterns generated with this tech-
niquewere useful to differentiateBifidobacterium strains fromhuman and food origin
(50, 110, 201). Amplified ribosomal DNA restriction analysis (ARDRA) consists of
the amplification of rDNA genes (totally or partially) and subsequent digestion with
restriction enzymes, thus the choice of the enzyme(s) is critical for the discriminatory
power. Species-specific identification is usually achieved with this technique
(89, 143, 185, 188, 190), although B. animalis subsp. lactis and B. animalis subsp.
animalis can also be distinguished (191). ERIC (enterobacterial repetitive intergenic
consensus sequence)-PCR, and REP (repetitive extrogenic palindromic)-PCR exam-
ine specific patterns of repetitiveDNA elements. ERIC sequences are 126-bp inverted
repeats and REP sequences are short DNA fragments (between 21 and 65 bases)
detected in the extragenic space; both are dispersed throughout the bacterial genomes
(193, 174). The application of ERIC-PCR for bifidobacterial identification at species
and subspecies level has been reported (158, 189), andREP-PCR can be considered as
a promising genotypic tool for the identification of bifidobacteria potentially up to
strain level (102, 103).

Although the aforementioned PCR techniques are the most common methods for
identification and typing Bifidobacterium strains, other PCR-based approaches
include TGGE/DGGE (temperature gradient gel electrophoresis/denaturing gradient
gel electrophoresis) (62, 99, 172), Amplified fragment length polymorphism (AFLP),
PCR coupled to enzyme-linked immunosorbent assay (ELISA), triplicate arbitrarily
primer (TAP)-PCR, restriction fragment length polymorphism (RFLP)-PCR
(48, 147), and multiplex PCR (26, 55, 91, 116, 187) to some extent have been utilized
to type bifidobacteria to species, subspecies or strain level (Table 1.1).

Some methods for bifidobacteria identification and typing using total (or
partial) DNA profiles, including plasmid analysis and RFLP of total DNA, have
been used (14, 27, 142). However, pulsed-field gel electrophoresis (PFGE), which
involves the digestion of genomic DNA with rare-cutting restriction enzymes and
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the subsequent separation of the macrofragments through a continuously reor-
ienting electric field, is often considered by microbiologists the best technique for
strain-specific typification. PFGE protocols have been established for different
Bifidobacterium species (29, 110, 159, 207) and have shown a high discriminatory
power to differentiate, for example, B. animalis subsp. lactis strains, which are often
not discriminated using other methodologies due to the close genetic background
among strains (66).

The ribotyping is the most popular and widespread hybridization method for
bacterial typing. It combines southern hybridization of genomic DNA restriction
patterns with rDNA probes. Furthermore, the availability of commercial systems
allows the analysis of a wide range of bacteria in an automated manner. Although
it is generally believed that ribotyping has a lower discriminatory power than the
PFGE analysis (150), it has been extensively used for bifidobacterial typing
(88, 97, 98, 110, 148).

Among these techniques, southern blot and microplate blot have also been used to
typeBifidobacterium strains (97, 205), andmicroarray hybridization has arisen during
the recent years as a valid alternative to discriminate betweenBifidobacterium species
(203), although the need for specific equipment and specialized personnel for the
analyses severely limits its current applicability as an ordinary method of probiotic
identification.

Finally, it isworthwhilepointingout thatothermethodshavealsobeenapplied to the
identificationand typingofBifidobacterium. Thechromatographic analysis of organic
acids (93) appears to be a useful tool for rapid identification ofBifidobacterium spp. at
thegenus level.Also, the analysis of the intrinsic fluorescence of aromatic amino acids
(16) was shown to be an inexpensive and convenient means of rapidly identifying
intestinal bifidobacteria, which could be of help for large probiotic surveys.

1.2.3 Identification, Classification, and Typing of Lactobacillus Strains

1.2.3.1 Taxonomy The genus Lactobacillus is the largest group among the lactic
acid bacteria (LAB) containing, at present, more than 120 species and 20 subspecies
(http://www.dsmz.de/microorganisms/bacterial_nomenclature_info.php?genus¼
LACTOBACILLUS (65, 150)); though its number increases every year (13 new
species have been proposed in 2005, 9 in 2006, and 7 in 2007 up to the time of
writing; http://www.ncbi.nlm.nih.go/sites/entrez). The lactobacilli are a broad,
morphologically defined group of Gram-positives, nonspore-forming rods or
coccobacilli with a GþC content usually below 50mol% (86). Lactobacilli are
clustered in the subdivision of lowGþCGram-positive bacteria, and are included in
the phylum Firmicutes, class Bacilli, order Lactobacillales, and family Lactobacilla-
ceae.They are strictly fermentative (either homo- or heterofermenters), aerotolerant or
anaerobic, aciduric or acidophilic having complex nutritional requirements (carbohy-
drates, amino acids, peptides, fatty acid esters, salts, nucleic acid derivatives, vitamins)
(86). They are naturally associated with a large variety of nutritive-rich plant- and
animal-derived environments, and many species are involved in the manufacture and
preservation of fermented foods and feed from rawagriculturalmaterials (such asmilk,
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meat, vegetables, and cereals) in which they are present as contaminants (166).
Moreover, some species and strains are broadly used as starters and adjunct cultures
to drive food and feed fermentations; notably dairy products (yogurt and cheese),
fermented vegetables (olives, pickles, and sauerkraut), fermented meats (salami,
sausages), and sourdough bread and other cereal-based food commodities. Although
less numerous than bifidobacteria, lactobacilli are natural inhabitants of the GIT and
genitourinary (GUrT) tracts of animals and humans, where they are thought to play
pivotal roles in the maintenance and recovery of a healthy state (136, 182). Not
surprisingly, a number of strains have been used as probiotics for more than 70 years
(138). Beneficial effects attributed to indigenous and probiotic lactobacilli include
colonization of intestinal and genital mucosa (85), inhibition of pathogens (36, 81),
immunomodulation (88), and cholesterol assimilation (132).

1.2.3.2 Identification and Typing Reliable identification of bacterial species and
strains and correct naming are primary aims of taxonomic studies, but it also has
important consequences for industrial application of bacteria. Morphology, Gram
staining, and biochemical tests (fermentation of carbohydrates, growth at different
temperatures, salt concentration, etc.) have traditionally been used as the primary
methods for classifying Lactobacillus species; thesemethods are still in use. Based on
phenotypic and biochemical characteristics, lactobacilli were divided into three
groups according to the type of sugar fermentation (86). Obligate homofermentative
lactobacilli ferment hexose sugars by glycolysis and produce mainly lactic acid,
while obligatory heterofermentative species use the 6-phospho-gluconate/phospho-
ketolase (6PG/PK)pathwayandproduceother endproducts (CO2, ethanol) in addition
to lactic acid (18). A third group includes the facultative heterofermentative lacto-
bacilli that ferment hexoses via the glycolysis and pentoses via the 6PG/PK pathways,
respectively. Phenotypic analyses are time consuming and require technical skill and
standardized assays and reading conditions, in order to avoid subjective results.
Furthermore, it has been widely recognized that Lactobacillus species and strains
display an inherent high level of phenotypic variability (86). Thus, phenotypic
heterogeneity makes classical microbiological methods ambiguous and unreliable.
In fact, many studies emphasize that the phenotypic classification of lactobacilli is
unsatisfactory (13, 40, 113, 133, 162). As a recent example, Boyd et al. (28) have
reported that the API 50 CH identification system failed to identify the seven
Lactobacillus reference strains utilized in their study, and 86 out of 90 vaginal
isolates, as compared to the identification obtained by hybridization using whole-
chromosomal DNA probes. Of particular complexity are the phenotypically and
genetically closely related species belonging, amongothers, to theLactobacillus casei
group (115) or to the Lactobacillus acidophilus complex (131, 144). Moreover, the
phenotypic identification does not reflect the phylogenetic relation of the different
species (51).

The taxonomy of the Lactobacillus species has changed considerably with the
increasing knowledge of their genomic structure and phylogenetic relationships
gathered with molecular methods (65). The DNA–DNA hybridization technique is
still of reference, although this technique is labor intensive and time consuming. Fatty
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acid methyl ester (FAME) analysis has also been applied to the identification of
lactobacilli from dairy and probiotic sources (68, 206). This is an inexpensive
procedure that is also of help to study diversity, composition and dynamics of
microbial communities, but FAME profiles are rather difficult to interpret and have
to be subjected to mathematical treatments. Identification and classification of
Lactobacillus species has also been accomplished by analysis of whole-cell protein
patterns (133, 204). Highly standardized SDS-PAGE conditions allow a rapid and
precise identification of a large number of strains. Profiles of unknown strains are
compared to a pattern database of known species. In spite of all these techniques, at
present, a majority of the molecular identification methods of Lactobacillus strains
rely on the analysis of rRNAgenes,mostly after their partial or complete amplification
by the PCR technique (Table 1.1).

rRNA genes have been generally accepted as the potential target for identification
and phylogenetic analysis of bacteria (15). Consequently, PCR amplification and
sequencing of 16S rDNA- or 23S rDNA-targeted primers have successfully been used
for the detection and identification of Lactobacillus species (115, 171, 186). Ampli-
cons are usually digested with restriction enzymes for some techniques (such as
ARDRA), and, more frequently, subjected to double-stranded sequencing. It has been
experimentally determined that species having 70% or greater DNA similarity (at the
DNA–DNAhybridization or re-association level) share, in fact,more than 97%of 16S
rDNA sequence identity (127, 161). Isolates having such a percentage of identity
belong to what has been called an operational taxonomic unit (OTU). Comparison of
the rRNA gene sequences (mainly 16S rRNA) allows a precise identification and, at
the same time, tracking of the evolutionary relationships among the distinct species.
The analysis of 16S rDNAsequences has shown that the divisionof lactobacilli species
in three groups is not in accordance with their natural relationships (18). In fact,
Lactobacillus species branch into several groups and do not form a coherent
phylogenetic unit (65, 150) (Fig. 1.3). At present, specific primers are available for
targeting most Lactobacillus species (24, 90, 150, 154). Besides genes of both rRNA
molecules, the analysis of ITS has also been utilized for identification purposes
(24, 75, 119). Based on either the genes or the ITS regions, some authors have
developed multiplex PCR of species-specific primer pairs for the detection of up to
eleven different LAB species (90, 154, 160). In the same way as oligonucleotide
primers, oligonucleotide probes can also be used in hybridization experiments for
specific detection, identification, and quantification of Lactobacillus species
(80, 128, 133, 155). Nucleotide differences in the 16S rRNA genes can also be
exploited for the electrophoresis separation of PCR-derived amplicons by DGGE
techniqueor its relative temporal temperature gradient electrophoresis (TTGE).These
techniques can either be used for the identification of individual strains (61, 184) or for
the analysis of the diversity and evolution of whole populations in complex bacterial
mixtures (80, 120, 135).

Coding genes of highly conserved proteins such as RecA (64, 175), GroESL (202),
and the elongation factor (EF) Tu (33, 192) have all been used to identify lactobacilli
species and to determine their phylogenetic relationships. These gene sequences
provide phylogenetic resolutions comparable to that of the 16S rRNA gene at all
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taxonomic levels, and better resolution between closely related organisms, as rates of
evolutionary substitution in protein-coding genes are one order of magnitude higher
than those for 16S rRNAgenes.The use of protein-coding sequences further avoids the
biases due to multicopy and intragenomic heterogeneity associated to rRNA se-
quences The comparison of the sequences of the fructose-1,6-bifosphatase (fbp) gene

FIGURE1.3 Phylogenetic tree showing the relationships of the 16S rDNA sequences of type
strains of selected Lactobacillus species. Sequences were obtained from the Ribosomal
Database Project (http://rdp.cme.msu.edu/) and the phylogenetic tree was constructed by an
online tree builder resource that uses the Weighbor-weighted neighbor-joining algorithm. The
16S rDNA sequence from the Bacillus subtilis type strain was selected as an outgroup.
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has been recently used for identifying and typing food borne and clinical strains of
Lactobacillus rhamnosus (145). Beyond sequence data, the polyphasic approach,
which integrates phenotypic, genotypic, and phylogenetic information, has been
recognized by the International Committee on Systematic Bacteriology as a new tool
for the description of species and for the revision of the present nomenclature of some
bacterial groups (181).

Intraspecific differentiation of bacteria is highly relevant for the selection of starter
and probiotic cultures, because technological, sensorial, antimicrobial, and probiotic
attributes are strain specific. Typing methods are very helpful in distinguishing patent
protected strains, as well as the distinction of starter, adjunct, and probiotic cultures
(strain tracking) fromnatural isolates.As for the safety aspects, it is crucial tobe able to
compare clinical (pathogenic) isolates with biotechnological strains in use. Besides
phenotypic methods, many PCR-based typing methods have been used for the typing
of lactobacilli strains, such as ribotyping (141, 210), RAPD (46, 58, 117, 153, 175),
PFGE (144, 179, 190), TAP-PCR (43), AFLP (176), REP elements PRC amplification
(REP-PCR), ERIC-PCR (190), etc. PCR-RFLP of intragenic DNA fragments of
protein-coding genes involved in primary metabolism (b-galactosidase, lactose
permease, and proline dipeptidase) has also been used as a typing method for dairy
Lactobacillus delbrueckii strains (69). Chromosome typing (restriction endonuclease
fingerprinting of chromosomal DNA, chromotyping) has been applied to the discrim-
ination of strains of lactobacilli and found to be specific and highly reproducible
(163, 210); although the large number of bands requires careful standardized electro-
phoretic conditions.

The powerfulMLST technique has recently been applied for species identification
and phylogenetic studies of Lactobacillus strains. A MSLT method based on the
analysis of six loci (pgm, ddl, gyrB, purK1, gdh, and mutS) has been developed for
the analysis of L. plantarum strains (47). Even more recently, Diancourt et al. (54)
developed and applied a MLST variant, called multilocus variable-number tandem
repeats (VNTR) analysis (MLVA), for the fine subtyping of L. casei/L. paracasei
strains. A high concordance between the profiles obtained by MLVA and those
obtained by AFLP and MLST was observed.

Whole-genome sequencing and comparative genomics providing insights on
bacterial evolution will surely influence bacterial taxonomy in the near future. In
fact, gene and genomic sequence information has recently been proposed as a tool for
defining a new genomic–phylogenetic species concept for prokaryotes (163). Com-
parative genomics has further strengthened the idea that the lactobacilli as a whole do
not form a coherent phylogenetic group, supporting the recognition of new subgeneric
divisions (32, 96). In fact, it seems that some species (L. salivarius, L. plantarum) are
more closely related to Enterococcus faecalis than they are to other lactobacilli (32),
and other non-lactobacilli such as Pediococcus pentosaceuswill likely cluster within
or close to some species of thegenus (32, 96).Genome techniques such as comparative
genome hybridization (CGH) can quickly be used to determine the genome content of
a bacterial strain whose genome sequence is not known (112). CGH has also been
found to be valuable for clarifying controversial taxonomical issues. It has already
been used for comparison of members within the L. acidophilus group, addressing
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both intra- and interspecies diversity (23). Microarrays based on the L. johnsonii
NCC533 genome were hybridized with total DNA from strains of this and other
species of theL. acidophilus complex.A clear stepwise decrease in similarity between
members of the complex was found, suggesting that these species belong to a natural
phylogenetic unit. Exhaustive phylogenetic analyses based on genome data will be
performed when more genome sequences are completed and analyzed. To date, 10
Lactobacillus genomes have been published, and at least 11more sequencing projects
are ongoing (35, 96).

1.2.4 Characterization of Probiotic Properties in Bifidobacterium
and Lactobacillus Strains

Several criteria have been used for the selection of probiotic strains (Fig. 1.1), the
most commonly employed being the survival of the stressful GIT conditions (low
pH and high bile salts concentrations), the ability to transitory colonize the GIT,
which is related with the adhesion to mucus and/or intestinal epithelium and the
antimicrobial activity through the production of antimicrobial molecules or the
ability to inhibit/displace the adhesion of pathogens. Several in vitro and in vivo tests
are employed for the screening of these characteristics (45, 57, 178, 209), although
there is a lack of standardized or unified methodology for the assessment of
probiotic functionality. Table 1.2 summarizes some works that report the screening
of the most common probiotic characteristics within collections of Lactobacillus,
Bifidobacterium, and other LAB strains, mainly isolated from human samples but
also from other sources.

1.2.4.1 Survival to GIT Stressing Conditions The transit of probiotics included
in foods through different sections of the GIT takes variable times and is submitted to
different stressful conditions. After mastication, the first barrier that bacteria must
overcome is the lowpHvalues of the stomachwith values ranging from1 to3andmean
exposure times of 90min. Into the duodenum the pH value rises to 6–6.5, but bile salts
are poured from the gallbladder to reach concentrations ranging from1.5 to 2%during
the first hour of digestion and decreasing afterwards to 0.3% w/v or lower (118). The
residence period in the small intestine until 50% emptying oscillate between 2.5 and
3 h and the transit through the colon could take up to 40 h (31). In this location pH
values are close to neutral (from 5.5 to 7) and the physiological concentration of bile
salts is lower. For the screening of putative probiotic bacteria most works (Table 1.2)
simulate in vitro these GIT conditions. Several pH values and bile concentrations are
tested for variable times in order to determine the survival of the strain(s) under test.
Bacteria are enumerated by culture dependent and/or independent techniques, such as
those employing fluorescent probes that allow knowledge of the population of dead
and live bacteria. The results of viability obtained are strain dependent and, in general,
bifidobacteria strains are less tolerant to acidic conditions than lactobacilli, whereas
the first seems to bemore tolerant to bile challenge. Few studies have been carried out
employing human samples of gastric juice and bile and interestingly, the source of bile
(bovine, porcine, or human)modifies the tolerance pattern (56). Therefore, itwouldbe
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recommendable that probiotic strains intended for human consumption are tested in
the presence of human intestinal fluids.

1.2.4.2 Adhesion/Colonization to/of GIT Some of the health effects attributed
to probiotics are related to their capability to adhere to the intestinal mucosa.
Adhesion is a prerequisite for intestinal colonization, stimulation of the immune
system, and for antagonistic activity against enteropathogens through competitive
exclusion (57). The intestinal mucosa is covered by a layer of different types of
epithelial cells, which are distinctly different in the different regions of GIT, and is
in contact with the lumen, the outside of the body. In addition to secretory and
absorption cells, an important part of the immune system is placed in this location
and it is collectively referee to the GALT (gut-associated lymphoid tissue). The
intestinal epithelium is almost completely covered by a protective mucus gel
composed predominantly of mucin, glycoproteins acting as the anatomical GIT site
in which the host first encounters gut bacteria (53). Genomic information of some
probiotic strains revealed the presence of several molecules able to adhere to
different components of the intestinal mucosa and to exchange signals with the
intestinal immune system (149), which indicate a good adaptation of probiotics to
the gut environment.

Several models have been employed to study the ability of putative probiotic
strains to adhere to the intestinal epithelium. Studies have often been carried out
with cellular lines obtained from human colon adenocarcinomas such as Caco-2
(ATCC HTB-37) and HT-29 (ATCC HTB-38) the last one being able to produce
mucin (37, 84, 139, 169, 177). Frequently, the adhesion ability of putative probio-
tics from different collections has been extensively tested against mucus obtained
from human (38, 70, 123, 125) or animal origin (109). Interestingly, some strains
of Bifidobacterium adhere better to human mucus than to porcine mucus
indicating that adhesion is property strain dependent (124), because mucus from
different origins (human, canine, possum, bird, and fish) did not modify the
adhesion of probiotic strains (140). In addition, bacterial adhesion to human
mucus decreased with the age of the donor of the mucus sample, which could be
one of the reasons for low bifidobacteria colonization in elderly subjects (122). A
good correlation between the human mucus model and the adhesion to Caco-2
has been demonstrated by Gueimonde and collaborators (71) employing three
Lactobacillus strains. Both methods are adequate for in vitro adhesion studies but
some ex vivo models employing resected tissue of the intestinal mucosa from
human or animals have also been shown to be useful (105, 126). In the human
intestinal mucus model proposed by Ouwehand and coworkers (126) the material
is obtained from patients with colon cancer submitted to surgery. The healthy
sections of resected tissue obtained from different sites of the colon are employed
in these studies. In general, the strains tested showed higher adhesion to mucus
than to colonic tissue and, depending on the strain, the location of the colonic
tissue but not that of mucus, also influenced the adhesion properties of the
probiotics tested. This is a good model for the assessment of the adhesion of LAB
to GIT epithelium and to mucus.
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1.2.4.3 Antimicrobial Activity In the complex GIT ecosystem probiotics have
developed mechanisms to survive in competition with other microorganisms. Essen-
tially, the antagonism is exerted by competition for nutrients and for physical location,
but also through the production of antimicrobial substances. In connection with the
previous paragraph, the ability of probiotics to produce antimicrobials is one mecha-
nism to inhibit, exclude or compete with adherent enteropathogens for the ecological
niche. Severalworks (Table1.2)havebeencarriedout to test invitro the interferenceon
adhesion between probiotics and pathogens such as Salmonella enterica serovar
Typhimurium, Escherichia coli, Clostridium difficile, Enterobacter sakazakii, and
Listeria monocytogenes. Using human intestinal mucus it has been demonstrated that
the adhesion antagonism is clearly both, probiotic- and pathogen-strain dependent
(38, 71). This specific interaction indicates the need for a case-by-case assessment
in order to select probiotics with the ability to inhibit or displace certain pathogens.
Most often, cocultures probiotic/enteropathogen are carried out to test the antimicro-
bial ability of probiotic strains (17, 25, 37, 82, 84, 167). Viability of both types of
bacteria is determined and in some cases the antimicrobial activity is tentatively
assigned to the production of substances such as organic acids, ethanol, H2O2, or
proteinaceus components bacteriocin-like. The general conclusion that arises
from these in vitro studies suggests again that the inhibition ability is strain- and
culture-condition- dependent and that severalmolecules andmechanismsare involved
in the interrelationship between probiotics and pathogens.

1.2.4.4 Other Probiotic Properties In addition to the previously reviewed prop-
erties, other characteristics could be tested to consider a strain as putative probiotic.
From these screenings it has been reported that some strains are able to modulate the
immune system (129), to produce antigenotoxic compounds (30), to deconjugate bile
salts (73, 180), and to decrease cholesterol levels (73).

1.2.5 Conclusion

The selection of a strain to be used as an effective probiotic is a complex process. For
human consumption, it is widely accepted that an effective human probiotic should be
of human origin themost suitable source being the humanGIT. Avast array of specific
and reproduciblemolecular techniques is now available for identification and typing of
lactobacilli and bifidobacteria. Molecular techniques have allowed the precise and
rapid identification and typing of novel probiotic stains, providing new ways to check
for their presence and monitor their development. Nevertheless, for microbial char-
acterization, a polyphasic combination of phenotypic assays andmolecular techniques
is preferred, since these approaches may provide complementary results. On the other
hand, several in vitro and in vivo tests have been found to be useful for the screening of
novel strainswith putative probiotic properties. In general, the probiotic characteristics
are strain-dependent and properties are not all simultaneously present in a single strain.
Of note is the realization that the efficacy and safety of a probiotic should be validated
in phase 2 clinical trials, a pending subject for most current-in-use probiotic strains.
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1.3 DETECTION AND ENUMERATION OF GASTROINTESTINAL
MICROORGANISMS

Miguel Gueimonde and Clara de los Reyes-Gavil�an
Instituto de Productos L�acteos de Asturias (CSIC), Villaviciosa, Asturias, Spain

1.3.1 Methods for Intestinal Microbiota Assessment

Understanding the cross talk that occurs between intestinal microbiota and its host
promises to expandour views about the relationship between intestinalmicrobiota and
well-being. Unfortunately, we are still far from knowing the qualitative and quantita-
tive composition of the intestinalmicrobiota and the factors governing its composition
in an individual. Several different methodologies, culture dependent and culture
independent, have been used for intestinalmicrobiota assessment (Table 1.3). The aim
of this chapter is to review these methodologies, which are divided into two main
groups: the culture-dependent and culture-independent methods.

1.3.1.1 Culture-Dependent Methods

1. Nonselective and selective culture media for intestinal microorganisms. The
study of intestinal microbiota composition, both qualitatively and quantita-
tively, has been traditionally carried out by cultivation of feces. In some cases it
has also been considered that there aremucosa-associated intestinal microbiota
in biopsies of healthy individuals (229, 293) or patients (225, 252, 347). The
classicalmethod has been culturing fecal samples on suitable growthmedia, the
sample generally being handled in anaerobic cabinets and processed immedi-
ately or within a few hours after collection. The bacterial counts of a given
microbial group are determined after incubation in the appropriate conditions.
Both nonselective- and selective-differential media have been used for
growth and counting and the choice for one or the other was dependent on
the microbial group being screened and on the method used for subsequent
identification. Some of the more widely used media in recent years
includes Wilkins-Chalgren (257, 330, 331, 341) and Columbia blood agar
(225, 296) as general media for total anaerobic bacteria. The same media were
also employed as selective and/or differential after the addition of the appro-
priate antibiotics and selective agents for the enumeration of Gram-positives
including Clostridium, as well as Bacteroides, Prevotella, and other Gram-
negatives (257, 341).MRS, Rogosa, and trypticase phytone yeast extract (TPY)
agar were frequently used as base media for counting Bifidobacterium with or
without the addition of selective agents (231, 257, 322, 323, 330, 331, 341),
and MRS and Rogosa agar were also employed for the enumeration of
Lactobacillus (212, 231, 269, 293, 322, 323, 330, 331). Bile–Esculin agar and
derived supplementedmediawere among themost frequently employed for the
isolation and enumeration of enterococci (225, 269, 323) and Bacteroides
(229, 231, 296, 323). Enterococci have been also counted and isolated
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frequently in Slanetz-Bartley (230, 330) and KF media (296). It is also worthy
to note the extensive use of the selective and differential McConkey agar for
counting coliforms and enterobacteria (225, 293, 231, 232). Finally, for het-
erogeneous and complex groups of intestinal bacteria such as clostridia, a great
diversity of culture media has been used provided that a unique medium is not
appropriate for cultivation of all microbial clusters (257, 269, 296, 322, 331).

2. Identification and typing of intestinal strains. Traditionally, intestinal strains
isolated from solid mediawere identified bymeans of some general phenotypic
characteristics such as carbohydrate fermentation profiles, enzymatic tests, cell
morphology, and colony appearance, which have lead to numerous misidenti-
fications. The development of new and different phenotypic methods contrib-
uted to the improvement of the accuracy of identification and it is currently
possible to identify not only colonies isolated from solid culture media but also
nonisolated bacteria present inmucosa and feces. The genusBifidobacterium is
the only intestinal Gram-positive displaying fructose-6-phospate phosphoke-
tolase (F6PPK) activity and its determination constitutes a reliable test
for this genus among bacteria from the intestinal environment (255, 330).
Vlkov�a and coworkers (330) used F6PPK, a-galactosidase, and a-glucosidase
as enzymatic methods for detection of the abundance of bifidobacteria directly
in infant feces. Determination of catabolic end products was also useful for the
identification of some particular and characteristic groups of microorganisms
(257). One of the most accurate phenotypic methods currently used for
identification at the species level is based on the determination of the cellular
fatty acid composition (234) with the help of the chromatographic MIDI
system (http://www.midi-inc.com/pages/literature.html) both directly in feces
(269, 324) and in previously isolated cultures (263, 341).

The development of genetic methods for the identification and typification of the
bacterial isolates greatly contributed to the improvement our knowledge of intestinal
microbiota, although its level of sensitivity is obviously limited by the accuracy and
sensitivity of the previous culture media on which microorganisms were isolated.
Partial amplification and sequencing of the 16S rRNA gene from previously isolated
colonies has been extensively used for identification at the genus and species level
(212, 228, 323, 330, 331). Monoclonal antibodies have been used for selective enu-
meration of Bacteroides vulgatus and Bacteroides distasonis on fecal samples after
dilution and plating in a nonselective medium, avoiding the use of selective agents to
which part of the Bacteroides population could be sensitive (226). Oligonucleotide
probes have also been used for the identification and the quantification of intestinal
microbiota by means of colony hybridization (232, 271). Typing of the strains from a
given species of intestinalmicroorganismhas often been carried out bypulsed field gel
electrophoresis (PFGE) (322, 323) or RAPD by PCR (212, 228) among other geno-
typic techniques.

Several different culture-dependent techniques have been used for quantitative and
qualitative characterization of human intestinal microbiota although large differences
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in species composition and quantitative contents can be found among the results
obtained by different authors. These differences could be attributed to the different
culture media employed, different methodologies used for the subsequent identifica-
tion, etc. The high variability of the intestinal microbiota among individuals and the
analysis of a low number of individuals in some studies, could also have contributed to
the different results observed.

1.3.1.2 Culture-Independent Methods It is estimated that less than 25% of the
intestinal bacteria have been cultivated so far, suggesting that many bacteria in the
humangut havenot been cultured yet and that classical culture basedmethods havenot
provided an accurate representation of this community (233, 259, 319). Consequently,
the study of intestinalmicroorganisms has been restricted to the cultivable species and
from these, only to the cultivable fraction of each population. These facts led to the
overestimation of some species and the underestimation of others, limiting our
understanding of intestinal microbiota composition and function. By using different
bifidobacterial selective culture media it has been shown that they differ in their
selectivity and some media even fail in the recovery of certain species, which could
lead to a biased representation of the population (213). These results clearly show the
limitations of the culture-based approaches for the study of complex communities.
Therefore, more rapid, accurate and specific methods of detection and quantification
have been developed.

During the last few years, developments in molecular biology have led to alterna-
tive culture-independentmethods in addition to the traditional culture.One of themost
widely applied approaches deals with the use of 16S rRNA and its encoding genes as
targetmolecules.The16S rDNAgene contains highly conserved regions, present in all
bacteria, and highly variable ones that are specific for certain microbes. Specific PCR
primers and probes can thus be designed based on these variable regions to detect
certain species or groups of bacteria. These culture-independent approaches include
16S rRNA measurements, PCR amplification with specific primers of 16S rDNA
extracted from fecal or mucosal samples, universal or group 16S rDNA PCR
amplification followed by cloning and sequencing, TGGE, DGGE, terminal restric-
tion fragment length polymorphism (T-RFLP) analysis, fluorescence in situ hybrid-
ization (FISH), real-time quantitative PCR, and oligonucleotide-microarrays. Inmore
recent years metagenomic and metaproteomic approaches have also been applied to
the intestinal microbiota assessment.

1. Design of PCR Primers for DNA Amplification. Several authors have devel-
oped species or group-specific primers for the detection of different
microorganisms in the GIT including members of the genera Bacteroides,
Clostridium, Fusobacterium, Peptostreptococcus, Eubacterium, Bacteroides,
Prevotella, Lactobacillus, and Bifidobacterium (251, 254, 289, 291, 335).

Nowadays, rDNA-targeted PCR primers enable a rapid and specific detec-
tion of a wide range of bacterial species. Therefore, procedures in which these
primers are used have a widespread use in intestinal microbiota assessment.
By means of PCR amplification with species-specific primers Wang and
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collaborators (335) analyzed the fecalmicrobiota, showing thatFusobacterium
prausnitzii, Peptostreptococcus productus, andClostridium clostridiforme had
the highest PCR titters followed by Bacteroides thetaiotaomicron, Bac.
vulgatus and Eubacterium limosum. Matsuki et al. (292) studied the bifido-
bacterial microbiota in adults’ fecal samples and found that Bifidobacterium
catenulatum group Bifidobacterium longum and Bifidobacterium adolescentis
were the most common species whereas Bifidobacterium breve, Bifidobacter-
ium infantis, and B. longum were the predominant species in infants. Other
DNA sequences, such as ERIC sequences, have also been used as targets of
PCR primers to fingerprint the microbial community of the human gut (337).

2. Design of Hybridization Probes. Several probes have been developed for the
assessment of intestinal microbiota. There are probes for specific detection of
Bifidobacterium (271, 280), some Clostridium groups (241, 338), Bacter-
oides/Porphyromonas/Prevotella group (232), Bacteroides fragilis group,
Bac. distasonis or Streptococcus/Lactococcus group (241). Also probes for
some species of Bifidobacterium (343) and Eubacterium (313) have been
developed. Some other probes for specific intestinal groups such as Phasco-
larctobacterium group, Veillonella, Eubacterium hallii and relatives, Lach-
nospira group,Eubacterium cylindroides and relatives andRuminococcus and
relatives are also available (258).

These probes have been used for specific culture-independent detection
and quantification of different intestinal microorganisms by means of FISH
(241, 258, 280, 313, 338) or dot blot hybridization (264, 287, 314).

Combinations of PCR amplification and hybridization have also been
reported. In a study by Wei and coworkers (337) ERIC-PCR amplicons
from a sample were labeled and used to hybridized against other samples in
order to identify those amplicons common to different fecal samples. This
approach may be helpful for the identification of specific microbiota
aberrancies related to different diseases by comparing healthy and ill
individuals.

3. Polymerase Chain Reaction – Enzyme-Linked Immunosorbent Assay
(PCR-ELISA). This technique combines PCR amplification of DNA and
ELISA. The amplified DNA is labeled, commonly with digoxigenin, and
hybridized with the specific detection probe that is immobilized in microtiter
plate wells. The presence of hybridized DNA is determined by using
digoxigenin-targeted antibodies. This methodology has not been extensively
used, but it has been applied to the analysis of Bifidobacterium species
composition in human feces during a feeding trial (285).

4. Sequence Analysis of Randomly Amplified 16S RNA Genes. Another proce-
dure that has been used in intestinal microbiota research is the PCR amplifi-
cation of 16S rRNA genes in a sample, using universal or group-specific
primers followed by cloning and sequencing of the amplified DNAs.

By using universal primers different studies (259, 261, 319) have shown
that the predominantly cloned sequences from fecal samples belonged to
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Clostridium coccoides group (Clostridium rRNA cluster XIVa), Clostridium
leptum group (Clostridium rRNA cluster IV), and Bacteroides, which is in
agreement with the results recently reported by Eckburg and coworkers
(233). By using this approach it was found that, according to the results
obtained by culture, even though clostridia tends to increase with age, the
Clostridium rRNA cluster XIVa tends to decrease in elderly individuals. This
is probably due to a decrease in the number of Ruminococcus obeum and
related phylotypes, indicating a possible relation between R. obeum and
aging (261). Regarding the species composition, it was found that the
predominant fecal species in the Bacteroides group are Bacteroides uni-
formis and Bac. vulgatus (319). In the Clostridium coccoides group, Eubac-
terium eligens, Eubacterium rectale, and Eubacterium hadrum were the
predominant species. Ruminococcus bromii, Eubacterium siraeum, and
F. praustnizii were the unique species detected in the C. leptum group,
being F. praustnizii one of the most frequent and numerous species detected
by 16S rDNA analysis of human fecal samples (259, 261, 319). Sequencing
of amplified 16S rRNA genes has also been used to characterize
the differences between the fecal and mucosal microbiota. Eckburg and
coworkers (233) analyzed over 11,800 bacterial 16S rDNA sequences from
different intestinal locations of three subjects and found that 62% of the
phylotypes were novel (244 out of 395) and 80% represented noncultivable
species. On the other hand, the same authors indicated that different
phylotypes were present in fecal and mucosal samples.

Surprisingly, in some studies carried out using this methodology (261, 319)
no sequences belonging to the genus Bifidobacterium were detected, probably
indicating some problems during the amplification. In this regard, the
number of PCR cycles can significantly distort the representation of some
organisms in the ecosystem due to preferential amplification of some rDNAs
(339).

5. Temperature Gradient Gel Electrophoresis (TGGE) or Denaturing Gradient
Gel Electrophoresis (DGGE)Analyses of 16S rRNAGenes. This technique has
been one of the most widely used for intestinal microbiota assessment. It
consists of the PCR amplification of the 16S rRNA genes with universal or
group-specific primer pairs, one of which has a GC clamp attached to the
50 end in order to avoid a complete dissociation of the two DNA strands of the
amplified product. Then, amplification products are separated by denaturing
gel electrophoresis, through a gradient of temperature (TGGE) or denaturant
agent (DGGE), inwhich the double-strandedDNAwillmigrate until it reaches
its denaturing conditions in the gradient. This method has been shown to be a
powerful tool for monitoring bacterial succession phenomena. In addition, the
predominant bands obtained can be sequenced in order to know the identity of
the most abundant microorganisms. Using PCR-TGGE, Zoetendal et al. (348)
studied the diversity of predominant bacteria in fecal samples from adults. A
remarkable stability of the profiles over time was observed and E. hallii,
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R. obeum, and F. prausnitziiwere the most commonly encountered species. In
spite of the stability of the predominant fecal microbiota, it was possible to
detect variations in some subpopulations over time by using these techniques
(327).

Satokari and collaborators (311) studied the bifidobacteria microbiota in
fecal samples from adults by means of PCR amplification with genus-specific
primers and DGGE. Their results highlighted B. adolescentis as the most
common species in feces from adults. Other species also found were
B. catenulatum, Bifidobacterium pseudocatenulatum, Bifidobacterium den-
tium, and Bifidobacterium ruminatum. By using these techniques Bifidobac-
terium and Ruminococcus were reported to be the dominant groups in the
intestinal microbiota of babies (236). Favier and coworkers (237) studied the
establishment and development of gut microbiota in babies during the first
4 months of life, finding that Escherichia coli and Clostridium spp. were the
initial colonizers followed by the appearance of othermicroorganisms, such as
Bifidobacterium and Bacteroides after 2–5 days. On the other hand, compari-
son of the babies PCR-DGGE profiles with those of their parents suggested a
vertical transmission of some microorganisms.

With regard to the lactobacilli population, PCR-DGGE results showed that
there is a relatively stable Lactobacillus population in each individual (262).
Lactobacillus ruminis and Lactobacillus salivarius have been reported to be
the true autochthonous lactobacilli whereas other species frequently used in
food manufacture can be also detected in feces of individuals (332). In
addition, by using PCR-DGGE Zoetendal and coworkers (350) showed that
the mucosa-associated bacteria in the colon differ from those recovered from
feces, and found host-specific profiles of the mucosa-associated microorgan-
isms. This suggests that the intestinalmicrobiota composition is influenced by
some host factors.

Most of the studies carried out using these techniques are aimed at the
assessment ofmicrobiota composition by targeting the rDNAgenes. However,
the rRNA (RT-PCR DGGE/TGGE) has also been used instead of rDNA
allowing the identification of the metabolically active microorganisms in the
gastrointestinal ecosystem (294, 348).

6. Denaturing High-Performance Liquid Chromatography. This recently de-
veloped technique (342) has also been applied to the study of the intestinal
microbiota (246). It consists of the PCR amplification of the 16S rRNA
genes followed by the separation of the amplification products by
means of denaturing high-performance liquid chromatography. Separated
PCR products are fluorescent dyed and detected using a fluorescence
detector.

7. Terminal-Restriction Fragment Length Polymorphism (T-RFLP) Analysis.
The 16S rDNA T-RFLP analysis consists of the amplification of the 16S
rDNA with a primer fluorescent labeled and an unlabeled primer so that
the PCR product is labeled at only one end. After digestion of the PCR
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products with one or more endonucleases the length of the labeled terminal
restriction fragments is determined by capillary electrophoresis. A rapid
assessment and identification of predominant human intestinal bacteria can
be accomplished with this method using the appropriate restriction enzymes
(160, 260, 272, 289).

Sakamoto and coworkers (289) assessed the fecal microbiota in adults
using T-RFLP analysis showing that the patterns are host specific. These
results are in agreement with previous results obtained by DGGE. This
technique has also been used for assessment of fecal microbiota in elderly
people (261) and to study the effect of a vegetarian diet on intestinal
microbiota (50). Interestingly, differences have been found between the results
obtained by T-RFLP and cloned 16S rDNA analysis, indicating a possible bias
related with a large number of cycles in PCR amplification (260, 261).

8. Oligonucleotide Arrays. Wang and coworkers (333, 334) developed an oli-
gonucleotide-microarray using species-specific probes for the detection of the
predominant human intestinal bacteria in fecal samples. Microarray technol-
ogy can be used for simultaneous detection of thousands of target DNA
sequences at one time. Thus, its use could permit the detection of many
bacterial species in a sample in a rapid and accurate manner. In order to avoid
the use of the expensive microarray equipment needed for this technique, a
membrane-array procedure has also been reported (336). Recently, Palmer
and coworkers (303) developed a microarray containing over 10,000 16S
rDNA probes and applied it to the assessment of the colonic mucosa, which
allowed the detection and the determination of the relative abundance of
species present at levels of 0.03% or greater.

In the next few years, with the increasing availability of genome sequences
from intestinal bacteria, microarrays analysis will become a powerful and
valuable tool to assess microbial composition of the human intestinal tract and
to study how different members of the intestinal microbiota modulate the
expression of genes from both intestinal cells and other intestinal bacteria.

The culture-independent approaches discussed earlier has led to a better
understanding of the qualitative content and the predominant species of the
intestinal microbiota. Unfortunately, they have failed to provide reliable data
on its quantitative content or on the less abundant groups or species that are
also present in the GIT. Thus, some quantitative culture-independent methods
have been recently developed and are discussed next.

9. Relative Amount of Group or Specie-rRNA. One approach for the quantitative
study of the intestinal microbiota is the quantification of the relative amounts
of 16S rRNA of each group or species with regard to the total amount of 16S
rRNA in the sample by using specific probes and, for example, dot blot
hybridization. The amount of 16S rRNA provides not so much a measure of
cell numbers as a measure of the metabolic status of each microbial group. By
using this procedure it was shown that six bacterial groups represented up to
70% of the total fecal rRNA, Bacteroides-Prevotella being the dominant
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group with 37% of the total 16S rRNA (314). In addition, by means of this
procedure Marteau et al. (287) showed that the human cecal and fecal
microbiota differs quantitatively and qualitatively.

10. Fluorescence In Situ Hybridization (FISH). Using FISHwith different group-
specific probes around 90% of the total fecal bacteria can be detected;
Bacteriodes/Prevotella and theClostridium coccoides/E. rectale groups being
the microorganisms present at higher numbers (1010) (241, 258), followed by
Eubacterium low GþC group (258). Other bacterial groups present at high
levels (over 109 cells/g feces) included Ruminococcus (258) and Bifidobac-
terium (241, 258, 280). Enterobacteriaceae, Veillonella, and the group Lac-
tobacillus/Enterococcus showed counts under 108 cells/g feces.

FISH has also been used for the assessment of changes in levels of the
predominant groups of intestinal bacteria as a result of the consumption of
prebiotics or probiotics (273, 325) or to assess the influence of the mode of
delivery on intestinal microbiota (309). Also the effect of breast-feeding was
studied by means of FISH, and it has been shown to be related to the
predominance of bifidobacteria, whereas formula-fed infants showed similar
amounts of Bacteroides and Bifidobacterium. In addition, changes in the
minor components of the fecal microbiota were also observed (256).
By means of FISH it has also been shown that there are differences in the
gut microbiota between infants who later do or do not develop atopy (269).

Although FISH has been widely used for intestinal microbiota assessment
this technique is laborious, there is some difficulties for the visual counting of
the samples and is extremely time consuming, thus limiting its further
applicability. Multi-color FISH would allow the detection of a few micro-
organisms by a single hybridization reaction. This approach has been applied
to the analysis of seven bifidobacterial species in human feces (320), but still
the visual counting is very laborious. Because of that, alternative methods
have been developed in order to solve difficulties in manual-visual counting,
such as automated image analysis (267) or flow cytometry (349).

In FISH results can be influenced by differences in the availability of the
target region, cell permeability or by the ribosome content of the cells. Low
fluorescence levels in positively hybridized cells can also significantly
overlap signals of the negative controls (280). Coaggregation of bacteria
rests of broken cells or contaminating compoundsmake the counting difficult.
Therefore, more rapid and accurate procedures have been developed and are
commented on next.

11. Quantitative Real-Time PCR. Quantitative real-time PCR is a promising tool
to study the composition of complex communities such as the GIT. This
procedure has attracted the attention of researchers in recent years as a
consequence of the need for new rapid and accurate quantitative culture-
independent techniques for intestinal microbiota analyses.

Different real-time quantitative PCR assays have been developed. By
using the SYBR Green dye both total fecal bifidobacteria and specific
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bifidobacterial species or groups have been quantified (290, 305). In addition,
50nuclease assays have also been developed for Bifidobacterium and Lacto-
bacillus quantification by using TAQMAN probes (253, 254, 305) or probes
labeled with fluorescent lanthanide quelates (248, 251).

Real-time quantitative PCR has also been applied to quantification of other
intestinal microorganisms, such as Clostridium difficile in feces by using
molecular beacons (217), Escherichia coli and Bac. vulgatus in gastrointesti-
nal mucosa by means of the 50 nuclease assay with TAQMAN probes (265) or
Desulfovibrio in feces and mucosa by using the SYBR Green assay (239).
Real-time PCR has been employed to characterize and compare the fecal
microbiota between healthy and hospitalized elderly subjects (216), proving
to be a useful tool for quantitative microbiota monitoring. This procedure has
also been used for the quantification of total bacteria and some characteristic
species of dental plaque and caries dentine (284, 299).

Similarly to other techniques based on the PCR, the use of 16S rRNA
instead of DNA (reverse-transcriptase quantitative PCR) would provide data
on the activity/viability of the microorganisms rather than on cellular levels.
This methodology may also be applied to monitor in situ the expression of
specific genes by targeting the corresponding mRNA, as has been demon-
strated by Fitzsimons and coworkers (240) using the gene slpA of Lactoba-
cillus acidophilus. In this regard reverse-transcriptase quantitative PCR
provides a very useful tool for monitoring bacterial activity and gene
expression in gastrointestinal conditions.

Nowadays, the 16S rRNA genes are being used as target molecules, but as
more bacterial sequences are becoming available, new specific primers and
probes targeting other genes will also be available in the near future to be used
in cases inwhich the 16S rDNA is not an adequate target. In this regard, itmust
be taken into account that the bacterial quantification by real-time PCR can be
influenced by differences in the number of rRNA operons among the
quantified species or groups, sequence heterogeneity among different operons
within the same species or by differential amplification of different DNA
molecules (312, 340).

12. “Omics.” During recent years the so-called “omics” revolution (genomics,
proteomics, metabolomics) has provided an impressive amount of new
information allowing the development of new very powerful molecular
techniques. The genome information about some gut microbiota members
has increased our understanding on the adaptation of these microorganisms to
the intestinal environment (310). Metagenomic and metaproteomic ap-
proaches have been applied to the study of the intestinal microbiota. These
approaches consist of the procurement and study of a genetic library contain-
ing all the genetic material present in a sample (metagenomics) or the study of
all the proteins present (metaproteomics). Metagenomic analyses have been
used to study the microbiota of the large intestine (245) or to assess the
diversity of fecal microbiota in Crohn’s disease (286). Klaassens and
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coworkers (274) applied metaproteomics for the first time to the study of the
intestinal microbiota in infants.

When using omics, as with any other techniques, the possible bias due to
the methodologies used must be considered. In this regard, in metagenomic
studies, possible biases due to differences in bacterial lysis or cloning
efficiencies among different bacteria or DNA sequences should be taken into
account (244).

13. Other Methods. There are also other methods that have been applied to the
assessment of intestinal microbiota without the need for cell culture. The
analysis of cellular fatty acids profiles in fecal samples (264) has been
frequently used. Metabolic activities (bile acids deconjugation or dehydrox-
ilation, vitaminKproduction, some enzymatic activities, etc.) can be also used
as a crude signature of the microbiota and compositional changes may be
tracked by noting changes in these metabolic activities (295). Flow cytometry
coupledwith fluorescent labeling of live–dead bacteria has been applied to the
identification of the viable and active populations in the gut (219). Another
interesting approach is the rRNA-stable isotope probing to identify the
specific microorganisms responsible for the utilization of a substrate among
those present in the complex intestinal ecosystem (235). Two-dimensional
polyacrylamide gel electrophoresis of the amplified rRNA genes from a
population has also been found to be a high performing technique for the study
of complex microbial populations (268) although it has not yet been used to
assess gut microbiota composition.

1.3.2 Detection and Enumeration in Dairy Products

Fermented dairy products are considered as one of the most suitable vehicles for the
administration of probiotic bacteria. Lactobacillus and Bifidobacterium species are
themost commonly used probiotics, which are often implemented in dairy products in
combination with other LAB. In spite of the availability of culture-independent
molecular tools for quantification of probiotics in commercial products, most man-
ufacturers still use conventional culture techniques for enumeration purposes. In
addition, culture-dependent methods are crucial to determine possible physiological
or biochemical changes in the population of probiotic bacteria during the refrigerated
storage of the product (329).

From a practical point of view, differential enumeration of probiotic and starter
bacteria in foodproducts is rather difficult due to thepresenceof several closely related
species of LAB. The majority of media currently available for the selective enumera-
tion of probiotics and LAB included in dairy products are based on differentiation by
colony appearance (223, 300, 307, 321, 328). However, this is not always a stable
phenotypic feature and, in addition, it is largely dependent on the subjectivity of each
one. Therefore, for a more conclusive identification and enumeration of probiotic
bacteria, some selective media for each targeted species have also been developed
(326). The disadvantage of these media is that they can underestimate counts of the
microbial group selected.
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Among the great variety of general, modified, selective, and differential media,
only a fewof themhave proven in comparative studies to be suitable for quantification
of a givenprobiotic species on the basis of their high recovery, and clear differentiation
from or inhibition to other LAB also present. In spite of that, authors in general agree
that no unique, selective or differential medium provides reliable counts of probiotic
bacteria in all dairy products available and themost representative for fermentedmilks
are indicated in Table 1.4.

It is worthy tomention an enzyme-basedmost probable number (MPN)method for
the enumeration of Bifidobacterium in dairy products developed by Bibiloni et al.
(220). It is based on the selectivity for bifidobacteria of MRS broth containing 0.3%
bile and subsequent analysis of the F6PPK activity in grown tubes.

Several studies have been performed using selective and differential media for the
correct identification of bacterial species claimed in the product label and for
following theviability of probiotics and starter cultures during the refrigerated storage
of fermented milks. Probiotics often show poor viability in market preparations
(217, 249, 304, 316). Several factors could be involved in affecting the viability of
probiotic cultures in fermented milks such as fat content (329), temperature, oxygen
content, acidity, pH, and the presence of other LAB, among others (315).

1.3.3 Detection and Enumeration of Specific Probiotics in the Gut

To detect or enumerate a specific probiotic strain among the vast array of micro-
organisms present in the intestinal environment is often a challenging issue. However,
it is essential in order to study the survival in the gut or the colonization ability of
probiotic strains. Several different methods, both culture-dependent and culture-
independent, have been used to this end (Table 1.5).

Traditionally, culture followed by morphological colony characteristics or strain
isolation for genotypic or phenotypic characterization has been used. Nevertheless,
this approach shows all the limitations of culture-dependent techniques and if the
probiotic strain is outnumbered by similar microorganisms present in the gut, the
proper isolation and further identificationof the specific strain is difficult to achieve. In
some cases antibiotics are used as selective agents in the media. After culture in
appropriate media the identity of the isolated strains is confirmed by a highly
discriminatory technique such as RAPD (242, 247, 288), ARDRA (224, 297), or
REA-PFGE (275, 283). Fluorescent hybridization has also been used for this purpose
(283). Antibiotic-resistant variants of the probiotic strains may also be used to allow
specific enumeration by using media supplemented with the appropriate antibiotic
(242, 302). The combination of selective culture media with monoclonal antibodies
has also been applied (346).

PCR primers have been developed for some probiotic strains (222, 243, 318) and
then used to confirm colony identity (243, 250, 318, 344) or for direct detection in the
samples (250). Molecular biology offers also the possibility to label the strain by
transforming it with a plasmid containing a gene marker (238). However, it must be
taken into consideration that the use of GMOs may imply certain limitations,
especially in the setting of clinical studies.

38 PROBIOTIC MICROORGANISMS



T
A
B
L
E
1.
4

M
ed
ia

fo
r
V
ia
b
le

C
el
l
C
ou

n
ts

of
P
ro
b
io
ti
c
L
ac
to
ba

ci
ll
u
s
an

d
B
if
id
ob
ac
te
ri
u
m

in
F
er
m
en
te
d
M
il
k
s
C
on

ta
in
in
g
th
e
Y
og

u
rt

S
ta
rt
er
s

S
.
th
er
m
op

h
il
u
s
an

d
L
.
de
lb
ru
ec
ki
i
su
b
sp
.
bu

lg
ar
ic
u
s

A
ga
r

M
ed
iu
m

B
as
ic

M
ed
iu
m

M
ic
ro
or
ga
ni
sm

s
C
ou

nt
ed

S
up

pl
em

en
ts

A
dd

ed
T
yp

e
of

M
ed
iu
m

D
if
fe
re
nt
ia
l

C
ou

nt
B
as
ed

on

O
xy
ge
n

C
on
di
ti
on
s
fo
r

In
cu
ba
ti
on

R
ef
er
en
ce
s

G
-M

R
S

M
R
S

S.
th
er
m
op

hi
lu
s

G
al
ac
to
se

(c
ar
bo

n
so
ur
ce
)

M
od

if
ie
d

C
ol
on
y

ap
pe
ar
an
ce

A
na
er
ob

io
si
s

(3
17

)

L
.
bu
lg
ar
ic
us

L
.
ac
id
op

hi
lu
s

B
.
bi
fi
du

m
T-
M
R
S

M
R
S

L
.
ac
id
op

hi
lu
s

T
re
ha
lo
se

(c
ar
bo

n
so
ur
ce
)

M
od

if
ie
d

N
o
gr
ow

th
of

ot
he
r
L
A
B

A
na
er
ob

io
si
s

(2
66

)

B
il
e-
M
R
S

M
R
S

L
.
ac
id
op

hi
lu
s

B
il
e

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r
L
A
B

A
er
ob

io
si
s

(2
66

)

M
R
S
-

cl
in
da
m
yc
in

M
R
S

L
.
ac
id
op

hi
lu
s

C
li
nd

am
yc
in

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r
L
A
B

A
na
er
ob

io
si
s

L
C m

ed
iu
m

B
as
ic m
ed
iu
m

L
.
ca
se
i

H
C
l
un

ti
l

pH
5.
1

S
el
ec
ti
ve

an
d

m
od

if
ie
d

In
hi
bi
ti
on

/n
o
gr
ow

th
of

ot
he
r
L
A
B

A
na
er
ob

io
si
s

(3
04

)

L
.
pa

ra
ca
se
i

B
ro
m
oc
re
so
l

gr
ee
n

L
.
rh
am

no
su
s

R
ib
os
e

M
R
S
-A

C
M
R
S

L
.
rh
am

no
su
s

A
ce
ti
c
ac
id

un
ti
l
pH

5.
2

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r
L
A
B

A
na
er
ob

io
si
s

L
.
pa

ra
ca
se
i

N
A
-s
al
ic
in

N
ut
ri
en
t
ag
ar

L
.
ac
id
op

hi
lu
s

S
al
ic
in

S
el
ec
ti
ve
/

di
ff
er
en
ti
al

In
hi
bi
ti
on

/
co
lo
ny

ap
pe
ar
an
ce

A
na
er
ob

io
si
s

(2
81

)

L
P
-M

R
S

M
R
S

B
.
bi
fi
du

m
L
it
hi
um

ch
lo
ri
de

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r

L
A
B

A
na
er
ob

io
si
s

(2
82

)

S
od

iu
m

pr
op

io
na
te

(c
on

ti
nu

ed
)

39



T
A
B
L
E
1.
4

(C
on

ti
nu

ed
)

A
ga
r

M
ed
iu
m

B
as
ic

M
ed
iu
m

M
ic
ro
or
ga
ni
sm

s
C
ou

nt
ed

S
up

pl
em

en
ts

A
dd

ed
T
yp

e
of

M
ed
iu
m

D
if
fe
re
nt
ia
l

C
ou

nt
B
as
ed

on

O
xy
ge
n

C
on
di
ti
on
s
fo
r

In
cu
ba
ti
on

R
ef
er
en
ce
s

M
R
S
-N

P
L
N

M
R
S

B
if
id
ob

ac
te
ri
um

sp
.
N
eo
m
yc
in

su
lf
at
e

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r
L
A
B

A
na
er
ob

io
si
s

(2
27

)

P
ar
om

om
yc
in

su
lf
at
e

N
al
id
ix
ic

ac
id

L
it
hi
um

ch
lo
ri
de

A
M
C

R
ei
nf
or
ce
d

cl
os
tr
id
ia
l

m
ed
iu
m

B
if
id
ob

ac
te
ri
um

sp
.
N
al
id
ix
ic

ac
id

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
r
L
A
B

A
na
er
ob

io
si
s

(2
14

)

P
ol
ym

yx
in

B
Io
do

ac
et
at
e

2,
3,
5-
tr
ip
he
ny
lt
et
ra
zo
li
m

ch
lo
ri
de

L
it
hi
um

pr
op

io
na
te

D
P

C
ol
um

bi
a
ag
ar

ba
se

B
if
id
ob

ac
te
ri
um

sp
.
D
ic
lo
xa
ci
ll
in

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
rL

A
B

A
na
er
ob

io
si
s

(2
20

)
P
ro
pi
on

ic
ac
id

B
F
M

–
B
if
id
ob

ac
te
ri
um

sp
.
L
ac
tu
lo
se

(c
ar
bo

n
so
ur
ce
)

S
el
ec
ti
ve

In
hi
bi
ti
on

of
ot
he
rL

A
B

A
na
er
ob

io
si
s

(3
00

)
P
ro
pi
on

ic
ac
id

M
et
hy

le
ne

bl
ue

L
it
hi
um

ch
lo
ri
de

40



1.3.4 The Problem of the Viability and Physiological State
of Intestinal Bacteria

Microorganisms in different ecological niches, including the GIT and acidic food
products, may exist in several physiological states of viability. Traditionally, micro-
organisms were considered viable if they were capable of multiplying in an appropri-
ate medium, being culture-based methods such as plate counts and MPN counts
largely used to enumerate viable cells. However, certain microorganisms, which are
readily cultivable can also exist in other states where the cell fails to replicate, but
retains somemetabolic activities typical of viable cells andmay return to be cultivable
under certain conditions. This is the case of the so-called viable but uncultivable cells
(306), starvedcells (301), dormant cells (270), or sublethally injuredcells (345).While
in pathogenic and environmental bacteria the phenomenon of the different states of
viability has received quite a lot of attention, these studies are considerably less
developed in probiotics and intestinal bacteria.

Bacteria under stressful conditions may modify their viability maintaining equi-
librium between multiplication and survival activities (301). Recently, strains of
Bifidobacterium used as health-promoting probiotic bacteria, have been shown to
become dormant during storage of fermented products (277) or sublethally injured
following stress treatment (218). Moreover, Ben-Amor et al. (219) demonstrated a
great physiological heterogeneity within separated populations of viable, injured, and
dead fecal bacteria.

Methods measuring multiplication as the sole criterion of viability have been
extensively used although temporally uncultivable cells fail to be detected. Therefore,
other viability assays apart from those based on multiplication in culture media have
been developed. For example, using the antibiotic ciprofloxacin as an inhibitor of

TABLE 1.5 Methods Used for Detection of Some Probiotic Strains in Human
Fecal/Intestinal Samples

Strains
Culture
Step

Identification
Techniques References

B. animalis DN173010 Yes ARDRA (224)
B. animalis BB-12 Yes PFGE or fluorescent

hybridization
(283)

L. johnsonii La1 Yes PCR (243)
L. rhamnosus GG Yes PCR (250)
L. plantarum 299v Yes RAPD (247)
L. gasseri SBT2055SR Yes Use of streptomycin-rifampicin

resistant mutant and RAPD
(242)

L. casei DN114001 Yes Use of rifampicin-resistant
spontaneous mutant

(302)

L. casei Shirota Yes Monoclonal antibodies (346)
L. paracasei B21060 Yes ARDRA (297)
L. paracasei CRL-341 Yes PFGE (283)
L. rhamnosus GG No PCR (250)
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cellular division, Barcina et al. (215) used changes occurring in cell morphology and
elongation of cells to determinemicroscopically “direct viable counts.” Nevertheless,
most currently available methods for measuring the viability are based on the
employment of fluorescence techniques that generally use two fluorochromes with
different emission wavelengths in combination to discriminate between intact or
viable cells, injured or damaged cells, and dead cells. Membrane integrity has
been employed as a criterion of viability for intestinal bacteria and probiotics
(278–280, 299). The commercial LIVE/DEAD�BacLight� kit contains two nucleic
acid stains: the green fluorochrome SYTO 9 is a small molecule that can penetrate all
membranes whereas the larger red fluorochrome propidium iodide can penetrate only
compromisedmembranes, thus rendering cells greenwhen they areviable or redwhen
they are dead. Other criteria that have been used as markers for viability and different
cell states of probiotic and intestinalmicrobiota include the assessment of intracellular
esterase activity (279), themaintenanceof intracellular pH (279), andquantificationof
the 16S rRNA (276).

1.3.5 Conclusions

The intestinal microbiota is a complex ecosystem showing great variations among
individuals and which is influenced by environmental and physiological factors of
the host, making its study difficult. Culture-dependent methodologies have been
traditionally used for intestinal microbiota assessment, allowing the isolation of
some cultivable intestinal microorganisms for their further characterization. The
development of culture-independent methods provides more rapid and accurate
tools for the study of complex microbial intestinal populations, which has lead in
recent years to a significant increase in our understanding of intestinal microbiota
composition and its interaction with the host. Most culture-independent techniques
target the rDNA, although the rRNA has also been used instead of rDNA, allowing
the identification of the metabolically active microorganisms. Techniques such
as the PCR-DGGE/PCR-TGGE and especially DNA microarrays that use the
information of genome sequences available, greatly contributed to the study of the
qualitative content and the predominant species of the intestinal microbiota.
However, they failed to provide reliable data on its quantitative content or on
the less abundant groups. Among the quantitative culture-independent methods,
FISH has been widely used for the assessment of changes in the levels of
predominant and minor components of the intestinal microbiota. However, it is
laborious and time consuming, which is limiting its further applicability. Real-time
quantitative PCR is becoming very promising for studies of intestinal microbiota
composition and when it is targeted to the rRNA also provides a very useful tool
for monitoring bacterial activity and gene expression in gastrointestinal conditions.
The recent development of metagenomics and metaproteomics allows the study, at
the same time, of all the genetic material or the proteins present in a sample. In
spite of all that is indicated here, since the GIT is a very stressful environment the
possibility that microorganisms may exist in several physiological states that
could condition their metabolic activity should be taken into consideration and
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investigated further. All the classical and molecular techniques currently available
enhance our understanding of microbial ecology in the gut but at the same time
have evidenced that our current knowledge of intestinal microbiota composition
and interactions with the host is still limited.

1.4 ENTERIC MICROBIAL COMMUNITY PROFILING IN
GASTROINTESTINAL TRACT BY TERMINAL-RESTRICTION
FRAGMENT LENGTH POLYMORPHISM (T-RFLP)

Toni A Chapman and James JC Chin

Immunology and Molecular Diagnostic Research Unit (IMDRU), Elizabeth
Macarthur Agricultural Institute, NSW Department of Primary Industries,
Menangle, New South Wales, Australia

Traditional culture-dependentmethods of analyzing complexmicrobial communities
such as those found in the GITof all life forms have been limited because of cultural
bias when selective culture medium is used for bacteria isolations. This is almost
always associatedwith the tediumof having to conduct colony enumerations followed
by characterization and identification based on metabolic chemistries. Since the
primary objective in many community studies is aimed at understanding the diversity
and richness of bacteria species that have colonized various niche compartments in the
GIT, culture-independent methods of enumeration with minimal cultural bias would
be desirable, especially if these methods also enabled identification of OTU or
phylotypes. With a rapidly burgeoning database of 16S rDNA sequences as well as
a suite of software tools to query alignment homologies and primer design, molecular
PCR-based techniques such as denaturing/thermal gradient gel electrophoresis
(DGGE/TGGE) (369)), single-stranded site conformational polymorphism (SSCP)
(357), and terminal-restriction fragment length polymorphism (T-RFLP) (366) are
becoming viable alternative tools for dissecting and analyzing complex microbial
communities.

1.4.1 T-RFLP

T-RFLP is a quantitativemolecular technique for the analysis of microbial communi-
ties and is based on the use of commonor universal primerswhere one of them (usually
the forward or f-primer) has been fluorescent labeled at the 50 end (364) with a DNA
dye. PCR products amplified in this way from source DNA are then subjected to
carefully selected restriction enzyme (usually 4-base cutters) digestion. DNA
fragments or digestion products fromgenerated amplicons representing variousOTUs
are identified by variations in the length of the fluorescent and terminally labeled
restriction fragments (TRFs). The entire mix of TRFs is analyzed by sequencing
capillary electrophoresis. Only fluorescent peaks are visualized and profiled based on
the length of the nucleotide sequence. Restriction fragments (RF) that are not
terminally labeled by the fluorescent primer remain as invisible debris.
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1.4.2 Universal and Group-Specific Primers

A review of recent publications on T-RFLP describes more than 95% of citations
base microbial diversity analysis on polymorphisms around the small subunit-rRNA
gene (SSU 16S rDNA) sequence. The ribosomal database project (RDP) (365) has
available anunalignedSSUrDNAsequences of14,870nucleotides fromwhichprimer
sequences can be designed depending upon degeneracy or conservation. The first key
requirement of T-RFLP is the selection of “universal” primers to amplify the targeted
regionof 16S rRNAthat is representativeof the domainBacteria. Themost commonly
used universal primer is the 8f-926r domain primer pair proposed by the original
developers of T-RFLP (364). Depending upon the needs of the investigator, primer
pairs can be universal but relatively specific such as the detection of Bacteroides/
Prevotella group in feces (352) or pathogens in prosthetic joints (372). Table 1.6
provides a list of some of the more commonly used primer/probes in T-RFLP. It is
important that various applications require more rigorous scrutiny of the universality
of universal primers as different combinations of primer pairs can provide quite
different levels of diversity coverage for Gram-positive and -negative lineages to
division level (358).With time, as themicrobial genomedatabase is built from thegold
standard approach of assessing sequence polymorphisms and phylogenetic diversity
via clone libraries and high-throughput sequencing, it can be anticipated that inter-
genic spacer (IGS) (371) or internal transcribed spacer (ITS) (356) regions between or
within ribosomal operons will be deployed in community profiling analyses. Intend-
ingusers ofT-RFLPare advised to consult theT-RFLPanalysis program(TAP) located
at the RDP website (367) for guidance in primer designing.

1.4.3 Fluorescent Dyes

The most common fluorophore used in terminal labeling of the forward primer is the
blue dye FAM (http://docs.appliedbiosystems.com/pebiodocs/00115046.pdf). It is
theoretically possible to use a number of other colored dyes such as HEX, VIC, JOE,
and TET (green); TAMRA, NED (yellow); ROX, PET (red), and LIZ (orange). It is
possible to increase the interrogative potential of T-RFLP by combining various
universal primer pairs in amultiplexPCR(MPX). In this case, different dyes havebeen
tagged to the forward primer of each universal primer pair or different color
combinations for different forward primer pairs. We have observed an effect of dyes
in shifting the TRF size of OTUswhen the same universal primer is being evaluated in
different dye configurations. The reason for testing different dyes is the potential to
combine one-colored universal primer pair with a differently colored group specific
primer pair or various other combinations thereof in aMPX reaction. The resolution is
dependent on certain dye combinations for eachMPX and great care must be taken to
optimize the PCR reaction for each specific application to ensure that artifacts are not
generated in the TRF profiles. Despite this limitation, the added versatility of different
colored TRFs generated from the use of dual-labeled forward and reverse primers
increases the complexity of analysis as therewill nowbe two sets of terminally labeled
restriction fragments. In this case, one color can providematching confirmation or not
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of community diversity and richness by the other. By using different restriction
enzymes, an entire series of profiles can be generated from a simple reaction. Even
more complex diversity analysis will become feasible if current T-RFLP protocols
can be overlaid with MPX-enabled fluorescent primer pairs for IGS or ITS. These
strategies will offset the limitation that more than one OTU may be associated with
each TRF (368).

1.4.4 DNA Extraction

Various protocols havebeenused to extract total communityDNA. Intestinalwashings
and fecal suspensions are frequently particulate in texture and can be further disrupted
by homogenization in stomacher bags in tryptone–salt solution. Aliquots can be
removed at this stage for culture-dependent enumeration. Otherwise, the uniformly
dispersed suspension is pelleted by centrifugation, resuspended, and washed in buffer
orwater, and the bacteria lysedmechanically in the presence of glass or ceramic beads
with a bead beater (374). Mechanical disruption of DNA should be limited to 30–60 s
to avoid excessive DNA shearing (363). Final selection for DNA extraction methods
should be decided upon by trialing different protocols dependent upon the samples
undergoing evaluation (363). Washed bacteria cell pellets can also be ground in a
mortar/pestle in the presence of 4M guanidine thiocyanate–150mM Tris-HCl
(pH 7.5)–1% N-lauroyl-sarcosine; de-proteinized in phenol–chloroform and precipi-
tated with isopropanol. Occasionally, substances present in feces can be inhibitory to
PCR polymerase. Further purification of DNA is then required and an excellent
protocol involves the use of benzyl chloride – sodium dodecyl sulfate (373). Genomic
DNAis thencapturedonamembrane in spin columnformat, andeluted and rehydrated
for PCR analysis. Alternatively a number of commercial kits such as UltraClean soil
DNA isolation kit by MO BIO Laboratories (354, 359, 360) and Fast DNA kit by
QBiogene (363) can be used. The concentration (mg/mL) of purified genomic DNA
can be determined by spectrometry as follows: [�36(A280–A320)]þ [62.9(A260–A320)]
and its integrity evaluated by agarose gel electrophoresis.

1.4.5 PCR Amplification

Conditions of PCR amplification vary with different applications. In particular, the
number of amplification cycles must be optimized to reduce artifacts such as
the formation of chimeric amplicons. This bias can be minimized by limiting the
number of PCR cycles to 20–35 (370). The pooling of multiple PCR reactions from a
single sample can also ensure the minimization of random artifacts (361). With some
samples, the presence of “interfering” agents that inhibit PCR reactions can be
eliminated by the addition of aluminum ammonium bisulfate (353).

1.4.6 Generation of Terminal Restriction Fragments (TRF) by Digestion
of Amplicons with Restriction Enzymes

The selection of restriction enzyme is very important to generate fluorescent-labeled
TRFs following communityDNAamplificationwith universal primers.Most T-RFLP
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applications utilize 4-base cutters and depending upon the GC content of the commu-
nity, restriction enzymes like CfoI (GCG/C); HaeIII (GG/CC); HpaII and MspI
(C/CGG) are commonly used for GC-rich communities while others such as AfaI or
RsaI (GT/AC)AluI (AG/CT)andMseI (T/TAA) canprovidephylotypediscrimination
for lessGC-richcommunities.Anumberofwebsites areavailablewithout subscription
fees to assess what restriction enzyme to use against different universal primers under
evaluation. One of these,microbial community analysis III orMiCA3 can be accessed
athttp://mica.ibest.uidaho.edu/trflp.php.InsilicomodelingofTRFscanbequiteuseful
in trying to establish actual and theoretical phylotype diversity. On a precautionary
note, secondary TRF can be a complicating artifact, generating “pseudo” T-RFLP
peaks. These can be eliminated by digestion of amplicons with single-strand-specific
mung bean nuclease prior to analysis of TRF (355).

1.4.7 Software and Data Processing

TRFs can be resolved by capillary electrophoresis using systems such as the Applied
Biosystems 3730 DNA Analyzer. The 48-capillary analyzer is fitted with argon–ion
multi-line, single-mode laser with primary excitation lines of 488 and 514.5 nm. The
machine utilizes in-capillary detection by dual-side illumination. Multiple filter sets
allow for the reading of five dyes in a single run. Community profiles can be further
processed using the STRand software developed by the Davis’ Veterinary Genetics
Lab at University of California. This software is freeware available at http://www.vgl.
ucdavis.edu/informatics/STRand/. Sequencer data files generated by ABI 3730; ABI
377, ABI 373, and MJ GeneSys Base Station are supported by this software. Readers
interested in statisticalmethods for processing and comparingTRFdata sets including
binning, clustering, and statistical analysis should refer to Abdo (351).

1.4.8 Microbial Diversity in Different Intestinal Compartments of Pigs

To illustrate the enteric microbial community profiling capabilities of T-RFLP, we
show in Fig. 1.4 the distribution of phylotypes based on TRFs in different gastroin-
testinal compartments of subclinical pigs (see Section 5.4.3). Amplicons were
generated using the universal primers 7f and 1510r (Table 1.6). Two restriction
enzymes—Hha1 and MspI—were used on different aliquots of the same PCR
reaction. In profiles (Fig. 1.4, Table 1.7) representing the duodenal contents, HhaI
resolved a very strong E. coli peak (TRF 370, >2000 FI) while this is not visible in
Msp1 digests. Clostridium andCorynebacterium complex are seen as smaller peaks at
TRF 231 and 358 respectively in HhaI digests while the second most prominent peak
in MspI digests is represented by Campylobacter species. Both restriction enzymes
generate increased richness of phylotypes in the small intestine (ileum) but the relative
abundance in terms of fluorescence intensity (FI) is decreased by about fourfold
compared to the duodenum or colon (500 FI vs. 2000 FI). In general, MspI produced a
richer OTU profile in the cecum and colon compared to HhaI. These results highlight
the importance of using different restriction enzymes to generate more information
about communitydiversity. If thiswere combinedwith theuseofuniversal primers and
group-specific primers, then it would be possible to mine a plethora of information on
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the microbial community. We have found the EMCoP profiles very reproducible
within assays and between animals in any one treatment group. This enables temporal
comparisons to be conducted with treatment protocols such as growth promotants,
dietary changes, and therapeutic antibiotics.

1.4.9 Tracking the Fate of Orally Delivered Probiotics in Feces

In Chapter 5, Section 5.4.3, we described a LAB formulation consisting of
L. salivarius, L. casei, L. plantarum, and L. acidophilus that had been developed
specifically to target enterotoxigenicEscherichia coli (ETECs) strains responsible for
neonatal and postweaning diarrhea in pigs. In one on-farm trial, this LAB formulation
(ColiGuard) was administered (109 cfu/g weaner mash) to newly weaned pigs for
10 days. At this time, rectal swabs or feces can be taken from control and probiotic-
supplemented pigs, DNA extracted, and T-RFLP analysis carried out with VIC-LAB-
specific group primer pairs 7f and LbLMA1r (see Table 1.6). Under normalized PCR
conditions, the profiles (Fig. 1.5) of pigs in the control group show the presence of only
L. acidophilus at a comparatively low intensity (738 FI). After 10 days of ColiGuard,

FIGURE 1.4 Enteric microbial community profiles of genomic DNA extracted from
different intestinal compartments of pig. HhaI and MspI digests are profiled on the left and
right columns respectively, showing profiles fromduodenum (Du), ileum (Il), caecum (Ce), and
colon (Co) from top to bottom.
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TABLE 1.7 List of Operational Taxonomic Unit Identities Based on Terminally
Labeled Restriction Fragments (TRF) Generated Following HhaI (A) or MspI (B)
Restriction Digestion of Amplicons

Fragment Size (bp) Organism Name

2A HhaI Digest
147 Fibrobacter intestinalis
172 Enterococcus saccharolyticus
180 Bifidobacterium thermophilum
188 Eubacterium hallii
190 Clostridium symbiosum, Clostridium clostridiiforme
202 Eubacterium ruminantium
210 Fusobacterium simiae
231 Clostridium botulinum, Clostridium scatologenes,

Clostridium tetani, Clostridium sporogenes,
Clostridium collagenovoransm, Clostridium ljungdahlii,
Clostridium algidicarnis

234 Lactobacillus sp.
236 Clostridium subterminal, Clostridium sp.
266 Lactobacillus mucosae
301–305 Flexibacter filiformis
321–322 Unidentified
356 Corynebacterium variabilis
358 Corynebacterium genitalium, Corynebacterium

pseudogenitalium
360 Clostridium tetanomorphum
368 Desulfovibrio desulfuricans
370 E. coli
381 Desulfotomaculum thermosapovorans
402 Lactobacillus fermentum

Lactobacillus reuteri
468 Streptomyces tendae, Streptomyces diastatochromogenes,

Streptomyces bottropensis, Streptomyces scabiei,
Streptomyces coelicolor, Streptomyces ambofaciens,
Streptomyces ornatus, Streptomyces nodosus,
Streptomyces caelestis

471 Streptomyces bluensis, Streptomyces mashuensis,
Streptomyces vellosus

2B MspI Digest
132 Fibrobacter intestinalis
134 Desulfovibrio gigas
141 Eubacterium dolichum
148 Bacillus badius, Bacillus firmus
150 Fusobacterium russii
151 Fusobacterium varium
152 Fusobacterium moriferum, Fusobacterium gonidiaformans

(continued)
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the probiotic-treated group shows significant increases in the L. acidophilus, L. casei,
and L. plantarum peaks (note log increase in FI scale). L. acidophilus is located at
position TRF247 and has an increased FI of 29.3-fold relative to nonprobiotic
supplemented pigs. Due to redundancy in the 16S rDNA sequence for the LAB
primer pair, L. plantarum and L. casei are phylotyped at positions TRF 327 and 328
respectively and therefore appear as two very close proximity peaks with fluorescent
intensities of 8061 and 32,088 respectively. Since each animal would consume on the
average about 300 g of feed per day, onewould expect delivery of about 7.5� 1011 cfu
of each of the four LAB strains per day. This would contribute to the significant
increases observed in FI of all LAB phylotypes with the possible exception of
L. salivarius (projected location at TRF 279 and 281). Pending further analysis, the
fate of L. salivarius in the GITof probiotic-treated pigs can only be speculated at this
point. It may be that L. salivarius is a very efficient colonizer with most community
members domiciled in as yet undefined intestinal compartments. Alternatively,

TABLE 1.7 (Continued)

Fragment Size (bp) Organism Name

153 Bacillus macroides, Bacillus benzoevorans,
Bacillus sphaericus,
Bacillus fusiformis

160 Desulfotoaculum halophilum
181 Lactobacillus gallinarum
187 Leptotrichia sp.
191 Lactobacillus gasseri, Lactobacillus crispatus
193 Clostridium irregularis, Clostridium bifermentans
210 Desulfotomaculum thermobenzoicum
221 Eubacterium hallii, Eubacterium barkeri, Eubacterium limosum
266 Clostridium filamentosum
281 Fusobacterium simiae
282 Ruminococcus flavefaciens
283 R. flavefaciens
285 Bifidobacterium inopinatum
292 Clostridium ramosum
296 Eubacterium desmolans, Eubacterium yurii subsp.
304 Eubacterium sp.
308 Eubacterium sp.
312 Butryvibrio fibrisolvens
321 B. fibrisolvens
356, 391, and 393 Unidentified
468 Camplyobacter sp., Camplyobacter showae,

Camplyobacter concisus, Camplyobacter rectus
471 Camplyobacter sp.
474 Peptostreptococcus anaerobius
480 Flexibacter flexilis
490 E. coli
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L. salivariusmay have limited viability andmay not be as competitive as other strains,
dying off rapidly after it has delivered its impact in altering the gene signatures of
ETECs in theGITof subclinical pigs (Section 5.5.2). In anyevent, this example clearly
documents the usefulness of T-RFLP in tracking theLABcommunity and if combined
with time course sampling, will provide a temporal estimate of persistence of orally
delivered probiotics.

1.4.10 Conclusion

Even thoughTRFLPwas first developed for the analysis of community diversity in soil
and environmental samples, its adaptation to gut microflora has provided a strong
impetus in its use as a tool to unmask the impact of pre- and probiotics in theGIT. It is a
far simpler procedure to use thanDGGE, highly reproducible, amenable to fine-tuning
at the level of primer design, and restriction fragment generation. T-RFLP also does
not suffer from the disadvantage of longer primer sequences needed to design GC
clamps for the DGGE procedure that can in turn cause artifacts during the annealing
step; as well as the production of heteroduplexes that are innately unstable under the
denaturing conditions of aDGGE run (362).We anticipate that T-RFLPwill become a
very important analytical protocol in enteric microbial community profiling.

FIGURE 1.5 EMCoP profile of LAB in DNA extracted from the feces of pigs treated with
ColiGuard probiotic and nonprobiotic-supplemented animals (control).
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1.5 EFFECTIVE DOSAGE FOR PROBIOTIC EFFECTS

Yuan Kun Lee

Department of Microbiology, National University of Singapore, Singapore

Among the human clinical trials cited in Section 4.3 (Effects on human health and
diseases), the probiotics were administered in great variation in accordance to the
following:

. Type of probiotics (lactobacilli, bifidobacteria, yeasts, enterococci);

. Daily dose (107–1010 cfu);

. Daily frequency of administration (1–4 times);

. Timing of administration (before, during, and after meal);

. Duration of administration (1 day to several months);

. Method of delivery (fermented food, beverage, capsule, tablet, or powder);

. Viability.

To achieve probiotic effects, the probiotics and their products need to be delivered
to the desired gastrointestinal site in sufficient quantity. The importance of viability
depends on themechanism of the probiotic effect and each probiotic bacteria needs to
be evaluated respectively. The method of delivery appears to have minimal effect on
probiotic efficacy, as different preparations of the same dosewere reported to achieve
the same preventive or therapeutic efficacy. An example is the treatment of diarrhea
(Section 4.3.3). The duration of administrationwould depend largely on the needs and
nature of the diseases; for example treatment for diarrhea is short termwhereas cancer
prevention is of longer term.

There is no information as to when is the best time to administer probiotic
preparation. It is logical to assume that probiotics administered orally before meal
should have the capability to tolerate the extreme pH condition and digestive enzymes
and bile present in the intestinal tract. Probiotics taken together with meal would be
diluted by food materials, which could reduce the chances and frequency of physical
encounter between theprobiotic organismsand themucosal receptors.Moreover, food
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matrixmay competewithmucosal receptors for probiotic and product binding. Hence
it is reasonable to assume that the best period for the administration of probiotics is
between meals, and be carried in liquid media.

It is not so clear if the frequency of administration has any effect on probiotic
efficacy. Microbiologically, 1� 1010 cfu administered four times daily has little
different from 4� 1010 cfu administered once a day. It could nevertheless be assumed
that a probiotic strain, which does not adhere well on the mucosal receptors and is
unable to colonize temporarily would need to be administered more frequently. And
probiotic strains that are denatured readily by the gastrointestinal conditions should be
administered in larger dosage to counter the wastage.

This leaves us with the remaining factors of dosage and strain of probiotics. How
much a probiotic needs to be consumed to achieve the probiotic effects is crucial
information in the formulation of probiotic functional foods as well as the therapeutic
products. So far, there is no systematic study on the effective dosage of the respective
probiotics for specific applications. We could nevertheless obtain a glimpse from the
human clinical studies available. The dose effect of probiotics on specific disease also
shed light on themechanismsof probiotic effects and the interactionbetweenprobiotic
organisms and the host.

1.5.1 Acute (Rotavirus) Diarrhea in Children

Probiotics used as adjunctive therapy appeared to improve the treatment of acute
diarrhea in 18 out of the 23 clinical trials conducted among children (Section 4.3.3.1).
The trials involved more than 1800 children. When the mean days of reduction in
diarrhea in the probiotic group in comparison to that of the placebo group were plotted
against the dosage of the respective probiotic administered per day, nodirect correlation
between the treatment efficacy and the dosagecould be recognized, as shown inFig. 1.6.
No direct correlation was observed even among the same probiotic of different dosage.
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FIGURE 1.6 The efficacy of daily probiotic dose on the recovery from acute diarrhea among
children. The data were extracted from Section 4.3.3.1.
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When the days of diarrhea in the probiotic group was plotted against the corre-
sponding placebo group, a linear correlation was obtained (Fig. 1.7) with a slope of
0.78, which intercepts the origin. This implies that a constant reduction of 22% in
the number of days of diarrhea was achieved through the consumption of all the
probiotics tested, namely L. acidophilus, L. bulgaricus, L. reuteri, L. rhamnosus,
Streptococcus thermophilus, B. infantis, and Saccharomyces boulardii, applied singly
or in various combination. The efficacy was the same with daily dose of 4� 107 to
6� 1010cfu, suggesting that the probiotics have a common mechanism in relieving
acute diarrhea, which contributes to 22% of the cure of diarrhea. It can be concluded
that probiotics could assist in the speedy recovery of acute diarrhea amongchildrenbut
are not able to prevent and cure diarrhea.

1.5.2 Antibiotic-Associated Diarrhea

Probiotics were widely reported to reduce the incidence of antibiotic-associated
diarrhea (Section 4.3.3.2). The probiotics were used singly (L. rhamnosus GG,
Saccharomyces boulardii) or in combination (L. acidophilusþ bifidobacteria or
Streptococcus thermophilus).

1.5.2.1 Combination of L. acidophilus þ bifidobacteria or Streptococcus
thermophilus When the probiotics were used in combination involving 194 sub-
jects, a 0.5 risk ratio was achieved at a daily dose of 6� 108 cfu (Fig. 1.8A). The risk
factor of the combinedprobiotics decreasedwith the daily dose in a hyperbolicmanner
to reach a value of 0.3 in antibiotic-associated diarrhea at a daily dose of 1� 1011 cfu.
The interaction could be described as the competition for specific receptor binding
between the probiotics, pathogens and the host surface (380).

Let us assume that (a) diarrhea is caused by the adhesion of diarrheic microbes on
the intestinal surface and the biochemical reactions initiated, (b) the protective effect
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FIGURE 1.7 Correlation between days of diarrhea in probiotic group and corresponding
placebo group among children suffering from acute diarrhea. The data were extracted from
Section 4.3.3.1.
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of probiotic bacteria is due to the competition for binding onto intestinal surface and it
is a simple dissociation process:

Microbial cellþ Intestinal cell��! ��
Kþ1

K�1
Microbe�Intestinal Cell Complex

Where Kþ 1 and K� 1 represents the association and dissociation constant of the
reaction, respectively. The process is similar to the interaction between a substrate and
the receptor on an enzyme that forms a substrate–enzyme complex, but without the
subsequent formation of products.

There are three assumptions in the relationship:

1. The interaction between the microbial cells and the intestinal cell surface
receptor remains in equilibrium. This condition should be achieved if the
microbial cells do not penetrate the intestinal cells.

2. Microbial concentration remained essentially unchanged throughout the clini-
cal studies, so that the concentrations of the microbial cells can be considered
equal to the initial microbial concentrations. This condition could be achieved
when the total number of microbial cells present is much greater than the
number ofmicrobial cells adhering to the intestinal surface. This is probably the
case, where the concentration of the probiotic bacterial cells consumed is
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FIGURE 1.8 Dose-dependent efficacy of combination of L. acidophilusþ bifidobacteria or
Streptococcus thermophilus in the prevention of antibiotic-associated diarrhea. The data were
extracted from Section 4.3.3.2.
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usually in the range of 105–108 permL, whereas the number of bacterial cells
adhering to the intestinal cells is fewer than 10 per cell.

3. In the simple dissociation equation described above, ifX is the concentration of
the microbial cell suspension, e is the epithelial cell or mucus concentration,
and ex is the concentration of the microbe–intestinal cell–mucus complex, then
the concentration of free epithelial cells or mucus will be (e� ex).

Since the process is in equilibrium, the dissociation constant for the process (Kx)
can be defined as

Kx ¼ K�1
Kþ1 ¼ ðe�exÞ

X

ex
:

This equation can be rearranged to give an expression for the concentration of the
microbe–intestinal cell–mucus complex,

ex ¼ eX

KxþX :

When X is very much larger than Kx, the intestinal cells or mucus is saturated with
microbial cells (i.e., ex approaches e), and themaximumvalue of ex, em is obtained. As
it is technically easier to estimate the maximum concentration of adhered microbial
cells (em) than the epithelial cells/mucus concentration (e), the equation could thus be
re-written as

ex ¼ emX

K xþX : ð1:1Þ

The equation could be further re-arranged to give a linear relationship,

1

ex
¼ 1

em
þ Kx

emX
: ð1:2Þ

The values of ex and Kx are independent of each other. That is, a microbe that
adheres on intestinal surface in large number could have a lowaffinity for the intestinal
surface receptors and vice versa.

In the casewhere the probiotic bacteria and the diarrheicmicrobes are present at the
same time and compete for the same receptors on the intestinal surface, the competi-
tion for adhesion of each of the microorganisms is determined by the affinity of the
competing organisms to the intestinal surface (Kx) and the concentration of the
microbial cells (X). Thus, the ratio of ex for probiotic bacteria (p) and diarrheic
microbes (d) in the mixed microbial system can be described as

exp
exd
¼ emp

emd

Xp

Xd

KxdþXd

KxpþXp
: ð1:3Þ

The relationship in Equation 1.3 above suggests that the outcome of competition
between twomicroorganisms for adhesion on the same receptors on intestinal surface
is determined by the ratio of the respective microbial concentrations around the
receptors and the affinity of the respective microbes for the receptors.
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If the concentrationsof thediarrheicmicrobeswereof comparablemagnitude in the
clinical trials reported, the values of exd, (emp/emd), Xd, Kxd, Kxp were constant values.

exd
exp
¼ 1

emp=emd

1

Xd
ðKxdþXdÞKxpþXp

Xp

exd
exp
¼ K

0
Kxp

XpþK 0 : ð1:4Þ

Since exd/exp determines the risk ratio in the clinical studies, the plot of the risk ratio
versus the 1/(daily dose of probiotic,Xp) should yield a linear relationship as shown in
Fig. 1.8B. The data points in Fig. 1.8B are too few to obtain a statistically meaningful
linear plot.Nevertheless thedosagewhere risk ratio is 1 (total preventionofdiarrhea) is
estimated at 1013 probiotic bacteria per day.

1.5.2.2 L. rhamnosus GG or Saccharomyces boulardii Applied Singly In the
cases of L. rhamnosus GG involving 281 subjects or S. boulardii involving 888
subjects, applied singly, near 90% of preventive efficacy was achieved at a daily dose
of about 1� 1010 cfu (Fig. 1.9). At above a daily dose of 1� 1010 cfu, the diarrhea-
preventing efficacy dropped precipitously. Negative corporative effect, where the
bindingof aprobiotic on themucosal surface receptor resulted in a reduction in affinity
for the subsequent bacterial binding could have occurred (380). It is a demonstration
that maximal probiotic efficacy is achieved at the optimal probiotic dose, which needs
to be determined for respective probiotic strains.
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FIGURE1.9 Dose-dependent efficacy ofL. rhamnosusGGand S. boulardii in the prevention
of antibiotic-associated diarrhea. The data were extracted from Section 4.3.3.2.
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1.5.3 Helicobacter pyroli

Some probiotics have been demonstrated to enhance the eradication of H. pyroli
during antibiotic treatment and reduce the occurrence of side effects. The eradication
efficacy involving 478 subjects was dose dependent (Fig. 1.10), and the minimal
effective dose is estimated to be about 5� 106 cfu per day, when the graph in Fig. 1.10
intercepts the eradication odds ratio of 1.

1.6 INCORPORATING PROBIOTICS INTO FOODS

Ross Crittenden

Food Science Australia, Australia

Probiotics have for decades been used in fermented dairy products such as yogurts
and fermented milks. The techniques and technologies to incorporate these
organisms into fresh, refrigerated dairy products are now relatively mature. The
continuing emergence of clinical evidence for benefits to consumers and
the subsequent marketing power these ingredients bring have now seen probiotics
become the fastest growing category of functional food ingredients (458). Food
companies worldwide are seeking ways to incorporate these ingredients into
a much broader range of foods and beverages. However, incorporating live
probiotic microorganisms into foods and then keeping them alive throughout shelf
life is a significant challenge for food technologists. Indeed, it is an anathema to
usual food-processing methods and matrices that have always been designed to
minimize the survival of microorganisms with food safety considerations foremost
in mind.
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FIGURE 1.10 Dose-dependent efficacy of probiotics (L. acidophilus, L. casei, L. rhamnosus,
Propionibacteriumfreudenreichii,B.breve,B.animalissinglyorincombination) inenhancingthe
eradicationofH.pyroliduringantibiotic treatment.The datawere extracted fromSection4.3.3.2.
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Although the need for probiotic viability for some health impacts, such as
immunomodulation (390, 402), may not require the bacteria to be alive, viability
may still be an essential property of probiotics for some health effects (421).
Indeed, probiotics remain defined as live microorganisms that when administered
in adequate amounts confer a health benefit on the host (407). Viability (in fact,
more accurately defined as cultivability) is in reality only a convenient surrogate
marker of probiotic activity. However, since the ability of probiotic organisms to
impart benefits to the health of the host are usually only quantifiable through
animal or clinical studies, viability remains the only really practical quality
assurance measure for probiotics. Health benefits have usually been attributed in
clinical studies to doses of probiotics in excess of 108–09 viable cells per day (427).
Therefore, food regulatory/advisory bodies generally stipulate that foods contain-
ing probiotic organisms need to have >106–107 cfu/g at the time of consumption
(e.g., International Standard of F�ed�eration Internationale de Laiterie/International
Dairy Federation (403)).

The viable count of probiotic organisms generally declines during product storage
(10–100-fold or more) (433). An acceptable viable count can sometimes be achieved
by introducinghigher numbers of probiotics duringmanufacture (calledoverage). The
consumption of probiotic organisms at high doses is safe (440, 452, 463), and so
oversupplying consumers does not appear to pose a health risk. However, in practice
the addition of considerable overage can be an expensive proposition given the
relatively high cost per weight of probiotic cultures as ingredients. There may also
be organoleptic limitations to the amount of a probiotic that can be acceptably added to
foods. Therefore, there is a strong imperative to maintain the viability of probiotics in
foods during production and shelf storage.

Overall, there are five main points to address when incorporating probiotics into
foods:

1. Select a compatible probiotic strain/food type combination.

2. Use food-processing conditions that are compatible with probiotic survival.

3. If fermentation is required, ensure that the food matrix will support probiotic
growth.

4. Select a product matrix, packaging, and environmental conditions to ensure
adequate probiotic survival over the product’s supply chain and during shelf
storage.

5. Ensure that addition of the probiotic does not adversely impact on the taste and
texture of the product.

This chapter summarizes the main parameters that affect probiotic survival during
manufacture and storage of foods and provides examples of successful incorporation
of probiotics into a range of shelf-stable foods. It aims to provide food technologists
with the knowledge to select and incorporate suitable probiotics into foods beyond the
traditional fermented dairy food sector, and to maximize their survival over extended
shelf lives.
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1.6.1 Probiotic Ingredients

Probiotic organisms are predominantly bacteria selected from the generaLactobacillus
and Bifidobacterium, which are normal constituents of the human intestinal micro-
biota.A range of different specieswithin each genus is commonly used andwithin each
species there are particular strains that have been shown to have probiotic attributes
(Chapter 6). Considerable strain-to-strain differences have been observed within
species and probiotics are generally defined down to the strain level (for example,
Lactobacillus rhamnosus GG and Lactobacillus rhamnosus LC-705) (406). Probiotic
organisms have typically been selected via screening regimes to perform well
technologically, to survive intestinal transit, and to impart health benefits on con-
sumers. Good probiotic strains have demonstrated health and safety data from
randomized, controlled clinical trials.

Probiotics organisms are usually supplied by manufacturers of these ingredients as
either dry powders (freeze-dried or spray-dried) at 1010–1012 cfu/g or as frozen “direct
vat set” concentrates at 109–1010 cfu/g (430). When received as ingredients, it is
important that the probiotic be correctly stored as per themanufacturer’s instructions in
order to avoid rapid losses in probiotic viable counts. For dried powders, this means
storing the probiotics cold and avoidingmoisture or humidity, while for frozen cultures
is it important tomaintain constant temperatures and to avoid repeated freeze–thawing.

Probiotics can be incorporated into foods and beverages in a variety of ways.

. Dry blended into foods and powders such as infant formulas.

. Dispersed into liquid or semiliquid products such as juice or ice-cream.

. Inoculated into fermented products such as yogurts and fermented milks.

In the first two cases, the probiotics do notmultiply in the product and are generally
added at doses in the order of 107–108 cfu/g. For a standard probiotic freeze-dried
powder at 1011 cfu/g, this represents addition of the probiotic at 0.01–0.1% (w/w) of
the final product. In fermented products there may be some growth and increase in
probiotic numbers during fermentation, allowing a lower number of organisms to be
initially added (for example106 cfu/g). The number of viable probiotic organisms then
usually declines during product storage, with the rate of decline dependent on a range
of factors as discussed in the following sections. Ensuring losses in probiotic viability
are minimized is the one of the main goals for food technologists developing foods
containing probiotics.

1.6.2 Factors Affecting the Viability of Probiotics in Foods

Anumberofintrinsicandextrinsic factors influence the survivalofprobiotics in foods. It
is important to consider these factors at all stagesbetweenadditionof theprobiotic to the
food and delivery of the probiotic to the gut of the consumer. These include manu-
facturing processes, food formulations andmatrices, packagingmaterials, and environ-
mental conditions in the supply chain and during self-storage. The main factors to be
considered that may influence the ability of the probiotics to survive in food products
include:
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1. the physiological state of the added probiotic;

2. the physical and chemical conditions of food processing;

3. the physical conditions of product storage (e.g. temperature);

4. the chemical composition of the product (acidity, nutrients, moisture, oxygen);

5. interactions with other product components (inhibitory or protective).

The first stage of product development is to align a compatible combination of
probiotic strain(s) and food product(s).

1.6.2.1 Choice of Probiotic Organism/Food Combinations Probiotic organisms
are generally selected from constituent intestinal lactobacilli and bifidobacteria,
which have evolved to grow and survive in environmental conditions within the
human intestinal tract. In the small intestine and colon, the pH is generally close to
neutral, the temperature is constant (37–39�C), a complexnutrient supply is constantly
available and there is little oxygen. These conditions are of course very different to
those found in food processes and food matrices. Nonetheless, bacteria show a
remarkable ability to survive in adverse environments and probiotics can survive in
food environments, to a point.

Probiotic ingredients are not all the same. Differences extend from the genus to the
species and even strain level, and apply both to their physiological impacts on the
consumer and to their technological attributes in foods (406, 410). The closer probiotic
organisms are related, usually the more similarly they will perform. However,
considerable strain-to-strain differences are still apparent that can significantly impact
on the performance of probiotics in foods (Fig. 1.11).

The differences in the technological characteristics of different probiotic species
and strains means that care must be taken in selecting the most appropriate strain
for a particular food application. Indeed, the first step in incorporating a probiotic
into a food is identifying compatibilities between the attributes of the selected
strains and the food production steps, food matrix and storage conditions. This may
involve a compromise between the desired health attributes and technological
capabilities of particular strains for particular food applications. When developing
new products some research may be required to ensure that the selected strain is
able to survive well in the food, provide the appropriate technological properties
(e.g. acidification during fermentation, if required) and importantly, that the added
probiotic does not adversely affect the taste, smell, and texture of the food or
beverage.

While emphasizing the importance of strain specificity of technological attri-
butes of probiotics, some generalizations can still be made on the robustness of
probiotic organisms. Generally, lactobacilli are more robust than bifidobacteria
(406, 431, 449). There is a wider range of probiotic Lactobacillus species that are
technologically suitable for food applications than bifidobacteria. Common ex-
amples include L. acidophilus, L. johnsonii, L. rhamnosus, L. casei, L. paracasei,
L. fermentum, L. reuterii and L. plantarum. Often, the L. acidophilus group of
organisms, while resistant to low pH, prove less robust than other lactobacillus
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species in non-traditional probiotic food applications (391, 413, 415, 445, 453, 461).
The Bifidobacterium species most commonly used in foods is B. animalis subsp.
lactis (398). This species is significantly more robust than human intestinal species
such as B. longum (infantis), B. breve, and B. bifidum, although certain strains of
these species are able to survive well in some foods (395, 398, 409). B. adolescentis
is a common species in the intestinal tract of adult humans, but tends to be sensitive
to environmental conditions in foods (395, 457, 462) and is rarely used commer-
cially as a probiotic.

The metabolism of the probiotic organism is an important consideration in
fermented probiotic foods, not only for probiotic growth and survival, but also for
food quality. For example, heterofermentative lactobacilli that produce CO2 as a
metabolic end product are not suitablewhere gas formation adversely impacts on food
quality (384). Bifidobacteria produce acetate and lactate as end products of carbohy-
drate fermentation, and amorevinegar-like taste profile if they are actively fermenting
in food products (395, 404).
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FIGURE1.11 Inter- and intraspeciesvariation in theabilityofprobiotic lactobacilli togrowin
the presence of salt. This characteristic is important, for example, in meat fermentation. The
figure demonstrates the importance of selecting probiotic species and strains that are compatible
with a particular food. The lactobacilli were grown inMRS broth containing various concentra-
tions ofNaCl, at 37�C, for 24 h. Error bars represent 1 standard deviation from themean of three
biological replicates. Lactobacillus rhamnosus GG (&); Lactobacillus rhamnosus CSCC 5277
(&); Lactobacillus acidophilus MJLA1 (.) Lactobacillus acidophilus CSCC 2401 (*). From
Crittenden R, Morris L, and Playne MJ. Unpublished data, Food Science Australia.
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The ability to utilize the available carbon and nitrogen substrates in a product
may be required for probiotic growth and acidification (455). Lactobacilli and
bifidobacteria can generally utilize a wide range of carbon substrates, with
differences in the carbon substrate profiles occurring between species and strains.
Probiotic strains may also be selected on the basis that they metabolize desirable
bioconversions, such as deconjugation of isoflavones in soy (375), or indeed,
because they do not metabolize other ingredients in the food. For some fermented
foods where LAB form part of the native microbiota (e.g. fermented meats), an
approach has been taken where the probiotic attributes of cultures isolated from
these foods (and therefore known to survive well) have been examined to select new
probiotic strains (422, 426, 443).

1.6.2.2 Physiologic State of the Probiotic Animportantfactorinprobioticsurvival
is thephysiological state of thebacteriawhenprepared, and thephysiological state of the
bacteria in the product itself. If the food product is dry (e.g., a powdered infant formula)
the probiotic will also be dried and in a quiescent state during storage. However, when
included in a wet product such as a yogurt, the bacteria will be in a vegetative state and
potentiallymetabolicallyactive (albeit slowlyat refrigeration temperatures).Thestateof
the bacteriawill have a large bearing on the possible shelf life of the bacteria, with long-
term survival of vegetative cells only possible at low temperatures (403). In comparison,
dried,quiescentcellsmayhavelongershelflivesatambienttemperatures, thoughtheytoo
will be more stable at lower temperatures.

Bacteria are able to respond to stressful environments through the induction of
various stress tolerance mechanisms. The induction of stress proteins by exposure
of the cells to sublethal stresses such as heat, cold, starvation, low pH, and osmotic
tension can condition probiotics to better tolerate environmental stresses in food
production, storage, and gastrointestinal transit (449, 456). Cross-protection has
often been observed, where exposure to one stress provides protection against other
stresses (403, 449, 456). The main point to emphasize is that while different
probiotic strains have their own intrinsic tolerances to environmental conditions,
tolerance can also be influenced by how the culture is prepared. Stress responses
can be exploited to make probiotic strains more resilient and likely to survive in
food matrices.

1.6.2.3 Temperature The temperature at which probiotic organisms grow is
important in food applications where fermentation is required. The optimum tempera-
ture for growth of most probiotics is between 37�C and 43�C (395, 403). Species of
bifidobacteria isolated from the human intestinal tract such as B. longum (infantis),
B. breve, B. bifidum, and B. adolescentis have optimum growth temperatures in the
range of 36–38�C,whereasB. animalis subsp. lactis can growat higher temperatures of
41–43�C (398, 403). Usually no growth is observed for bifidobacteria at temperatures
below 20�C or above 46�C (403). Probiotic lactobacilli can grow well over a similar
temperature range though some can grow at up to 44�Cand atmesophilic temperatures
down to 15�C (454).
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Temperature is also a critical factor influencing probiotic survival during manu-
facture and storage. In practical terms, the lower the temperature the more stable
probiotic viability in the food product will be. During processing, temperatures
above 45–50�Cwill be detrimental to probiotic survival. The higher the temperature,
the shorter the time period of exposure required to severely decrease the numbers of
viable bacteria, ranging from hours or minutes at 45–55�C to seconds at higher
temperatures. It is obvious that probiotics should be added downstream of heating/
cooking/pasteurization processes in food manufacture.

Elevated temperature also has a detrimental effect on stability during product
shipping and storage. Again, the cooler a product can be maintained, the better
probiotic survivalwill be. For vegetativeprobiotic cells in liquid products, refrigerated
storage is usually essential (403). In dried products containing quiescent bacterial
cells, acceptable probiotic viability can be maintained in products stored at ambient
temperatures for 12 months or more. As discussed later, there is a substantial
interaction between temperature and water activity. Therefore, producing and main-
taining low water activities in the foods is the key to maintaining probiotic viability
during nonrefrigerated storage.

1.6.2.4 pH Lactobacilli and bifidobacteria produce organic acid end products
from carbohydrate metabolism. Hence, these genera can tolerate lower pH levels than
many bacteria. Indeed, numerous in vitro and in vivo studies have demonstrated that
probiotic organismscan survivegastric transitwhere the cells are exposed topHvalues
as low as 2.0, though the time of exposure (1–2 h) is relatively short (398, 452).
Adapted vegetative cells are usually able to survive better in acidic environments
compared to quiescent cells (448).

In food products, lactobacilli are able to grow and survive in fermented milks and
yogurts with pH values between 3.7 and 4.3 (395). Bifidobacteria tend to be less acid
tolerant, with most species surviving poorly in fermented products at pH levels below
4.6 (395, 449). Again, B. animalis subsp. lactis is more acid tolerant than human
intestinal species and, hence, is the species ofBifidobacteriummost commonlyused in
acidic foods (398). A recently described phenotypic group, B. thermoacidophilum is
even more tolerant to low pH (and heat) (398, 403), but has not been characterized
thoroughly for probiotic traits and is not used commercially, at least so far.

Survival in low pH beverages such as fruit juices (pH 3.5–4.5) posses a significant
challenge to probiotic survival, but commercially successful products have been
produced, such as Gefilus (Valio Ltd, Finland), which contains Lactobacillus rham-
nosusGG. Carriers such as dietary fibers have been shown to improve viability at low
pH (451). Survival of lactobacilli in acidic environments has also been enhanced in the
presence of metabolizable sugars that allow cell membrane proton pumps to operate
and prevent lowering of intracellular pH (397). This can improve survival during
gastric transit, but may not be applicable to improving probiotic survival over the time
frames of shelf-storage.

1.6.2.5 Water Activity For quiescent, dried, probiotic bacteria water activity is a
crucial determinant of survival in food products during storage (430, 434, 436, 444).As
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moisture levels and water activity are increased the survival of probiotics is substan-
tially decreased (Fig. 1.12). Probiotics can survivewell over long shelf lives (12months
ormore) at ambient temperatures in dried products as long as the lowmoisture levels in
the products can be maintained (at least below aw 0.2–0.3). In general, the lower the
water activity, the better the bacterial survival will be (434). There is a substantial
interaction between water activity and temperature with respect to their impact on the
survival of quiescent probiotics. As the storage temperature is increased the detrimen-
tal impact of moisture is magnified (Fig. 1.13). Although the precise mechanisms of
cell death remain unclear, osmotic stresses appear to play a role, with the presence of
smaller molecules resulting in poorer bacterial survival (434).

Despite the clear evidence that very lowwater activities improve probiotic survival
there may be technological limitations to reducing water activity to very low levels.
These include the energy costs of drying, adverse impacts on the palatability of foods
and difficulties inwetting and dispersing powders.Moisture barrier packagingmay be
applied to prevent the egress of moisture from the environment during storage.
Maintaining probiotic viability in moderate water activity foods (0.4–0.7) is a major
challenge and solutions such asmicroencapsulation or incorporation of probiotics into
fat phases of products can provide improved survival.

1.6.2.6 Oxygen Both bifidobacteria and lactobacilli are considered strict anae-
robes and oxygen can be detrimental to probiotic growth and survival (419). However,

6543210

Time (weeks)

P
er

ce
n

t  
 su

rv
iv

al
 

102

101

100

10-1

10-2

10-3

10-4

10-5

10-6

10-7

10-8

FIGURE 1.12 The impact of water activity on the survival of a freeze-dried probotic
Lactobacillus rhamnosus strain stored at 38–40�C. The probiotic was stored in the same type
of food matrix, but the water activity controlled at various levels: aw¼ 0.1 (.); aw¼ 0.15 (*);
aw¼ 0.22 (&); aw¼ 0.25 (&). Error bars represent the standard deviation from two to three
biological replicates. From Crittenden R,Weerakkody R, and Sanguansri L. Unpublished data,
Food Science Australia.
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the degree of oxygen sensitivity varies considerably between different species and
strains (419). In general, lactobacilli, which are mostly microaerophilic, are more
tolerant of oxygen than bifidobacteria, to the point where oxygen levels are rarely
an important consideration in maintaining the survival of lactobacilli. Most pro-
biotic bifidobacteria do not grow well in the presence of oxygen (398). However,
many bifidobacteria have enzymatic mechanisms (via NADH-oxidase and NADH-
peroxidase) to limit, oxygen toxicity (457). B. animalis subsp. lactis is relatively
resistant to oxygen stress, and B. longum (infantis) and B. breve are more resistant to
oxygen than B. adolescentis (395, 432, 457).

For oxygen sensitive strains, some strategies are available to prevent oxygen
toxicity in food products. Antioxidant ingredients such as ascorbic acid or cysteine
have been shown to improve probiotic survival (394, 401), aswell as the use of oxygen
barrierormodified atmosphere packaging (459).Sinceoxygen toxicity can sometimes
influence probiotic survival in foods, it is advisable to minimize processes that are
highly aerating, particularly when using bifidobacteria.

1.6.2.7 Toxicity of Ingredients The compatibility of probiotics with other in-
gredients within food formulations can have a significant impact on bacterial survival.
Interactions between probiotics and other ingredients can be protective, neutral, or
detrimental to probiotic stability (430). Obviously, the inclusion of antimicrobial
preservatives can inhibit probiotic survival. Elevated levels of ingredients such as salt,
organic acids, and nitrates can inhibit probiotics during storage (387, 395, 423), while
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FIGURE 1.13 The viable count of a freeze-dried probiotic Lactobacillus acidophilus strain
after 3 weeks of storage at moderate water activities at either 20�C (.) or 30�C (*). Increased
temperature magnified the detrimental impact of water activity on the survival of the dried
probiotic. Error bars represent the standard deviation from triplicate biological replicates. From
Crittenden R, Weerakkody R, and Sanguansri L. Unpublished data, Food Science Australia.
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starter cultures can sometimes inhibit the growth of probiotics during fermentation
through the production of specific bacteriocins (384, 395).

1.6.2.8 Growth Factors, Protective, and Synergistic Ingredients Probiotic lac-
tobacilli and, in particular, bifidobacteria are only weakly proteolytic and grow
relatively slowly or poorly in milk (395, 423, 455). The growth of bifidobacteria can
be enhancedby thepresenceof suitable companioncultures, including starter cultures,
which can aid in protein hydrolysis and through the production of growth factors
(430, 455). Alternatively, growth substrates such as carbon sources (e.g. glucose),
nitrogen sources, and growth factors (e.g. yeast extract or protein hydrolysates) or
antioxidants,minerals, andvitamins canbe added to improvegrowth (430, 455).Other
ingredients can protect the viability of probiotics in foods by acting as carriers (449–
451). Finally, the foodmatrix itself can be protective.An example is cheese, where the
anaerobic environment, high fat content and buffering capacity of the matrix helps to
protect the probiotic cells both in the product and during intestinal transit (395).

1.6.2.9 Freeze–Thawing Freezing probiotic cells damages cellmembranes and is
detrimental to survival (388, 410). Protectants are usually added to cultures to be
frozen or dried in order to prevent, or at least mitigate, cell injury. The most common
protectants used at industrial scale are lactose or sucrose, monosodium glutamate,
milk powders, and ascorbate (430). Once frozen, probiotics can survivewell over long
shelf lives in products such as frozen yogurts and ice-cream.Use of slow cooling rates,
or conditioning cells with prefreezing stress, can significantly improve cell survival
(388). Repeated freeze–thawing cycles are highly detrimental to cell survival and
should be avoided. The cell membrane damage caused by freezing can also render
probiotic cellsmore vulnerable to environmental stresses (410). In the example shown
in Fig. 1.14, the survival of a probiotic Lactobacillus paracasei in a low pH fermented
whey drink was studied during shelf storage. In one sample the culture was frozen
during supply chain transport and then thawed.Aparallel samplewasonly refrigerated
during transport. It was evident that freeze–thawing increased the sensitivity of the
cells to the acidic environment.

1.6.2.10 Sheer Forces Probiotic lactobacilli and bifidobacteria are Gram-
positivebacteriawith thick cellwalls that are able to tolerate the sheer forces generated
in most standard food production processes. Some high-sheer processes such as high-
speed blending or homogenizationmay result in cell disruption and losses inviability.

1.6.3 Synbiotics

Probiotics are not the only functional food ingredients developed to improve human
health by modulating the intestinal microbiota. Prebiotic ingredients represent an
alternative and potentially synergistic approach. These nondigestible carbohydrates
pass through to the colon where they selectively stimulate the proliferation and/or
activity of beneficial microorganisms within the intestinal microbiota (412). Ingre-
dients and foods that contain both prebiotics and probiotic are called synbiotics. A
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range of nondigestible sugars, oligosaccharides, and polysaccharides can act as
prebiotics, and possess a range of physiological and physicochemical properties that
make them attractive food ingredients. Prebiotics are discussed in more detail in
Chapter 7.

1.6.4 Delivery Systems

1.6.4.1 Microencapsulation Providing probiotics with a physical barrier to en-
vironmental conditions by microencapsulating the bacteria is an approach that has
been trialed using a range of materials and techniques. Microencapsulation of
probiotics, though, is not a simple undertaking. There are many demands for a
successful probiotic microencapsulant:

. The materials have to be food grade, inexpensive, and compatible with the food
into which the probiotic will be encapsulated.

. The microencapsulation process must be simple, inexpensive and must not
reduce probiotic viability.

. The encapsulation efficiencymust be high (i.e. close to 100% of the bacteria in a
suspension should be encapsulated).
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FIGURE 1.14 The impact of freeze–thawing on the subsequent refrigerated storage stability
of a probiotic strain in a low-pH (3.8) whey drink. A culture of Lactobacillus paracasei was
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. The microcapsules must contain a high loading (%v/v) of probiotics.

. Themicrocapsulesmust not adversely impact on the taste and texture of food and
beverages (small capsules <30mm).

. The microcapsules must protect the probiotics against a range of environmental
stresses duringmanufacture and storage. Protection against moisture and lowpH
are two of the most common stresses to protect against.

. It is also an advantage for the microcapsules to protect the probiotics during
gastrointestinal transit.

. The microcapsule must be able to release the probiotic bacteria in the gut at the
required site of action.

A range of experimental microencapsulation technologies have been reported,
including entrapment in polymers such as alginate, carrageenan, and starch; coating in
emulsions or fat; or dry impacting of prebiotics and enteric coats (385, 418, 424).
Commercial microencapsulation systems for probiotics available currently include
Priobiocap�, a fat-coating system developed by Institut Rosell, Canada; Micro-
MAX�, an emulsion-based, synbiotic-coating system developed by Food Science
Australia (399, 400), and EnCoate�, a biopolymer system produced by EnCoate Ltd,
New Zealand.

1.6.4.2 Delivery Devices Another approach to maintaining the viability of pro-
biotics for long periods at ambient temperatures is to physically separate the probiotics
from the food and atmosphere. This can most simply be achieved by keeping dried
probiotics in sealed sachetswith the food or beverage to bemixed immediately prior to
consumption. More innovative packaging and delivery systems have been developed
to deliver dried probiotic ingredients into beverages. These include drinking straws
that contain dried probiotics, which are released into the beverage as it passes through
the straw (438) and a drink cap that contains the dried probiotics, which are released
into the drink as the cap is opened (439).

1.6.5 Probiotic Foods

Probiotics have been successfully incorporated in a number of foods including
the traditional vehicles of fermented milks and yogurts, and increasingly in other
fermented and nonfermented foods beyond the dairy sector. Examples of the major
product classes that have successfully incorporated probiotics are listed in
Tables 1.8–1.10 along with the main technological points involved in incorporating
probiotics and maintaining their viability.

1.6.6 Conclusions

Industry demand to include probiotics as functional ingredients in foods will no doubt
continue to grow as the clinical evidence of health benefits builds. Indeed, the number
of randomized, controlled trials reported that involve probiotic interventions has
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grown rapidly in recent years. Not only is the evidence of specific health benefits
emerging, but somepotentialmechanismsof action are also beginning to be elucidated
(393). Such knowledge may allow the development of specific quality assurance tests
for probiotic potency in foods that go beyond simply viability. However, today,
viability remains the only practical measure of the quality of probiotic ingredients in
foods and the measure employed by regulatory bodies.

It is already possible to include probiotics into a variety of foods beyond traditional
fermented milks and yogurts. Numerous examples exist where probiotics have been
successfully incorporatedwithout adversely impacting sensory quality of the food and
stability maintained above 106–107 cfu/g over long shelf lives. However, the mainte-
nance of adequate viability in many food types remains a major challenge. Moderate
water activity foods (0.4–0.8), in particular, are difficult matrices inwhich tomaintain
the viability of probiotics in shelf-stable products. For many foods, adjunct technolo-
gies such as microencapsulation are likely to be required in order to stabilize
probiotics. As “off-the-shelf” probiotic microencapsulation technologies that work
in all foodmatrices are not yet available, these generally have to be adapted to suit the
particular food matrix.

The five critical points to address when incorporating probiotics into foods remain
the following:

1. Select a compatible probiotic strain/food type combination

2. Use food-processing conditions that are compatible with probiotic survival.

3. If fermentation is required, ensure that the food matrix will support probiotic
growth.

4. Select the product formulation, packaging and environmental conditions to
ensure adequate probiotic survival over the product’s supply chain and during
shelf storage.

5. Ensure that addition of the probiotic does not adversely impact on the taste and
texture of the product.

1.7 SAFETY OF PROBIOTIC ORGANISMS

Diana Donohue

RMIT University, Melbourne, Victoria, Australia

Consumers searchingon the Internet can readily find amultitudeofprobiotic products.
Among them isone stated tobeaprize-winningpreparationconstitutedbyacelebrated
microbiologist. It contains multiple strains of natural live LAB, including an award-
winning strain proven to be an order of magnitude stronger than any other probiotic.
This mixture, consisting of Enterococcus faecalis, Streptococcus thermophilus, three
species ofBifidobacterium, and sevenLactobacillus species, is guaranteed to colonize
the colon with good microorganisms essential for a healthy immune system and
general good health.
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We are informed that scientific studies conclude that this preparation strongly
enhances immunity and is effective against deadly bacteria such as methicillin- and
vancomycin-resistant Staphylococcus aureus, Helicobacter pylori, food poisoning
Escherichia coli, andBacillus cereus. It is suggested that in the age of bioterrorism the
product may have the potential to protect against anthrax as it is effective against
Bacillus cereus, a member of the same genus.

The recommended dose is two to four capsules daily, at a cost of US$52 for
60 capsules. Regular consumption is strongly recommended for a plethora of con-
ditions including irritable bowel syndrome, leaky gut, peptic ulcers, bloating, heart-
burn, ulcerative colitis, Crohn’s disease, constipation, or diarrhea. Consumers of
natural products such as psyllium, which are purported to remove good intestinal
bacteria, are similarly advised. It is suggested that the productmaybeuseful in treating
diseases as diverse as asthma, cystic fibrosis, diabetes, Epstein-Barr virus, acne,
psoriasis, eczema, arthritis,multiple sclerosis, human immunodeficiencyvirus (HIV),
acquired immune deficiency syndrome (AIDS), and hepatitis B and C.

A search of five scientific and medical databases however was unable to identify a
single scientific publication for the product mentioned above.

In a community, which is often suspicious of chemicals, probiotics are marketed,
and seen bymany, as a natural and appealing alternative tomaintain and promote good
health. In contrast to pharmaceuticals, traditional probiotics appear safe and serious
adverse effects appear rare. Each year over 20 billion doses of probiotics are used by
both healthy people and thosewithmedical conditions. New species andmore specific
strains of organisms are constantly being sought and their probiotic attributes
characterized to generate an expanded range of probiotic foods and targeted therapies
(466–470). The demonstration of efficacy in probiotics offers untold opportunities for
the development and marketing of human and veterinary products. Probiotics
consumed in foods and dietary supplements do not have to complywithmore rigorous
guidelines for probiotics that claim amelioration or prevention of disease in clinical
use. Probiotics that claimspecific nutritional, functional, or therapeutic characteristics
blur the boundaries between food, dietary supplement, ormedicine, posing challenges
for regulators. Their safety cannot be assumed. There is currently a lack of standard
safety requirements for new probiotic organisms (471–474).

In November 2006, a Google search on the Internet for probiotics returned
2,810,000 hits. In contrast five scientific databases located 4447 journal papers, of
which 345 related to aspects of probiotic safety. It is apparent that there are significant
discrepancies between health claims made for what are being promoted as probiotics
and verifiable scientific evidence to substantiate these claims. The probiotic concept
hasbeenappropriated for commercial exploitation, to thedetriment of thoseprobiotics
tested to be safe andbeneficial by rigorous science.When confrontedwith inflated and
dubious claims the consumer cannot be expected to judge what a proven probiotic is
andwhat the twenty-first-century equivalent of snake oil is. As efficacy is inextricably
linked to safety, any claims of health benefits for a probiotic require substantiation by
scientific evidence. What is a “probiotic” and who is entitled to use the term? What
standards should be attained to ensure a product labeled “probiotic” is safe and
effective?
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The use of “history of safe use” as a criterion for the safety of food organisms is an
arbitrary classification. Lactic acid bacteria and yeasts intrinsic to the production of
traditional foods have been accepted as safe without any real scientific criteria, partly
because they are normal commensal flora, and because of their consumption through
centuries presumably without adverse effect. Evidence for the safety and efficacy of
probiotic organisms has until recently been largely anecdotal or based on relatively
little, and often poorly designed research.

The initial concept of probiotics has shifted from one of traditional dairy bacteria
that ferment milk to “promote gut health” to that of a complex range of bacteria
potentially capable of colonizing any human mucosal surface, not only the gut
(477, 478). Probiotics have expanded to include nontraditional bacteria, with applica-
tions targeted to clinical conditions and not limited to oral therapy (477). The change
from traditional bacteria in food todesigner probiotic has led to considerably increased
numbers of organisms per dose to achieve health effects (472). Where previously a
limited number of food products existed, now there are single or multiple species of
organisms in a range of quasi or proven therapeutic products.

The drift from dairy foods to complementary or prescribed medicines with
therapeutic claims has elevated probiotics to a class that was once the sole province
of pharmaceuticals. How to assess the safety of new probiotic products needs to be re-
evaluated in these altered circumstances. Regulatorsmust judgewhether a probiotic is
a food, a supplement or a clinical therapy and develop enforceable safety standards
accordingly. If probiotics are intended for therapeutic use they must be evaluated for
quality, safety, and efficacy in the same manner as any other therapeutics–with
documented and verifiable characterization of the active ingredient, dose, efficacy,
safety, and adverse effects (479). This raises a quality control issue for food and
therapeutic manufacturers, who have the responsibility to market accurately charac-
terized, stable, and viable organisms, in appropriate doses and formulations, with
clearly defined applications and attendant health benefits. Consumers need to have
accurate information from a credible source to ascertain whether a product is safe and
the purported health benefits are genuine.

1.7.1 Current Proposals for Probiotic Safety

Conventional toxicology and safety evaluation has limitations for the safety assess-
ment of probiotic bacteria. Vigorous debate continues onwhat constitutes appropriate
safety testing for novel probiotic strains proposed for human use. In recent years
several organizations have formulated approaches to assess the safety of probiotics.
For the most part these have been predicated on oral applications but it should be
remembered that probiotics are not limited to oral products, but may be applied
vaginally, topically, and intranasally (478).

The Joint FAO/WHOWorking Group on Drafting Guidelines for the Evaluation of
Probiotics in Food (475) proposed a framework consisting of strain identification and
functional characterization, followed by safety assessment and Phase 1, 2, and 3
human trials. It recommended that probiotic foods be properly labeled with the strain
designation, minimum numbers of viable bacteria at the end of shelf life, storage
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conditions, and manufacturer’s contact details. Importantly, the Working Group
further proposed that the use and adoption of the guidelines should be a prerequisite
for calling a bacterial strain “probiotic.”

TheWorkingGroupconsidered theminimumtests requiredtocharacterizesafetyare

. determination of antibiotic resistance patterns;

. assessment of metabolic activities (e.g. D-lactate production, bile salt
deconjugation);

. assessment of side effects during human studies;

. postmarket epidemiological surveillance of adverse incidents in consumers.

If the strain being evaluated belongs to a species known to produce a mammalian
toxin or to have hemolytic potential, it must be tested for these characteristics.

The EFSA has proposed a scheme based on the concept of QPS, defined as “an
assumptionbasedon reasonable evidence”andqualified toallowcertain restrictions to
apply (480). The scheme aims to have consistent generic safety assessment of
microorganisms through the food chain without compromising safety standards.
Individual evaluations would be limited to aspects particular to the organism, such
as acquired antibiotic resistance determinants inLAB.QPS statuswouldnot apply to a
microorganism that commonly causes pathogenicity. A microorganism would not
necessarily be considered a potential pathogen where there are infrequent reports of
clinical isolates from severely ill people.

Broadly the characteristics to be evaluated for QPS approval are

. unambiguous identification at the claimed taxonomic level;

. relationship of taxonomic identity to existing or historic nomenclature;

. degree of familiarity with organism, based on weight of evidence;

. potential for pathogenicity to humans and animals;

. the end use of the microorganism.

The latter would influence any qualifications imposed, depending on whether the
organism is to be directly consumed; is a component of a food product not intended to
enter the food chain, butwhichmayadventitiously; or is used as aproduction strain in a
product intended to be free of live organisms.

Bernardeau et al. (481) consider this generic approach to safety assessment of
microorganisms is not relevant to the Lactobacillus genus and have proposed
modifications. They contend that LAB are not a homogeneous group as some species
are pathogens, and that the rarely pathogenic Lactobacillus genus should undergo its
own limited safety assessment. The genus should be accorded the status of Long
Standing Presumption of Safety based on its long history of safe use in fermented
foods. Individual species could then be assessed for safety based on one, two, or a full
suite of tests, depending on the intended use. The first safety test would be to
demonstrate an absence of antibiotic resistance and its ability for transference. The
second, ahighdose tolerance test in animals,wouldbe required if theorganismwasnot
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resistant to antibiotics and was a known lactobacillus for which a new application was
being proposed.

A full safety assessment would be required if the body of knowledge was
insufficient. In the event of risks being identified an experimental presumption of
safety (EPS) statuswouldbegiven for 10years as the bodyof knowledge accumulated.
If specified risks were identified the organism would be granted restricted EPS status
(EPSr) with conditions placed on its use for 10 years. If the body of knowledge had
increased after 10 years a restrictedQPSr status could be granted, with the restrictions
on use standing. Bernardeau et al. (481) consider this approachwould be preferable to
granting non-QPS status, as it allows the community at large to benefit while
simultaneously protecting the small proportion of the population at risk.

Amore stringent perspective is evident in the regulations of the Canadian National
Health Product Directorate, where products can be considered “traditional” or
“nontraditional.” To be considered traditional a product must have at least 50
consecutive years of use, two independent references to traditional use in support
of health claims, and safety reports on adverse reactions and interactions (482).

Gueimonde et al. (483) propose a sequence to determine safety of new bacteria of
nondairy origin sought specifically for their probiotic effect and frequently isolated
from the human or animal intestinal tract. While the scheme has many features in
common with that of theWorking Group, its emphasis is on the absolute necessity for
correct strain identification to allow comparisons of potential risk with taxonomically
related organisms, to avoid use of potential pathogens, and for continuous quality
control in postmarker surveillance of bacteremia. Gueimonde et al. (483) suggest that
the increasing availability of probiotic genome sequences will facilitate identification
of potential risk factors.

While guidelines for probiotics have been proposed and refinements suggested, as
yet agreement has not been arrived at on a universal or enforceable standard. There is
general consensus on the need for standards, enforced regulations, and improved
quality control over products (483, 472, 477, 478, 482).

1.7.2 Taxonomic Identification

The safety of a putative novel probiotic is contingent on its unequivocal identification
at the genus, species, and strain level, as probiotic effects are strain specific.
Sophisticated phenotypic and molecular techniques enable species identification and
discriminate betweenclosely related strains.Reliable taxonomic identificationofboth
species and strain is a safety issue for quality control of the product, consumer or
prescriber information, diagnosis, and appropriate treatment of suspected clinical
cases and epidemiological surveillance of the exposed population.

The taxonomy of lactic acid and other bacteria has changed significantly with the
advent of geneticmethods of classification. Strains previously thought to be dissimilar
have merged, while other strains have been added or reassigned to different genera.
The persistent use of incorrect or nonexistent species names on product labels despite
taxonomic re-assignation is a significant issue for the credibility and safety of
probiotics.
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Yeunget al. (484) usedpartial 16S rDNAsequencing to identify namedcommercial
strains obtained directly from the manufacturer and found discrepancies in 14 of 29
species designations. Lourens-Hattingh and Viljoen (485) concluded that probiotic
cultures in South African yogurt were little more than a marketing tool upon finding
the initial counts of Bifidobacterium bifidum in three different sources of commercial
yogurts were lower than the therapeutic minimum. Weese (486) identified isolates
from eight veterinary and five human probiotics to find accurate descriptions of
organisms and concentrations for only 2 of the 13 products.

Temmermanet al. (487) found that of isolates from55Europeanprobiotic products,
47% of food supplements and 40% of dairy products were mislabeled. The food
supplements yielded either no viable bacteria (37%) or significantly lower counts than
the dairy products, contradicting the concept that health benefits derive from the
presence of a minimum concentration of live probiotic bacteria.

In six products, all species isolated conformed to the label description; in 19
products they differed from those listed. Enterococcus faecium was isolated in such
high numbers that contamination was unlikely to be the source. Only 2 of the 22
food supplements purporting to contain Lactobacillus acidophilus did. Bifidobac-
teria were isolated from 5 of 27 products claiming to contain them, despite the use
of different selective media. The organism most frequently claimed to be in, and
isolated from dairy products was L. acidophilus, though it was not necessarily
found where claimed.

Huys et al. (488) used a suite of validated and standardized molecular methods to
taxonomically re-identify 213 cultures of LAB and propionibacteria obtained for the
PROSAFE project, a European Commission project into safety of probiotic LAB for
human use. Probiotic strains, candidate probiotic strains, and nutritional strains, with
their identity, were submitted from international culture collections, commercial
manufacturers, and a research institute. The genus was confirmed correct for 194
strains (91%), with the genus of 87% of probiotic strains being confirmed as accurate.
Of the 186cultures submittedwith species identity, that identitywas confirmed for 159
(86%) and for 83% of the probiotic strains.

More probiotic strains (28.1%) were misidentified than nutritional (11.4%) or
research strains (14.0%). The 34misidentified probiotic strains were submitted by 10
commercial companies, with 18 of the 34 being provided by two companies. The
finding that 28%of probiotic strainsweremisidentified at either genus or species level
corroborates the reports from these and other studies (489, 490) that inaccurate
identification and mislabeling of probiotic products continue. The evidence from
this study suggests mislabeling originates at the start of production with incorrect
identification of strains. The authors suggest misidentificationmay inmany instances
result from use of methods that are technically inadequate for reliable taxonomic
characterization of a bacterial species (488).

A new probiotic culture must be at least as safe as its conventional counterparts.
Inaccurate nomenclature provides no scientific or regulatory validity, misinforms or
confuses the consumer, and compromises quality and safety of the product. Con-
sumers are entitled to expect that the label on a probiotic product accurately reflects its
contents: the organism is what it purports to be, it is present alive in a specified
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concentration range for a stated period, and the suggested serving size contains
sufficient organisms to achieve the proven benefit.

1.7.3 Pathogenicity

It is an obvious requirement that a probiotic should not cause infection. This is a
significant issue where the intestinal barrier is immature as in infants; where its
integrity is impaired from radiotherapy, antibiotic treatment or disease; and in
immunocompromized states, such as HIV infection. With advances in medical care,
an increasing proportion of the community may at some time be immunocompro-
mized, or at risk of opportunistic infection.

Lactobacillus species are commonly used probiotics and considered nonpatho-
genic in most situations. Vesterlund et al. (491) tested 44 fecal, 52 blood, and 15
probiotic isolates to compare the presence of properties that are known virulence
factors in recognized pathogens. No significant differences in adhesion to collagen,
fibrinogen, or mucus were observed between blood, fecal and probiotic isolates,
although blood isolates had a higher tendency to adhere to mucus than probiotic
strains. No lactobacilli tested positive for a- or b-hemolysis. Probiotic strains
induced a respiratory burst activity lower than, but close to, that of the blood
isolates. Although probiotic strains showed a higher resistance to the bactericidal
effect of complement-activated serum than did fecal strains, no significant differ-
ences were seen in serum resistance between fecal, clinical, or probiotic isolates. In
summary, the tested properties varied greatly between strains and no unequivocal
virulence factors for lactobacilli were identified. Of the three groups of isolates the
probiotic strains induced the lowest respiratory burst in polymorphonucleocytes
and showed the highest serum resistance, an observation that warrants further
examination (491).

Lactobacillus species in general are thought to have low pathogenicity or be
opportunistic pathogens in immunocompromized individuals or those with serious
underlying disease. It has been suggested that Lactobacillus rhamnosus in particular
warrants surveillance because it is associatedwithmore cases of bacteremia than other
lactobacilli. L. rhamnosus is among the most common Lactobacillus species in the
human intestine so the incidence of bacteremia may be relative to its extensive
presence in the intestine (492).

Two clinical cases have been reported in which a lactobacillus indistinguishable
from an ingested probiotic strain has been identified in association with infection. A
74-year-oldwomanwithhypertensionanddiabetesmellitusdevelopeda liverabscess in
association with pneumonia and pleural empyema. She had a history of drinking
probiotic milk containing L. rhamnosus GG and a strain indistinguishable from that
was isolated from the abscess (493). A 67-year-old man with mild mitral regurgitation
developed endocarditis after dental extractions. His blood cultures were positive for a
strainofL.rhamnosusindistinguishablefromthat inprobioticcapsuleshechewed(494).

Wolf et al. (495) assessed the safety of probiotic Lactobacillus reuteri in a double-
blind, placebo-controlled study in HIV adults, and found the organism to be well
tolerated with no significant safety problems. A review of probiotic safety found no
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published evidence that immunocompromized patients had an increased risk of
opportunistic infection from probiotic lactobacilli or bifidobacteria (496).

Probiotic L. acidophilus has been identified as the cause of persistent bacteremia
complicated by recurring pulmonary emboli associated with a catheter infection in an
AIDS patient, post chemotherapy for Hodgkin’s disease (497). The patient had
undergone probiotic treatment three times daily for 3weeks. Isolation of the probiotic
from the catheter site suggested that, rather than gastrointestinal translocation, to be
the origin of infection. The bacteremia resolvedwith clindamycin and gentamicin, the
only antibiotics to which L. acidophilus was sensitive.

Land et al. (498) reported two instances of bacteremia attributable to therapy with
L. rhamnosus GG in young children. A 6-week-old baby was treated enterally with
L. rhamnosus GG to ameliorate diarrhea following prolonged postoperative compli-
cations of cardiac surgery and broad spectrum antibiotic therapy. Despite improve-
ment in the diarrhea the baby remained ill. A thrombuswas found adherent to the right
atrial wall and cultures from blood and a central venous catheter yielded penicillin-
sensitive isolates of Lactobacilli.

Another child aged 6 years received enteral L. rhamnosus GG therapy for
antibiotic-associated diarrhea, following treatment for infections with E. coli,
S. aureus, and enterococcal sepsis. Blood cultures taken after the child developed
fever yielded a penicillin-sensitive Lactobacillus species.

The DNA fingerprint of the lactobacillus isolated from blood cultures of the two
children was indistinguishable from that of the probiotic L. rhamnosusGG. The most
likelymechanismpropoundedfor thebacteremiawasbacterial translocationfollowing
enteral administration, rather than contamination of the central venous catheter (498).

These first reports of probiotic bacteremia in children testify that this outcome is not
limited to rare cases in severely compromised adults, but needs to be borne in mind in
severely compromised patients regardless of their age.

Srinavasan et al. (499) studied the safety of Lactobacillus casei Shirota in a
randomized controlled trial of pediatric patients admitted to intensive carewith severe
conditions such as meningococcal septicemia and respiratory failure. Known immu-
nodeficiency and intolerance to cow’s milk or lactosewere exclusion criteria. L. casei
Shirota (107 cfu/day in three divided doses)was given enterally to 28 children for up to
5 days. L. casei Shirota was cultured from five of the six stool samples produced, but
not from any normal sterile body fluid or surface. Although the probiotic appeared to
be tolerated without adverse effects, the small group size, short dosing period, and
exclusion of vulnerable immunodeficient subjects limit the conclusions from the
study, while its efficacy remains to be established.

It would appear that the general population is not at risk from exposure to
probiotics. The rare cases of infection associated with probiotics or very similar
organisms have occurred in groups of patients whose conditions predispose them to
opportunistic infection. In contrast other patients with very serious underlying
diseases have benefited from probiotics (471). Elucidation of the mechanisms
underlying rare cases of probiotic bacteremia in immunocompromized or seriously
ill patients will assist clinicians in identifying those patients for whom probiotics may
be contraindicated. Until then a cautious use of probiotics in this group is suggested
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until those individuals inwhom probiotics are contraindicated can be identifiedwith a
greater degree of certainty (471, 477, 500).

Clearly the potential for infection in this group of patientsmust be kept inmind, but
it should not prevent the use of probiotics in the general population. Case studies are
isolated events particular to an individual’s condition and need careful evaluation
relative to the safety of the population as a whole. Rare adverse effects need to be
interpreted in the context of relative risk, in a manner similar to pharmaceuticals. For
the ill patient, the risk of forgoing the benefits of treatment needs to be assessed against
the lesser risk of an adverse effect (482).

While hospitalized patients aremonitored, those in thewider communitywho self-
medicate with probiotics are without the benefit of clinical oversight. It has been
proposed that individuals with serious gastrointestinal or blood conditions should
inform their doctors if they are consuming probiotics and report symptoms such as
fevers or chills (471).

Administrationofalivingprobioticdiffers fromthatofapharmaceuticaldrugwhere
a specific characterized chemical is given. The risk of infection from a probiotic could
be eliminated if its activeconstituentwas identified and isolated todesign an inanimate
equivalent. The likelihood of this will depend on elucidation of the mechanisms by
which a probiotic modulates immune effects, and the constitutive functions of the
probiotic as a carrier mechanism to intestinal sites. Probiotic candidates could be
selected based on their active constituents and pharmacokinetic characteristics to
enable delivery of the active constituent to a target site in the intestine (501).

1.7.4 Antibiotic Resistance and Susceptibility

Lactic acid bacteria are naturally resistant to many antibiotics by virtue of their
structure or physiology. Inmost cases the resistance is not transferable and the species
are also sensitive to antibiotics in clinical use. However it is possible for plasmid-
associated antibiotic resistance to spread to other species and genera. The transmissi-
ble resistance of enterococci to glycopeptide antibiotics such as vancomycin and
teicoplanin is of particular concern, as vancomycin is one of the remaining antibiotics
effective in the treatment of multidrug-resistant pathogens (492).

Antibiotic resistancemechanisms, their genetic nature, and transfer characteristics
of resistance determinants have been studied comparatively recently in anaerobic
bacteria. It has been shown that the plasmid that encodes for macrolide resistance can
be transferred from L. reuteri to E. faecium and from E. faecium to E. faecalis in the
mouse GIT (502). The properties of enterococci render them not suitable both as
probiotics and in the production of fermented foods. They are not infrequently
associated with hospital-acquired infections such as endocarditis and bacteremia.
Their superior survival properties coupled with innate and acquired antibiotic resis-
tance make them difficult to eliminate once they have become pathogenic. Little is
known of the mechanisms by which enterococci become pathogenic.

A study of virulence genes in 13 E. faecalis strains isolated from clinical, food,
and animal sources found 8–13 virulence genes in all isolates (503). Study of two of
the clinical isolates found patterns of virulence gene expression were dependent on
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the growth phase, environmental conditions and the bacterial isolate, rather than the
source of the isolate or the combination of virulence genes. The observation that
gene expression of virulence in enterococci is modulated by environmental con-
ditions such as temperature and pH has implications for manufacturers of foods and
probiotics.

A study by Temmerman et al. (487) found 68.4% of probiotic isolates were
resistant to two or more antibiotics. Strains of lactobacilli were found resistant to
kanamycin (81%), tetracycline (29.5%), erythromycin (12%) and chloramphenicol
(8.5%). The disc diffusionmethod showed 38%ofE. faecium isolateswere resistant to
vancomycin, while the PCR-based van gene detection assay showed they were
susceptible.

Salminen et al. (504) characterized 86 clinical lactobacillus blood isolates
at species level and tested them for antimicrobial sensitivity. Of the eleven
species identified, 46 isolates were L. rhamnosus (n¼ 22 L. rhamnosus GG type),
Lactobacillus fermentum (n¼ 12) and Lactobacillus casei (n¼ 12). All lactobacil-
lus isolates showed low minimum inhibitory concentrations (MICs) of imipenem,
piperacillin-tazobactam, erythromycin and clindamycin. The range of MICs of
cephalosporin varied widely with species while MICs of vancomycin were high
except for Lactobacillus gasseri and Lactobacillus jensenii. The antimicrobial
susceptibility pattern for probiotic L. rhamnosus GG was similar to those of
L. rhamnosus GG type and other L. rhamnosus clinical isolates. This study of a
large number of blood culture isolates of lactobacillus indicates their antimicrobial
sensitivity to be species dependent.

Sullivan and Nord (505) characterized the Lactobacillus blood isolates from
bacteremic patients in Stockholm, Sweden, between January 1998 and March
2004 to identify the possible presence of three probiotic strains of lactobacillus
consumed in Sweden. The majority of the 59 isolates were L. rhamnosus (n¼ 17),
L. paracasei ssp. paracasei (n¼ 8), and L. plantarum (n¼ 8). No isolates were
identical to the probiotic strains. All isolates of L. rhamnosus, L. paracasei ssp.
Paracasei, and L. plantarumwere resistant to vancomycin and teicoplanin, while the
majority of isolates were susceptible to clindamycin.

Opinions differ on the clinical significance of lactobacillus isolated in infections. In
their retrospective review of 241 cases of lactobacillus-associated infections reported
between 1950 and 2003; Cannon et al. (506) found the species most commonly
isolated were L. casei, rhamnosus, plantarum, and acidophilus, at 35.7, 22.9, 10, and
10% respectively.

Bacteremia was identified in 129 cases, in association with conditions such as
cancer, diabetes, broad-spectrum antibiotic treatment, transplantation, or abscesses.
L. rhamnosus (32.1%) and L. casei (28.3%) were the most common species isolated.
Over 90% of isolates were sensitive to clindamycin, erythromycin, and gentamicin,
while 26.7% were sensitive to vancomycin.

Seventy-three cases of endocarditis were identified, 75% of whom had either
existing structural heart disease or a previous episode of endocarditis. L. casei
(40.6%), L. rhamnosus (17.2%), and L. plantarum (17.2%) were the most commonly
identified species. Isolates were most sensitive to ciprofloxacin, erythromycin, and
ampicillin (84.6–100% of isolates) with 26.7% sensitive to vancomycin.
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Assessment of the clinical significance of lactobacillus isolated from blood is often
confounded by the concomitant presenceof other organisms.WhileCannon et al. (506)
found 38.8% of lactobacillus bacteremia cases were polymicrobial, it is interesting to
note that in 61.25% of cases other organisms were not isolated. It is noteworthy that in
95.9% of endocarditis cases Lactobacillus was the only species isolated.

These data lend further support to recommendations that probiotics should be taken
cautiously or not at all by people with specified serious conditions, in-dwelling
devices, and prosthetic or abnormal heart valves (471, 472).

Danielson et al. (507) used molecular methods to characterize 23 Lactobacillus
strains isolated fromblood cultures ofDanish patients between1997and2004; prior to
testing individual susceptibility to antibiotics. Their findings corroborated the high
prevalence of L. rhamnosus (43%), L. paracasei (22%), and L. plantarum (17%)
previously observed (506). Although lactobacilli are often regarded clinically as one
group, Danielson et al. (507) found distinct variations in susceptibility patterns for the
same antibiotic between species, with susceptibility varying widely between species.

Lactobacilli are ubiquitous commensals in humans and whether or not their
presence is indicative of infection or contamination is a topic of contention. The
source of lactobacilli is frequently unknown and they are present in supplements and
dairy foods thatmaybe consumed inhigh volume. It canbe seen that rather than relying
on a general recommendation for the genus, the selection of antibiotic treatment
for lactobacillus infections should be based on sensitivity data for a species
(504, 506, 507).

Organisms have intrinsic resistance to antibiotics or can acquire resistance, either
naturally or deliberately. It is a significant reason to select strains lacking the potential
to transfer genetic determinants of antibiotic resistance. There is little basis for
scientific regulation of strains with intrinsic resistance, as little is known about the
levels of intrinsic resistance in current probiotic and food strains.

Mathur and Singh (508) noted a lack of studies examining acquired antibiotic
resistance in food LAB, and proposed that LAB used in probiotic or starter cultures
may be a source of antibiotic-resistant genes, which if transferable have potential to
be transferred to endogenous and pathogenic bacteria. The antibiotic resistance of
Enterococcus species in particular has been studied because some strains cause
serious infections in humans (509). In contrast less is known of the antibiotic
resistance of other LAB that consists of numerous genera and species, with varied
susceptibility to antibiotics.

Kastner et al. (510) questioned the extent of antibiotic resistance among desirable
food bacteria so surveyed the antibiotic resistance of starter and probiotic cultures in
Swiss foods by several molecular methods. For the first time the lnu(A) gene, which
confers lincomycin and clindamycin resistance was found in an L. reuteri SD2112
isolate. Tetracycline resistance gene tet(W) was also detected in probiotic B. lactis
DSM10140 and L. reuteri SD2112.

Hummel et al. (511) determined and verified the antibiotic resistance of 40 starter
cultures and 5 probiotic cultures at the genetic level. Probiotic and starter strains of
Lactobacillus, Pediococcus, Leuconostoc, and Streptococcuswere found to be relativ-
ely sensitive to penicillin, ampicillin, tetracycline, erythromycin, and chloramphenicol,
while more than 70% were resistant to gentamicin, streptomycin, and ciprofloxacin.
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In the process of this study Hummel et al. (511) identified factors thought likely to
hinder the implementation of the safety evaluation scheme proposed in EFSA’s QPS
system. The factors are listed below.

. There are no approved standards for phenotype and genotype evaluation of
antibiotic resistance in food isolates.

. There is no optimal growth medium capable of growing the majority of
Lactobacillus species.

. There are no approved standard MICs at which an organism is considered
resistant or susceptible to an antibiotic, except for Enterococcus species.

. When the genetic basis for resistance is unknown, whether resistance is intrinsic
or transferable is unable to be ascertained for many antibiotics.

Antibiotic treatment is known to modify the diversity of normal intestinal micro-
biota and cause other unwanted side effects. Probiotics are often given concomitantly
with antibiotic therapy in attempts to reduce the side effects caused by the antibiotics.
In these instances the probiotic should carry only the antibiotic resistance specific for
that antibiotic.

Studies have examined the effect of antibiotic treatment combined with probiotic
therapy on the fecal microflora. Conversely Saarela et al. (512) investigated the effect
in patients of oral doxycycline on the gastrointestinal survival and tetracycline
susceptibility of simultaneously administered probiotics L. acidophilus LaCH-5 and
Bifidobacterium animalis subsp. lactis Bb-12. The gastrointestinal survival of both
probiotics was similar in the control and probiotic groups. Doxycycline therapy
increased tetracycline resistance in fecal anaerobic bacteria and the ingested probiotic
B. animalis subsp. lactis. Consumption of the two probiotics with doxycycline did not
increase transference of resistance genes in these two strains after 10 days of
doxycycline therapy. L. acidophilus remained susceptible to tetracycline and no
resistance genes were detected in B. animalis additional to preexisting tet(W).

Systematic screening for antibiotic resistance in probiotic strains is not undertaken
at present. It is essential that probiotic organisms be sensitive to broad spectrum and
commonly used antibiotics. The inability to transfer antibiotic resistance cannot be
assumed for all members of a species and like many other probiotic properties this
must be assessed on a strain-by-strain basis.

A decision strategy has been proposed (513) using molecular techniques to assess
the risk of antibiotic resistance in bacterial strains. The steps are to

. identify the resistance gene;

. attempt to transfer resistance to normal gastrointestinal flora;

. characterize the biochemical mechanism of resistance;

. elucidate the genetic basis for resistance.

If after following this protocol it were shown that a resistance gene was not
associated with a mobile genetic element then the risk of transfer of resistance would
be assessed as low.
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1.7.5 Immune Modulation

The relationships between host immune system and gut microflora and the many
mechanisms underlying the beneficial effects of probiotics have yet to be elucidated.

It was originally thought that gut health was achieved by probiotic organisms
binding to sites on the epithelial cells of the gut, thus excluding pathogens (477).
Subsequent mechanistic studies have shown several possible mechanisms may be
involved: stimulation of cell-mediated immune effects (514); altered immunity at
mucosae distant from ingested probiotics mediated by Peyer’s patches (515); and
suppressing of IgE-mediated allergic hypersensitivity by oral probiotics (516).

Modulation of the immune system has a potential to ameliorate allergic, inflam-
matory, and autoimmune disorders.While an enhanced immune response is desirable
in conditions such as infection and cancer, itmay not be in allergic disorderswhere the
response needs to be attenuated (473). Current evidence suggests regulation of effects
on the immune system may differ between healthy and ill subjects (465, 517). It is
thought that immunomodulation may depend not only on the dose of probiotics but
also on the immune status of the host (518) and the probiotic strain.

In a murine study of the effect of oral probiotics on lymphocyte proliferation,
responseswere seen tovary fromsuppression of lymphocyte proliferation to enhanced
T and B cell mitogenesis, depending on the strain (519).

It has been shown that probiotic bacteria can colonize and persist in the GIT of
germ-free athymicprobiotic-treatedmice and their untreatedprogeny(520).Mortality
associated with two of the tested strains (L. reuteri and L. casei GG) was observed in
the immunodeficient-colonized pups.Athymicmice colonizedwithCandidaalbicans
were also treatedwith the probiotics to test their ability to protect the immunodeficient
mice from infection. Survival of the mice increased and dissemination of Candida
decreased in athymic and control mice, but varied with probiotic strain (521). This
paper is reportedly the first to describe an enhanced inflammatory infiltration by
probiotics (L. acidophilus and B. animalis) in response to infected mucosal tissue.

Theobservation ofmortality in probiotic-colonized immunodeficient pups appears
to be the first report of neonatemortality associatedwith colonization by probiotics. It
suggests that the safety of probiotic bacteria should be assessed cautiously in the
immunodeficient, particularly in neonates (520).

Thegutmicroflora are themajor source ofmicrobial stimulus in infancy. The initial
colonization of the gut by microflora and their composition are pivotal to the
development of immune responses and normal gut barrier function. Kalliom€aki
et al. (516) demonstrated that the composition of gut microflora differs between
healthy and allergic infants. In a standardized double-blind placebo-controlled trial
L. rhamnosus GG was given to mothers prenatally for 2 weeks before delivery and
6 months postnatally if breast feeding or to the infant if not. No adverse effects were
observed in the mothers, and in infants the incidence of atopic eczema in the first
2 years of life was halved compared to that in infants given placebo.

The finding that a specific strain of probiotic bacteria strongly influences immune
regulation in infants brings into question the use of probiotics in infancy. Several
commercially available infant formulae contain probiotics. Long-term ingestion of
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probiotics while the gut microbiota is being established in theory has the potential for
the gut to be colonized with the probiotic organisms. The long-term effects of
probiotics on the composition of the gut flora and gut immunity during maturation
are unknown. It has beenquestionedwhether probiotic safety canbe assessed solely by
an absence of adverse effects, and longer term endpoints have been proposed to
determine whether there is increased risk of incurring diseases such as diabetes and
inflammatory disorders (471).

The properties and effects of a probiotic are specific to genus, species, and strain,
thus a single probiotic is unlikely or unable to elicit universal health benefits across a
spectrum of diseases. In theory this could be overcome by combining several
probiotics in one product, the notion being that an individual probiotic would either
compensate for any inadequacies of another or neutralize its adverse effects. Syner-
gistic or additive effects could potentially be gained by combining multiple species
into a single probiotic product (522). Multispecies probiotics are available but at
present no evidence base or criteria exist for selection of the optimal number of strains
and their most desirable properties.

Timmerman et al. (522) attempted to resolve this by systematically testing 69
culture collection strains to design amultiplespecies probiotic for preventing infection
in critically ill patients. Probiotic strains selected for high survival in the environment
of the digestive tract were tested in vitro for their capacity to inhibit growth of gut
pathogens andmodulate immune responses. Candidate strains were tested and ranked
on their ability to inhibit clinical isolates and induce high concentrations of
anti-inflammatory cytokines or low concentrations of pro-inflammatory cytokines.
Strainswith negative selection criteriawere then excluded, notablyL. rhamnosusW71
and Lactobacillus plantarumW59 (from a species lacking a long history of safe use,
and showing resistance to a range of antibiotics respectively). The resultant multi-
species disease-specific probiotic consisted of Bifidobacterium bifidum, Bifidobac-
terium infantis, L. acidophilus, L. casei, Lactobacillus salivarius, and Lactococcus
lactis. In in vitro tests the probiotic combination demonstrated a wider antimicrobial
spectrum, greater induction of anti-inflammatory cytokines and suppression of pro-
inflammatory cytokines than its constituent strains. Proof of efficacy in humanclinical
conditions remains to be demonstrated in randomized, double-blind, placebo-
controlled trials.

Baken et al. (523) assessed the effects of oral doses ofL. casei Shirota on T helper 1
(Th1) responses and development of autoimmunity in a panel of four assays and found
varied effects between assays. In a modified local lymph node assay in BALB/c mice
lymphocyte proliferation was significantly reduced only at the highest concentration
of topical exposure to the Th1 cell-dependent antigen dinitrochlorobenzene. Treat-
ment with L. casei Shirota exacerbated experimental autoimmune encephalomyelitis,
a rat model of multiple sclerosis, in treated animals compared to controls, with
increased incidence of disease, earlier appearance of neurological symptoms, longer
duration of the disease and higher cumulative clinical scores. Neither inhibitory nor
stimulatory effects on modulation were found in mitogen-induced cell proliferation
and cytokine release assays inmesenteric lymph nodes of rats from treated and control
groups. Gene expression profiling by microarray analysis in rat spleen, liver, thymus
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and mesenteric lymph nodes found no clear changes in gene expression induced by
L. casei Shirota. Inhibition or stimulation of Th1 mediated immune responses were
found depending on the assay performed, an indication that probiotics can affect the
Th1/Th2 balance in either direction. The observation of varying effects on Th1
responses indicates that probiotic consumptionmay have beneficial aswell as harmful
effects in immune-related conditions (523).

In conditions where acute immunosuppressive intervention is desirable, as in
individuals suffering from conditions such as inflammatory bowel disorder (IBD), it
has been proposed that treatment could be targeted through probiotics rendered more
powerful through genetic engineering (524). The probiotic design could be custom-
ized for differing mechanisms of action and the specific end functions required.
Examples already exist of organismsmodified for functions as diverse as sequestration
of toxins, competitive replacement of harmful bacteria, antibody production, correc-
tion of enzyme deficiencies, in situ production of detoxification enzymes, and in situ
synthesis of cytokines (524, 525).

Additional criteria for safety characterization of a probiotic have been proposed to
address concerns about immunomodulation (477).

. An infectivity test using high doses of viable organisms in immunocompromised
animals.

. Measurement of changes in cytokine balance.

. Mixtures of probiotics to be assessed in vitro, to exclude an isolate that can
inhibit the cytokine stimulation of another.

It is apparent that an evaluation of immunomodulatory effects should form part of
the safety and efficacy assessment for a probiotic. Modifications to previous schemes
have been proposed to include immunomodulatory effects for the evaluation of new
products (473). As immune effects vary with the probiotic organism and the experi-
mental model (523), a suite of tests is considered essential. Ezendam et al. (473) have
initially proposed invitro assays inmonocytes andmacrophages todetermine cytokine
profiles, and studies of dendritic cell maturation and activation. Subsequent experi-
mental animal studies would include models for cellular immunity, allergy, autoim-
munity, and contact hypersensitivity. Safety of candidate probiotics should then be
evaluated in well-conducted clinical trials as evidence for safety and efficacy in
humans is lacking. The comprehensive safety and efficacy data should finally be
evaluated by an expert to consider the intended use, plausibility of health claims,
possible adverse effects,and likelihood of high-risk groups in order to make a risk-
benefit assessment (473). The effects of long-term consumption would be monitored
by postmarketing surveillance.

The response of normal gut microflora to probiotic intervention varies with
age and clinical status of the subject, so immunological effects need to be assessed
in specific at-risk populations. Safety evaluation of long-term health effects will
be important in the selection of, and characterization studies for a probiotic. The
molecular factors modulating immunoregulation need to be elucidated. There are
currently no agreed guidelines for the safe use of probiotics in immunocompromized
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patients. Immunocompromized people undertaking treatmentwith probiotics should
be observed clinically over a long period to assess the effects and safety of
immunomodulation (471, 472).

Mass marketing of probiotics is directed at healthy individuals despite an
absence of long-term studies to verify claims that long-term use of probiotics helps
to maintain good health in this population. There are no studies measuring the effect
of probiotics on the immune system of healthy individuals, or on their innate
resistance to disease (465).

1.7.6 Clinical Studies

Clinical studies in humans have investigated the effect of oral administration of
probiotics on the balance of intestinal microbiota and in a variety of disorders. Until
recently many studies were of inadequate design and produced unreliable data.
Inadequate studies have had an absence of a patient control group; small treatment
groups; undefined treatment groups; a wide age range within a treatment group; a
diversity of antibiotic treatments; an absence of dosing criteria such as dose and
duration; or subjects with symptoms of concurrent disease with the potential to
confound an observation of adverse effects. The gold standard remains a controlled
studywith randomized, blind assignation to treatment, placebo, and untreated groups.

Immunosuppressive therapy is considered a risk factor in bacteremia from oppor-
tunistic pathogens. Salminen et al. (526) evaluated the efficacy and safety of
L. rhamnosus GG (LGG) in moderating gastrointestinal symptoms of HIV-positive
patients on antiretroviral therapy, in a placebo-controlled double-blinded crossover
study. Subjects withHIVinfection and persistent noninfectious diarrhea taking highly
active antiretroviral therapy were standardized to receive twice daily LGG (viable
LGG 1–5� 1010 cfu/dose) for 2 weeks and 2weeks placebo in standardized order. No
probiotic products were permitted during the washout periods before and after each
treatment, to reduce the likelihood of a carryover effect from persistent probiotic.
Although the LGG preparation was well tolerated it gave no significant reduction in
gastrointestinal symptoms. No adverse events or clinical infections were observed in
the subjects during the study or in the 6-month follow-up period. The evidence from
this study suggests that LGG is unlikely to be a health risk in HIV patients.

Weizman et al. (527) conducted a 12-week double-blind, placebo-controlled,
randomized trial of infant formula supplemented with either Bifidobacterium lactis
(BB-12) or L. reuteri (ATCC55730) and no probiotics, in healthy infants in child-care
centers. The rate and duration of respiratory illness was unaffected by probiotic
supplementation. In contrast, children supplemented with B. lactis and L. reuteri had
fewer and shorter episodes of diarrhea compared with the placebo group, with
L. reuteri showing a significant decrease. These probiotics are safe for infants.

Elderly hospitalized patients were treated with a commercial probiotic in a rando-
mized double-blind placebo-controlled trial to determine the efficacy of the probiotic
to prevent diarrhea associated with antibiotic use or caused by Clostridium difficile
(528). One-hundred grams of probiotic (L. casei DN–—114001; 1.0� 108 cfu/mL;
S. thermophilus, 1.0� 108 cfu/mL; L. bulgaricus, 1.0� 107 cfu/mL) was consumed
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twice daily during and for 1 week after antibiotic treatment. The reduction observed
in the incidence of antibiotic-associated diarrhea and C. difficile associated diarrhea in
the treated group was statistically significant, and the probiotic was well tolerated with
no adverse effects. Criticisms of the study included highly selective inclusion and
exclusion criteria such that subjects were unrepresentative of elderly hospital patients,
giving rise to results with low generalizability to the wider hospital population (529).

It is thought that infants younger than 3 months may be at risk of acidosis from
ingestionof high concentrations of D(�)-lactate-producingprobiotic organisms (472).
In a study reportedbyConnolly et al. (530) infantswith a familyhistory of allergywere
supplemented daily from birth with L. reuteriATCC55730 (SD2112) (108 cfu/day) in
a double–blind, placebo-controlled clinical trial. L. reuteri ATCC55730 produces
D(�)–lactic acidwhich it was thoughtmay abnormally elevate levels in infants. Blood
levels of D(�)-lactic acid measured in the infants after 6 and 12 months showed no
differences between placebo and treated infants and no adverse effects from long-term
supplementation, attesting to the safety of L. reuteri ATCC55730 in infants (530).

Severe acute pancreatitis is a serious illness associated with a significant mortality
rate for a proportion of those patients who contract infections and necrozing
pancreatitis. As antibiotic treatment has not proven effective in reducing infection
it has been thought probiotic treatment may be beneficial.

Besselink et al. (531) recently addressed the deficiencies of earlier clinical studies
in an elegant multicenter randomized, double-blind, placebo-controlled trial of a
multispecies probiotic (522) in 298 patients with predicted severe acute pancreatitis,
with unanticipated results.

The probiotic (total daily dose 1010 bacteria) or placebo was administered twice
daily in enteral nutrition for a maximum of 28 days. The primary endpoint was a
composite of several specified infectious complications, including infected pancreatic
necrosis, bacteremia, and pneumonia.

Contrary to expectations the incidence of infectious complications was not
significantly reduced in the probiotic group, being 30% compared to 28% in the
placebo group. None of the infections were shown to be due to the probiotic strains.

Mortality was significantly higher (p¼ 0.01) in the probiotic group (16%) com-
pared with the placebo group (6%). Most of the deaths resulted from multiorgan
failure. Nine patients in the probiotic group developed bowel ischemia (eight with a
fatal outcome) while no patient did in the placebo-treated group.

The focus on pathogenicity of probiotics has centered largely on the potential for
bacteremia and immunomodulation. Invitro and animal studies were not predictive of
the serious adverse effects seen in this study (531). The probiotic mixture consisted of
Lactobacilli and Bifidobacteria strains that are common ingredients in probiotic
supplements or dairy foods individually enjoy European Union QPS status and have
not shown adverse effects in previous small clinical studies.

Whether the adverse effects resulted solely from probiotic administration or from
this and other factors is unclear. The authors propose putative mechanisms for further
investigation.

The evidence from this study is that therapy with this multispecies probiotic is
contraindicated in patients with predicted severe acute pancreatitis. Importantly,
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contrary to a hope for amelioration of the disease, the high mortality seen in the
probiotic group raises doubts about the safety and efficacy of probiotics in such
critically ill patients.

1.7.7 Postmarket Surveillance

Two Finnish studies have investigated the incidence of infections associated with
LAB. In the first study 16S rRNAmethodswere used to characterize and identify LAB
isolated from blood cultures of bacteremic patients in Southern Finland (532). The
number of infections caused by lactobacilli was extremely lowand the infectionswere
not associated with the probiotic strain newly introduced in fermented milks.

In a subsequent study, lactobacilli isolated from bacteremic patients between
1989 and 1994 were compared to common dairy or pharmaceutical strains (533).
From a total of 5192 blood cultures 12 were positive for lactobacilli, an incidence
of 0.23%. None of the clinical cases could be related to lactobacilli strains used by
the dairy industry. In both studies, patients with LAB bacterium had other severe
underlying illnesses.

Salminen et al. (504) examined the incidence of lactobacilli bacteremia in the
Finnish population for the period corresponding to a rapid increase in consumption of
the probiotic strain L. rhamnosus GG (ATCC 53103). This strain was isolated from
human intestinal flora and introduced into dairy products in 1990. By 1999 the annual
per capita consumption was estimated at 6 L (3� 1011 cfu) per person/year.

The Helsinki University Central Hospital collected all lactobacillus isolates from
blood cultures and cerebrospinal fluid in its catchment area from 1990 to 2000. Blood
culture isolates were also collected for all cases of lactobacillus bacteremia reported
(and unreported) by mandatory notification to the National Infectious Disease
Register, from its inception in 1995 to 2000. Specieswere characterized and compared
to L. rhamnosus GG strain by molecular epidemiological methods.

Ninety cases of lactobacillus bacteremia were identified between 1995 and 2000,
when the population in Finland was 5.2 million. Of the 66 isolates available for
species-level identification 48 were lactobacillus isolates, with the most common
species being L. rhamnosus (26, 54%), L. fermentum (9, 19%) and L. casei (7, 15%)
respectively. In 35 cases more than one additional bacterial species other then
Lactobacillus was also identified. Eighteen of the 66 isolates (27%) were organisms
other than lactobacillus. Eleven of the 26 L. rhamnosus strains were indistinguishable
by PFGE from the probiotic L. rhamnosus GG.

No increase in the incidence or proportion of lactobacillus bacteremia was
observed, despite a clear increase in the number of cases of bacteremia over the
period. Lactobacillus isolates as a proportion of all blood culture isolates was 0.24%,
consistent with previous Finnish reports (533). The average annual national incidence
of lactobacillus bacteremiawas estimated to be0.29 cases per 100,000people per year.
The study provides evidence that increased consumption of L. rhamnosusGG had not
led to a corresponding increase in lactobacillus bacteremia.

Borriello et al. (496) was unable to find published medical literature regarding the
consumption of viable probiotics by hospital patients, some of whom may be
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predisposed to infection by probiotic bacteria. They suggested that because of the low
incidence of probiotic bacteremia and the sophisticated methods and experience
needed to confirm it, identification and confirmation of species and strain character-
istics of suspect clinical isolates should be referred to national reference centers.
National clinical and epidemiological databases could include identity of organism,
status of the patient’s underlying conditions, coexisting infections and outcomes, and
data on the patient’s use of probiotics.

1.7.8 GMO Probiotics

While the search continues for nonpathogenic organisms with therapeutic potential,
genetic engineering of an organism to produce an identified desirable bioactive
molecule may represent a technically more efficient and attractive approach (501).
Administrationof therapies by the systemic route is recognized to cause unwanted side
effects at sites other than thoseof interest.Theconceptof localizingdelivery toa region
of the intestinalmucosawhere synthesisofabioactivemolecule in situmaybringabout
the desired effect without the disadvantages of systemic side effects has appeal.

Genetic manipulation offers the potential to enhance the existing probiotic
properties of an organism or to imbue an organism with probiotic properties (524).
Elucidation of mechanisms of activity of a probiotic will enable manipulation of
organisms to create specific and targeted probiotics. Consumer resistance to geneti-
callymodified organisms (GMO) is such that GMOprobiotic foods are unlikely in the
near future, but clinical applications to ameliorate or prevent chronic intractable
diseases may be more readily accepted.

Steidler et al. (534) and Kaur et al. (535) treated mice models with GM bacteria to
prevent colitis and enhance the efficacy of antitumor therapy respectively, demon-
strating in principle that probiotics can be designed to produce potent bioactive
chemicals. Having engineered L. lactis to deliver mouse cytokine IL-10 at the
intestinal mucosa Steidler (524) then constructed a biologically contained L. lactis
to produce human IL-10. In the first clinical trial of its kind Braat et al. [539] treated
Crohn’s disease patients with this GML. lactis in a phase 1 placebo-uncontrolled trial.
A decrease in disease activity was observed with minor adverse effects, and contain-
ment of the organism was achieved through its dependency on thymidine for growth
and IL-10 production.

The incorporation of GMO bacterial strains into therapeutic products will neces-
sitate stringent procedures for safety assessment. To treat an individual with a living
recombinant microorganism is to release a GMO into the environment and in such
instances safety is of paramount importance (476, 524, 537). Of no lesser importance
introducing and exposing an individual to foreign protein in this manner has potential
to provoke an immune response that may preclude clinical applications (524).

The organism will need to be “biologically contained” to prevent its undesirable
release and accumulation into the environment, and to prevent transmission of
the genetic modification to other bacteria (524). Methods for biological containment
have been demonstrated previously. Control of the organism may be active through,
for example, production of a bacterial toxin that is regulated through genetic
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expressioncontrolledbyanenvironmental response.Passivecontrolmaybeemployed
wheregrowthof anorganismdependsoneither thepresenceofan essential substrate or
the gene facilitating its production (524).

1.7.9 Conclusion

Consumers are increasingly managing their health by self-medication, generating
expanding market opportunities for the food and pharmaceutical industry. Food and
drink manufacturers are adopting genomic and proteomic technologies previously
the domain of the pharmaceutical industry to design more sophisticated and novel
products.

Because exploitation of the probiotic concept is still associated with unsubstanti-
ated claims reliable and proven products need to be readily distinguished from those of
dubious quality. A significant proportion of consumers mistrust manufacturers’
claims. Forty-five percent of Americans claim to largely or entirely disbelieve food
and drink manufacturers’ health claims, a figure similar to France and greater than in
the Netherlands (538). The evolution of probiotic products thus necessitates changes
in the regulations related to labeling, safety, and health claims.

Thecredibilityofhealthclaimsforhealthyindividualsremainstobeestablished.Viable
probioticbacteriahavetobeconsumedinlargequantitiesforaprolongedperiodtoachieve
a health benefit. The long-term effects of probiotic consumption on a healthy population
are unknown, and yet the general population is being encouraged to consume probiotics
regularly, to promote good health and well-being. Studies have yet to be undertaken to
demonstrate what effect, if any, there is on the well-being of healthy individuals.

While probiotic cultures are incorporated into foods or dietary supplements without
making specific health claims they avoid the need to conform to the more rigorous
regulatory procedures for therapeutic products, which require demonstrated quality,
safety and efficacy. There is evidence from well-conducted clinical trials of beneficial
health effects fromprobiotics in a range of clinical conditions.Theprobiotic effects have
been shown to be strain specific so health effects cannot be generalized between strains.

Standardized, verifiable clinical studies are needed to demonstrate the safety,
efficacy, and limitations of a putative probiotic, and whether it is superior to existing
therapies. Additional studies are needed to determine effects on the immune system in
healthy and diseased individuals and effects of long-term consumption.More rigorous
quality control, standards, and regulations have been called for (481, 482, 477, 483).
The prospect of GM probiotics targeted for clinical conditions demands a rigorous
safety strategy to prevent spread into the environment and dissemination of the genetic
modification.

Permission to label a product probiotic should remain contingent on its compliance
with the FAO/WHO definition of probiotic (475). Labels should include consumer or
prescriber information about the identity of the organism(s); its GMO status; viability
count and shelf life; dosing and duration; conditions for which its use is and is not
appropriate; proven benefits; side effects, particularly symptoms that require clinical
assessment; and a recommendation to advise health practitioners of probiotic use
(471). Where an adverse reaction is suspected the facility to report it along with the
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product details to a national database should be available, as it is for adverse effects of
other therapies.

Guidelines have been proposed to assess the efficacy and safety of probiotics but
international agreement on these has yet to be arrived at. Consensus on uniform
regulations is desirable to ensure unequivocal identity, quality manufacturing pro-
cesses, accurate labeling, proven safety and efficacy for a product that will then merit
the label “probiotic.”

1.8 LEGAL STATUS AND REGULATORY ISSUES

1.8.1 Human Probiotics

1.8.1.1 Asia

William Tien Hung Chang

Lytone Enterprise, Inc., Taipei, Taiwan

Most of the early probiotic studieswere related to fermenteddairyproducts enriched in
LAB. Items such as yogurt, sour milk, cottage cheese, etc. were in themselves regular
foodswith thousands of years of tradition. Beneficialmicrobes containedwithin these
foods were identified and developed into specific products with health augmentation
purpose. Themarket has been growing rapidly from 7% in the United States to 15% in
China. (Business Communications Co. Ltd. (BCC) July 2005). Total value may reach
US$1.1 billion 2010 (539). This does not include food items that already have live
microorganisms as a part of their original production process, such as yogurt, Kefir,
cheese, sauerkraut, Kimchi, etc. In the interest of public health protection, national
governments tend to view probiotics as food rather than drug, unless specific claim on
therapeutic effects were attempted. Regulatory attitudes also gradually change as
more scientific informationbecomeavailable.This report intends to review the current
status of regulatory policies regarding probiotics in Asian countries, to the extent that
such information is publicly available.

The various definitions of probiotics are listed in Section 1.1.
Summarizing the common features of the definitions listed, probiotics is a term

referring to products that

. are living organisms;

. requires sufficient dosage to be effective;

. confer health benefits.

Lactic acid bacteria are the most commonly mentioned example of probiotics.
However, other microorganisms such as Bacillus sp., yeast, and algae (blue-green
algae, Spirulina, Chlorella, etc.) were also grouped into the definition of probiotics,
since the propagation and management of these organisms as human food seems to
require similar technologies. Therefore, regulatory considerations usually include
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these products into the same category. On the contrary, larger organisms such as
mushrooms, and fungi, such as Gonoderma sp., Cordyceps sp., are usually not
included in probiotics but are considered as regular foods. Therefore, the definition
suggested by FAO/WHO (540) seems to have been accepted by most official
organizations in Asia: “Probiotics are live microorganisms which when administered
in adequate amounts confer a health benefit on the host.”

Probiotics has been recognized as an important product due to numerous scientific
publications that have become available in the past 20 years. The beneficial functions
of probiotics are described in Section 4.3.

Probiotics has been demonstrated to be effective in relieving certain symptom of
illness that has not been successfully addressed by conventional medical practice. As
more data on the safety and successful performance of probiotics become available,
traditional western health professionals have changed their suspicious attitude to
welcome food supplement products that could help conventional health-care practice.
The market of probiotics thus has grown significantly in the past 10 years. Products
with clear label and proven functional properties, as well as stable specifications are
more likely to succeed. Market survey of probiotic-related products varies depending
on the scope of definition. Dairy products containing LAB was estimated to be worth
over US$30 billion in 2005, with Japan alone accounting for US$5 billion (541).
The market size for pure probiotics is smaller. Probiotics sold as food supplement in
the USAwas slightly over US$240 million (542). However, the annual growth rate
was 14%, which is highly remarkable for any food item. The sale of probiotics in
Europewas 12million. The annual growth ratewas also 15%, indicating an optimistic
trend for the near future.

However, a series of legal incidences in recent years also caused concern for
business development (543). Consumer advocates and insurance companies have also
started demanding more guidelines when it comes to using probiotics as a part of
regular health care portfolio. Somewould insist that so long as probiotic products are
used for therapeutic purposes, they should be regulated as any other conventional
drugs, notwithstanding the fact that the product may have been consumed as a food
item safely for many years. The others would argue that since the safety record of a
probiotic product has been acceptable as a food item, the relevant requirement on
safety tests should be rationally reduced, while emphasizing on the efficacy demon-
stration. The result of these tests, and the regulatory position pertaining such
“therapeutic” products should be fully disclosed and inform the public aggressively
to reduce confusion. These differences in attitude has been subject for debate in many
forums, and resulted in legal action in some cases. Companies withmajor stakes in the
matter have therefore stepped forward and tried to establish general consensus on
product concepts based on strong scientific foundation that would encourage healthy
market growth. Stabilization technology for microorganisms has been developed as a
result. Food products with special functional purposes were also developed using
probiotics. Items include baby formula, fruit juice, breakfast cereals, yogurts, even
chocolates with over 1 year shelf life. It was felt that only with sound scientific data
could a positive guideline be established for healthy development of probiotic
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products that could benefit human health. This report intends to review the phenome-
non in Asian countries, especially on the regulatory part.

Study of the Asian country’s position regarding probiotics should start from the
position of FAO/WHO of the United Nations (UN). In our survey, it was noticed that
with a few exceptions, most of the Asian countries started their own official
regulatory policy after the UN has established a relevant guideline. In fact a
conference on functional food was organized by FAO/WHO in 2004 in Bangkok
for the very reason of increasing awareness for the need of regulating such products.
Probiotic was only part of the discussion during this conference. The two UN
organizations have noticed the increased consumption of probiotic products in the
world since 1990. Discrepancy among member countries, and even among regula-
tory authorities within the same country, has led to confusion in the general public.
Inferior products competed under false pretense, and indeedmay cause health risk to
the consumer due to lack of accurate information. An expert panel on the subject of
probiotic therefore was convened in 2001 at Cordoba, Argentina. Consensus was
reached during the meeting regarding the importance to have a common guideline
for probiotics regulation. A recommendation was drafted as a result and was
approved in May 2002 during a follow-up meeting in Canada (544). This guideline
recommends how a probiotic food product could be approved for marketing by the
national regulatory authorities based on scientific principle. Member countries
could establish their own national regulation based on this recommendation. The
expert panel consciously excluded probiotic products designed for medical use,
animal use, and microorganisms that have been modified through genetic modifi-
cation, so as to limit the scope of discussion.

The principle involved in the guideline is that the probiotic product must first be
qualified as a food; it can then be further regulated as microorganisms that confer
beneficial effect to human health.

The leading issue in the guideline seems to be the identity of the microorganism
within the product in question. It would be necessary to identify the culture at
subspecies or strain level for most probiotic products, except some of the traditional
LAB that are used for conventional fermentation foods. The microbiology associated
with the safety, functional property and physiological effects cannot be studied until
the identity of the bacteria has been confirmed.

The technology that was preferred in the FAO/WHO guideline for culture identifi-
cation was DNA–DNA hybridization. However, the procedure involves complicated
process and expensive equipment that may not be readily available. Therefore,
16sRNA sequence comparison was also recognized as a reliable technique to identify
microbial taxonomy, in addition to biochemical reactions and phenotypic observa-
tions. Such data package was recommended to be the first step for probiotic product
registration. The other review process and data required for safety, in vitro and in vivo
trials, toxicity data, etc. are usually more lenient than those required for pharmaceu-
ticals, more so if the product has been classified as GRAS, in lieu of Food and Drug
Administration of USA. The recommended registration process for probiotic product
is as shown in Fig. 1.15.
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United Nations has recommended a number of product specifications that should
be considered when a probiotic product is to be approved. These include stability
against pH, ability to colonize in the GIT, taxonomical identification, and proper
dosage.

1. Viability: Probiotic should survive passage through the GIT. Since the most
severe threat comes from acidity in the stomach, invitro simulation in dilute HCl
could be used. Bile acid and other digestive enzymesmay also be tested in vitro.

2. Colonization: Good probiotic culture should be able to colonize and/or become
attached in the GIT of the host, and multiply in the presence of bile acid. The
growth should benefit the host by reproducible evidence. Different microbes
may colonize at different locations within the GIT of different host.

3. Probiotic Culture: The culture should be able to compete successfully against
pathogenic bacteria for the attachment on intestinal surface.

4. Inhibition: Probiotic may show inhibition of pathogenic bacteria by in vitro
tests.

5. Resistance: Probiotics used for vaginal protection should show resistance
against other sanitary agents or disinfectants.

6. Identity: Probiotic products should indicate on its label the genus and species
name according to international nomenclature and expected viability during the
shelf life of the product.

Strain Identification by Phenotypic and genotypic methods 
Genus, species, strains 
Deposit strains in International Culture Collection

Functional characterization 
In vitro tests, animal tests 

Safety assessment
In vitro/animal tests,  
Phase I clinical tests

Double-blind, placebo-controlled (DBPC) Phase II human 
clinical trial, appropriate to determine if strain/product 
is efficacious.

Preferably second 
independent DBPC study 
to confirm results

ProbioticPhase 3, effectiveness trial to compare 
probiotics with standard treatment of a 
specific condition.

Labeling
composition, Genus, species, strain designation 

minimum number of viable cell at end of shelf life, Proper  

storage condition, expected response. Corporate contact for 
consumer information.

FIGURE 1.15 FAO/WHO recommended registration process for probiotic product (544).
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7. Dosing: The label should indicate recommended dosage and expiration date.

8. Data: It will be desirable if there are data indicating the product will not infect
immunocompromized animal.

The FAO/WHO guideline constituted the background for each member nations to
establish their own regulation. However, such is not always the case for everymember
nation. In Asian countries this is especially so. The following are some of the
examples.

1. Japan. Japan is one of the few countries that actually have an endogenous
regulation regarding probiotics before the UN guideline was published. One of
the main reasons was that Japan had established its own microbiology industry
almost simultaneously with those in western countries. Japanese scholars
published widely in the field of pathogenic bacteriology in early 1900s and
a robust fermentation industry had been established during early and mid-
twentieth century. The most prominent companies in this industry are Yakult,
Kyowa Hakko, Fujizawa, Tanabe, etc. As Japanese scholars involved in the
early stage of guideline preparation for the FAO/WHO conference, Japanese
regulatory policy on probioticswas friendly toward industrialmanufacturers. In
general, all producers of functional food in Japan may apply for a certification
from the Ministry of Health, Labor andWelfare (MHLW) according to a “food
for specialized health use” (FOSHU) system. The system was first initiated in
1984 by the Japanese government through a series of studies and recommen-
dation from a group of scientists from the academics, industry, and government
research organizations. It was suggested that with advanced age of Japanese
population, the cost of health care could be controlled through proper intake of
functional food, instead of offering therapeutic solutions after the person is ill.
FOSHU system was therefore formally recognized and entered into Health
Improvement Act, Article 26, and Food Sanitation Act, Article 11, in 1991. In
fact, functional food was first coined in Japan. Probiotics were then included as
part of functional food. Japan has further distinguished among functional foods
so as to designate products that wish to make specific health claims against
certain illness (special health protection food), general nutritional supplements,
and special application food (for pregnant women, patients under recovery
from surgery, or otherwise could not consume regular foods, etc.).

There was no official requirement for the minimum viable cells in the final
product. The government seemed to leave the issue to the discretion of industrial
organizations such as Japanese Fermented Milks and Lactic Acid Bacteria
Beverages Association. This organization stipulated that a product containing
�1� 107 viable bifidobacteria/g orml is to be considered a probiotic food (545).
Dosages also need to be considered alongsidewith frequency of intake, the strain
involved, and the general health condition of the consumer. Food regulations in
general are not concerned with such issue, as would a drug regulation. Industrial
manufacturers are therefore leery of establishing a recommended dosage for fear
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of beingdriven into drug category. Itwas generally agreed, however, theviability
of the cells needs to be indicated for the duration of product’s shelf life.

There were over 69 products formerly registered through FOSHU as probi-
otic products in Japan by December 2005, which were allowed to claim
augmentation of gastrointestinal disorder out of a total of 569 registered
functional food products (546). At the time of this writing there were a total
of 680 functional food products registered through FOSHU system. It should be
interesting to note that more than 57% of these foods were addressed to
gastrointestinal disorder, and the remedies included not only probiotics, but
also fiber, prebiotics such as oligosaccharides, etc.

2. People’s Republic of China.The country with the largest populace in the world
stands to gain advantage in health care cost saving by promoting probiotics.
However, Chinese culture does not have a traditional role for LAB as most
western countries would have in the form of fermented dairy products. Most of
the Chinese physicians received their training with a microbiology curriculum
that emphasized mainly on pathogenic bacteria. The benefit of probiotics has
not been widely introduced in China until early 1980s. Nevertheless, with rapid
economic growth, scientific data regarding probiotics from the developed
countries soon received attention in China. While regulations were drafted,
Chinese Ministry of Health took into consideration that the traditional Chinese
Herbal Medicine actually included a number of fungal cultures that were
believed to be beneficial to health. Thus, “Fungal Health Food Review Guide-
lines” and “Probiotic Health Food Review Guidelines”were both issued in
March 2001 in accordance to Food Sanitation Law and Regulation on Health
Food, with later revisions until 2004. The basic principle is more or less similar
to those practiced in Japan and otherwestern countries. The guidelines included
specific instructions on the technical capability of the parties applying for the
health food registration for either fungi or bacteria. The identification of the
culture should be performed by officially sanctioned research institutes that are
usually government-run to ensure accuracy. There are a number of clearly
defined cultures (547), which are allowed to be included in health food category
without the need for extensive safety studies due to historical reason. These
culture lists were attached to each guideline, effectively discouraging compa-
nies from using cultures that has not been named in the list. In case a new
culture that is not listed, companies would need to go through the expense and
effort to register new cultures based on these guidelines, proving safety and
efficacy.

The PRC government however had been aware of the current regulation on
health food were rather cumbersome, and a Provisional Health Food Registra-
tion and Management Directive went into effect on July 1, 2005. The new
directive differs from the current system in the following manner:

(a) Since companies tend to concentrate on using well-known ingredients
and applying for health food registration only in the 27 sanctioned
functions published by the State, for fear of uncertainty in the review
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process if a new function is being applied, the current 27 functions will
be abolished, so that new ingredients and functions will be encouraged.
But benefits declared by health food for malignant tumor prevention will
no longer be allowed.

(b) Parties who are allowed to apply for health food registration will now
include not only corporation, but also individual persons. This is helpful
for private individuals who are not attached to any official organizations
to come forward with their invention.

(c) Once the documents that are required for health food registration are
considered complete and accepted by the Ministry of Health, a decision
must bemadewithin 5months by the reviewing committee, as compared to
the average of 8 months at the present.

(d) Health Food License will be valid for only 5 years, and is renewable upon
re-registration, which should be initiated no later than 3months prior to the
license expires. This way, the more than 8000 health food licenses already
grantedwill beweeded out not only throughmarketing force but also by the
economic consideration due to the cost of registration.

(e) Stricter limit was placed on thewording used for promotion of health foods.
Several branded health foods are deemed as “negative examples” are
named in the new regulation and will not be tolerated in the future.

(f) All advertisements relating to health foods will need to be approved first
prior to publicity.

The regulation on probiotic health foods was also revised in the meantime,
which clearly specified that any new culture applied for health food status
would be approved byState Food andDrugAdministration (SFDA) (548). The
approved list of probiotic microorganisms at the time of this writing is
shown in Table 1.11

There have been some arguments for the requirement of viability of
probiotic products, citing examples that dead probiotics could also work in

TABLE 1.11 List of Probiotic Cultures Recommended by SFDA

Bacteria Fungi

Bifidobacterium bifidum Saccharomyces cerevisiae
Bifidobacterium infantis Candida utilis
Bifidobacterium longum Kluyveromyces lactis
Bifidobacterium breve Saccharomyces carlsbergensis
Bifidobacterium adolescentis Paecilomyces hepiali Chen et Dai, sp. Nov
Lactobacillus delbrueckii subsp. bulgaricus Hirsutella hepiali Chen et Shen
Lactobacillus acidophilus Ganoderma lucidum
Lactobacillus casei subsp. Casei Ganoderma sinensis
Streptococcus thermophilus Ganoderma tsugae
Lactobacillus reuteri Monacus anka
Lactobacillus rhamnosus Monacus purpureus
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certain beneficial functions. Therefore, the official position is that dead
organisms and/or their metabolites could also be considered as probiotics,
as long as the functional ingredients and assay methods could be identified.
Otherwise, a minimum of 106 cfu/g (mL) is required before the product
expiration date.

3. Korea. Health/Functional Food Act of Korea was first published in August
2004. The regulation is unique inwhich it requires the products that come under
this lawmust be sold in dosable form, that is, pills, tablets, capsules, etc. (549).
There are also 37 categories that are recognized as generic health/functional
foods that do not require special safety and efficacy studies, as shown in
Table 1.12. Probiotics in the form of LAB, Chlorella, Spirulina, andMonascus
species are also included in the table. However, specifications for a product to

TABLE 1.12 Categories of Functional Food in Korea

Health Food Product Category by KFDA

1 Nutritional supplement
products

20 Grape seed oil products

2 Ginseng products 21 Fermented vegetable extract
Products

3 Red ginseng products 22 Muco-polysaccharide protein
Products

4 Eel oil products 23 Chlorophyll-containing products
5 EPA/DHA fish oil

products
24 Mushroom-processed products

6 Royal jelly products 25 Aloe products
7 Yeast products 26 Plum products
8 Pollen products 27 Turtle products
9 Squalene products 28 Beta-carotene products
10 Product of digestive

enzyme
29 Chitosan products

11 Edible lactic acid forming
bacteria products

30 Chito-oligo-saccharide products

12 Chlorella products 31 Glucosamine products
13 Spirulina products 32 Propolis extract products
14 Edible oil containing

gama-linolenic acid
products

33 Green tea extracts and its their
products

15 Wheat germ/rice bran oil
products

34 Soyprotein and its products

16 Products with wheat germ
and/or others

35 Phytosterol, Phytosterolesters
and their products

17 Egg and/or soybean
lecithin products

36 Fructo-oligosaccharide and its
products

18 Octacosanol products 37 Red rice and its products
19 Alkoxy-glycerol products 38 Product specific
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be accepted into each category are rather strict. Ministry of Health andWelfare
is the agency in charge of health food legislative changes on the Health/
Functional Food Act, while Korean FDA is in charge of all the other matter
relating to food products. The 37 categories are listed in Table 1.12

Korea also has rather strict regulation regarding the safety and identity of
probiotic products, requiring the industry to apply for a new evaluation by the
Korea Food and Drug Administration each time a new culture combination is
designed, even if individual cultures had been tested and approved previously.
Probiotic products rank fourth in the functional food market, following
nutritional supplements (such as vitamin mixes, etc.), ginseng and aloe.
Furthermore, KFDA issues only health food license to companies with local
registration. Overseas company can only register it health food products
through an authorized domestic agent or its own subsidiary.

4. Malaysia. Malaysia government has been aware of the role of probiotics as a
food item, and issued relative provisions in the Food Regulation (550) in 1985.
Over the yearsMalaysia has adopted an attitude that seems closer to those being
practiced in Commonwealth of United Kingdom. Lactic acid bacteria are
recognized as a legitimate food ingredient, and Bifidobacteria lactis and
B. longum are both mentioned specifically in the regulation with minimum
of 106 cfu/g requirement if such cultures are to be labeled on any food item
(551). The regulation also stipulates that the label must follow the following
rules, which further emphasizes the requirement for viable cells.

However, Malaysian regulation does not allow any functional claim that
could be construed as having therapeutic benefits, as was stipulated in the same
regulation (552):

(a) In these regulations, “nutrient function claim” means a nutrition claim that
describes the physiological role of the nutrient in the growth, development,
and normal functions of the body.

(b) A nutrient function claim shall not imply or include any statement to the
effect that the nutrient would afford a cure or treatment for or protection
from a disease.

(c) Where a claim is made as to the presence of bifidobacteria in food, there
shall be written in the label of a package containing such food, a statement
setting out the viable bifido bacteria count present in a stated quantity of the
food.

(d) There shall be written in the label on the package of food containing bifido
bacteria the words “Contains viable bacteria, require special storage
condition” or “Contains viable bacteria, follow instruction for storage.”

The regulation specified 12 functions that could be allowed to print on the label
relating to ingredients such as vitamins and minerals. But no probiotic culture
was allowed to claim any benefits.

5. Taiwan. Taiwan has promulgated a Health Food Control Act in February 1999,
focusing on the process of registration of health foods, claims, and penalties.
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The Act has since been revised four times until 2002. The government also
issued official guidelines regarding the efficacy and safety evaluation
for certain human health conditions. At the time of writing, a total of
13 efficacy-testing protocols for health-improvement functions have been
recommended. These include sero-cholesterol augmentation, osteoporosis
improvement, immunity augmentation, dental health improvement, blood-
sugar augmentation, liver function improvement, gastrointestinal function
augmentation, antifatigue, antiaging, etc. The product may be labeled with
specific claims that conform to recommended wordings by the Act, after the
clinical trials have been successfully completed. The label is as follows:

The health care effects of health food shall be described in any of the followingways:

1. claiming the effect of preventing or alleviating the illness relating to nutrients
when deficient in the human body if intake of the health food canmake up said
nutrients;

2. claiming the impact on human physiological structure and functions by the
specified nutrients or specific ingredients contained in a health food or the food
itself after the health food has been taken;

3. furnishing the scientific evidence to support the claim that the health
food can maintain or affect human physiological structure and functions;
and/or

4. describing the general advantages of taking the health food (553).

There exists specific regulation governing how a new health food registra-
tion should be applied, including requirements on the manufacturing facility,
building, equipment, process control, labeling, ingredient listing, and even
award for peoplewho report to the government onviolation of the specific Act.
Mentioning of viable cells in the probiotic products is voluntary, with no
requirement on the wording. Therefore most of the products on the market are
content with claims on the viable cells at the time of the manufacturing, rather
than at the end of stated shelf life, although such a requirement was recom-
mended (not required) by the Health Food Control Act. By the end of 2005
there were 18 probiotic health foods officially registered by the Taiwan
government.

6. The Other Asian Countries. A brief overview of other Asian countries such as
India, Pakistan, Bangladesh, Nepal, Thailand, Vietnam, Philippines, Indonesia,
etc. regarding functional food has been published by theUN (554). It seems that
most of these countries, with the exception of India, are still in the development
stage of policy and regulation regarding functional food, let alone probiotic
products per se. Each country is aware of the need for special legislation for
functional foods since most of them have traditional remedies that have been
used for health care, but are not in the realm of western medicine. Probiotic is
already recognized as having a special role in countries such as Thailand (555)
and India.
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7. Impact of regulatory policy toward the development of probiotic industry. Asia
has the largest population among all of the world’s continents. Economic
development within Asian countries varies from one extreme to the other. It
is apparent from this study that countries with endogenous microbiology
industry would have more confidence in establishing more flexible guide-
lines and regulation on probiotic products, allowing such products to be sold as
food rather than drugs. Japan is probably unique in that the industrial organiza-
tions would play important role in the initial review and certification, under the
supervision and authorization of the government. Probiotic Industry has been
careful in establishing the credibility of their products over the last 50 years, so
that the sales of probiotic products has reached overUS$5 billion in recent years,
probably one of the highest per capita consumption in the world.

Theworld market of probiotic products has been growing at an annual rate of 15%
until 2003; not only in the form of fermented dairy products but also in probiotic foods
that mainly consists of viable LAB or other traditionally employed microorganisms
such as Bacillus natoensis and Monascus sp.

It was remarkable that most of the countries studied in this article started to
recognize the importance of regulating probiotics since 2004 probably as a response
both to the market development, as well as the position taken by FAO/WHO of
the UN. One of the important decision makers for purchasing probiotic foods who
have been resistant to the idea of probiotics is the conventional medical service
provider such as western physicians and pharmacists, especially in countries of
underdevelopment economics. The main reason is probably due to the dubious
reputation caused by inferior probiotic products in the past, when there was no
regulation at all to control the quality of these products. It was only through the effort
of major industrial players who collaborated with reputable academic institutes in
various nations to perform scientific research and clinical trials, and demonstrated
reproducible results through publication, were such negative attitudes among
the physicians become soften. Advanced technology such as 16SRNA sequence
analysis and other biochemical characterization also provided assurance of bacterial
strain identification, and safety control during manufacturing. Researchers are now
patenting specific cultures that have proactive physiological benefits such as
allergy reduction LGG (556), cholesterol reduction Bacillus coagulans (557),
cancer inhibition L. acidophilus 1–1492 (558), and cultures that have been devel-
oped in Asian countries such as LP33 (559). New patents on probiotic health
functions are being filed at a rate of over 30 per year since 2002, indicating an
important trend in the near future. The fact that most of the probiotic products are
also qualified as food, as far as safety is concerned, provided an attractive alternative
to sustain health in an aging population, with relatively low cost. Hence Asian
governments have been aggressive in putting together a friendly environment to
encourage the growth of the probiotic industry. Countries who have the most
reasonable policy based on sound scientific knowledgewould stand to gain the most
advantage.
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1.8.1.2 Europe

Arthur C. Ouwehand and Sampo Lahtinen

Health & Nutrition, Danisco, Finland

Until now, health claims on functional foods have been regulated on a national level in
theEU.Regulatorybodies liketheAgenceFrançaisedeS�ecurit�eSanitairedesAliments
inFrance, JointHealthClaimsInitiative(nowclosed) in theUnitedKingdom,Voedings
Centrum in the Netherlands, and the Swedish Nutrition Foundation in Sweden have
evaluatedhealth claims for functional foods.This situation is clearly not satisfactoryas
thenationallyapprovedclaimsmayinterferewith thefreemovementofgoodsin theEU
internalmarket; a productmaybe soldwith a health claim in one country but this claim
might not be allowed in another country. A harmonization has therefore long been
desired and a new regulation on nutrition and health claims was adopted by the
European parliament on January 19th, 2007 (560). The new regulation deals with
nutrition claims, health claims, and reduction in disease risk claims (561, 562).

1. Definitions. Within the new legislation, a number of terms are defined, some of
them are mentioned below.

A “claim” is defined as any message or representation in any form, which
states, suggests or implies that a food has particular characteristics. “Nutrients”
are protein, carbohydrate, fat, fiber, sodium, vitamins, and minerals. “Other
substances” are defined as substances other than nutrients that have a nutritional
or physiological effect. Nutrition claims refer to foodswith particular beneficial
nutritional properties such as

(a) the energy the food provides or does not provide; the reduced or increased
levels of it.

(b) the nutrients or other substances it contains or does not contain or contains
in different amounts or proportions.

Health claims that are based on generally accepted scientific evidence fall
under Article 13.1. Health claims based on newly developed scientific
evidence and/or those claims that request protection of proprietary data fall
under Article 13.5. Claims regarding a reduction of disease risk and claims
referring to children’s development and health fall under Article 14.

2. Health claims other than those referring to the reduction of disease risk, Article
13.1. Generally accepted claims that were submitted under Article 13.1 did not
require a full scientific dossier. Instead, member states had until January 31st,
2008 tocompilea list of claimsandsubmitted themto theEuropeanCommission
(EC).Although themember stateswere required to submit their list of claims by
that date,manyhad indicated that theywouldhavedeadlines for submissionwell
prior to the31st of January2008.Thiswouldallow theauthorities to compile and
finalize the listwell in advance before submitting it to theEC.After this date, the
ECwill consolidate the lists and the EFSAwill evaluate the claims. The final list
withpermittedandgenerallyacceptedclaimsand their conditionsofuseare tobe
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adopted by January 31st, 2010, at the latest. In themean time, health statements
can be made under the assumption that they would be approved by EFSA and
hence have to have been submitted under Articles 13.1, 13.5, or 14.

The following area’s of health claims have been indicated:

(a) Growth, development, and the functions of the body.

(b) Psychological and behavioral functions.

(c) Slimming or weight control or a reduction in the sense of hunger or an
increase in sense of satiety or reduction of available energy from the diet.

The European trade associations representing the food and food supple-
ment industry, Confederation of Food and Drink Industries in Europe (CIAA),
European Federation of Associations of Health Product Manufacturers
(EHPM), European Responsible Nutrition Alliance (ERNA), and the Euro-
pean Botanical Forum (EBF), developed in anticipation of the need to compile
a list of claims a template for registration (Table 1.13). The layout of the list has
been adopted by a substantial number of EU member states as a basis for the
inventory of health claims.

3. European Trade Associations Inventory for Article 13. The CIAA, EHPM,
ERNA, and EBF have jointly developed an inventory list for submission to the
Commission. The trade associations’ members have included their ingredients
on the inventory following the layout suggested. The list will be used as an
example here to describe the requirements for the application under Article 13.

The final list contains seven major categories: vitamins, minerals, proteins,
carbohydrates, fats, fiber, and probiotic ingredients. Under “fiber,” seven
prebiotics have been included, while under “probiotic ingredients” more than
50 strains and combinations of probiotic strains have been included.

(a) Food Category or Food Component. The first column in the table is used to
describe the food or food component. Here, an appropriate and correct
description of the active component should be given. In particular for
probiotics it is important that the correct taxonomic name is used, the strain
designation is given and (when available) the code under which the strain

TABLE 1.13 For Registration of Health Claims, the European Food and Food
Supplement Trade Associations (CIAA, EHPM, ERNA, and EBF) Have Developed
a Template Table to Summaries the Claims

No
Food or Food
Component

Health
Relationship

Conditions
of Use

Nature of
Evidence Ref

Example
wording

Vitamins
Minerals
Protein
Carbohydrates
Fats
Fiber
Probiotic

ingredients
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has been deposited in a public culture collection for safe deposit. Examples
for probiotics are Lactobacillus acidophilus NCFM (ATCC SD5221),
Lactobacillus johnsonii NCC 533 (La1) (CNCM I-1225), or Bifidobacter-
ium animalis ssp. lactisBb-12�. Examples for prebiotics are inulin, fructo-
oligosaccharides, galacto-oligosaccharides, and polydextrose.Although the
production process of prebiotics may influence the structure, and thereby
the functionality, origin and production methods are not mentioned in great
detail; for example, fructo-oligosaccharides from chicory or sucrose.

(b) Health Relationship. In the past, much attention has been paid to the
relation between foods and food components and health (563). A truthful
documentation of the health claim and linking it to solid scientific evidence
is the key. Asmentioned earlier, three areas of health claims fall out side the
Article 13.1: claims related to children’s health and development, claims
for which new scientific data is developed or which have requested
proprietary protection, and claims related to reduction of disease risk.
Claims in these areas will be discussed later.

The health relationship under Article 13.1 must relate to the mainte-
nance or improvement of healthy body functions and should refer to the
healthy state of those body functions, such as metabolism, immune
function, intestinal health, digestion, etc. Specific physical or chemical
properties of a food or a food ingredient (e.g. pre- or probiotic) may
influence these physiological functions. If the effect is not shown in the
final product, it would be essential to show that the bioactivity of the
ingredients are not impaired by it’s inclusion into a particular food matrix
and thereby the scientific substantiation of the claim.

Examples of a health relationships for pre- and probiotics could be,
immune function, intestinal health, bowel function, among others.

(c) Conditions of Use. The health claim must refer to the food as it is ready for
consumption. The amount of food or food component that has to be
consumed to obtain the claimed health benefit should correlate with
the dose that a consumer reasonably could be expected to consume based
on portion size and frequency with which it will be consumed. So, for
prebiotics for example, the amount in grams per day and for probiotics the
cfu per day and possibly the format (e.g. yogurt or fermented milk) should
be taken into account. Scientific studies may use high doses of pre- or
probiotics in order to ascertain the likelihood of observing a health benefit.
Such studies may serve as proof of principle, but would have to be
replicated with lower doses feasible in a final product.

(d) Nature of Evidence. The idea with the current legislation is to substantiate
the health claimwith sound scientific evidence. The evidence to support the
health claim must be based on human studies. In vitro and animal studies
may be useful as supporting evidence, but on their own are not sufficient to
substantiate a claim. The human studies should be of sufficient quality and
double-blind, randomized, placebo-controlled interventions provide the
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strongest evidence. But, it is recognized that due to the nature of food itmay
not always be possible to perform such interventions, and other study
designsmay be sufficient to substantiate the claim. It is also recognized that
not all studies give the same results. Therefore, the totality of available
evidence needs to be taken into account. In this column on the nature of
evidence, can also be indicated the type of documentation: individual
studies, textbooks, meta-analyses, monographs, critical reviews, and opi-
nions of authoritative bodies.

(e) References. The references mentioned in the claims table should be
complete and demonstrate scientific justification of the proposed claim.
There are no guidelines given concerning the number of references. But,
the totality of the evidence should allow an objective evaluation.

(f) ExampleWording.Theexamplewording in the list is not an exhaustive list of
all possible health claims. The examples should be consistentwith the health
relationship and the supporting evidence. They should not suggest health
benefits that cannot be substantiated, are false, ambiguous, or misleading.
Nor shall they doubt the safety and/or nutritional adequacy of other foods.
Finally, they should be understandable by the average consumer.

4. Article 13.5. Any health claim based on newly developed scientific data and/or
which include a request for the protection of proprietary data will have to be
submitted separately to amember state. The application has to include the name
of the applicant and the nutrition, substance, food or food category in question.
Furthermore, references to the scientific studies with regard to the health claim
and any other relevant studies, proposal of thewording of the health claim and a
summary of the application have to be included. The member state will make
the dossier available to EFSA. EFSA will evaluate the claim and make the
summary publicly available.

5. Article 14. Reductionof disease risk claims and development of children.Claims
on the reduction of disease risk may only be made when they have been
specifically authorized. The application procedure is similar to the procedure
described above for Article 13.5.When an authorization has been received for a
reduction of disease risk claim, the presentation or advertising shall also include
a statement indicating that the disease towhich the claim is referringhasmultiple
risk factors and that altering one of thesemay ormay not have a beneficial effect.

6. Labeling. As mentioned with example wording, the health claim has to be
supported by scientific evidence. Thus, labeling, presentation, and advertising
should notmislead or deceive the consumer, nor should it suggest that a balanced
and varied diet cannot provide appropriate quantities of the nutrient (564).

7. Further information. The new legislation has not been applied and, as has been
mentioned, several uncertainties remain in the exact procedure that will be
followed to evaluate the health claims. At the time of publication of this section,
changes may have been introduced in the legislation. It is therefore advised to
consult home pages of legislative and authorities in order to obtain the latest
information (Table 1.14).
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The regulation ofmicroorganisms for humanconsumption inNorthAmerica is guided
by and is dependent on a number of multiple, complex, and interdependent factors. In
the United States, the Federal Food Drug and Cosmetic Act (the FDC Act or the Act)
(565) provides the Food and Drug Administration (FDA) with broad authority to
classify and regulate an array of products for human consumption. Different regula-
tory standards govern the marketing of a product depending on how the product is
classifiedunder theAct, that is, as a “food,” a“food additive,”a “drug,” a “newdrug,” a
“dietary supplement” (to mention only a few possible classifications). As a result, the
pathwayunder theAct to lawfulmarketingofaproduct––evena“probiotic” product––
will be relatively easy for some products while, for others, arduous––depending on
how the specific product is classified by FDA.

It is important however, to establish from the outset, that there is neither a legally
recognized or regulatory definition for the term “probiotics” in North America, nor is
there a standard of identity for “probiotics” for human consumption. Therefore, we
will discuss the regulation ofmicroorganisms for human consumption, some ofwhich
may be regarded by the scientific community as “probiotic” microorganisms, that is,
they have been shown to provide a measurable benefit to the host when consumed.

The extent towhich FDA is empowered to regulate the safety and claims of efficacy
for a substance (including microorganisms) depends not only on the nature of the
specific substance but also on how the specific substance is classified under the Act,
that is, as a “food” or “food additive,” as a “dietary supplement,” as a “drug” or “new
drug,” etc. To determine what product classification applies, one must focus on the
“intended use” of the product (most regulated products are defined in the Act
according to their “intended use”). Thus, as a general rule, how a manufacturer or
a purveyor of a product “intends” a product to be used will govern (565) how the
product is classified under the Act and, even more importantly, (566) the data
collection and substantiation requirements that must be met to achieve lawful
marketing. To this end, the “intended use” of a product is generally determined by
what a sponsor,manufacturer, or purveyor says about its product.As a result, “intended
use” can be determined from a variety of sources, including product advertising and
promotion, product labeling, representations on a company’swebsite, and speeches or
remarks by corporate officials. To help navigate through the complexity, a catalog of
key statutory definitions and accompanying criteria is necessary.

1. Product classification: statutory definitions.
Food. “Food” is defined in theAct (566) in a self-evident and circularmanner as
“articles used for food or drink for man or animals.” The definition goes on to
include chewing gum and articles “used” for components of food. Note that this
least useful of the definitions focuses on actual “use,” while for all the other
relevant classifications, the key criterion is “intended use.”
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Drug.The term “drug” is defined in theAct (567) as an article “other than food”
that is intended for use in the diagnosis, cure, mitigation, treatment, or
prevention of disease or in other animals.” This also provides that an article
is a drug if it is “intended to affect the structure or function of the body ofman or
other animals.” And, an article is also a drug if it is “intended for use as a
component” of a “drug.”A “newdrug” is a statutory term indicating an article is
not yet “generally recognized” as safe and effective for its “intended use” and
must undergo extensive premarketing clearance requirements that are laid out
in detail in Section 505 of the Act and FDA’s implementing regulations.
Product approval can, and does, take years of data collection and subsequent
agency review.
Food Additive. The Act (568) broadly defines “food additive” as including any
substance “the intended use of which” results or can “reasonably be expected to
result, directly or indirectly, in its becoming a component or otherwise affecting
the characteristics of food. . ..” These substances intentionally added to food are
generally subject to formal premarket review or approval by FDA. However,
exempted from this requirement are “GRAS” (generally recognized as safe)
substances. These are substances “generally recognized” by “qualified experts”
as having been adequately shown through “scientific procedures” to be safe
under “the conditions of intended use.” Thus, importantly, a “GRAS” food
substance or ingredient is not subject to the pre-market clearance requirements
that accompany a “food additive” and the sponsor of a GRAS substance may
proceed directly to market with it.
Dietary Supplement. The term “dietary supplement” is defined in the Act (569)
as a product “other than tobacco” that contains a “dietary ingredient” (e.g., a
vitamin, mineral, herb, amino acid, etc.) “intended” to “supplement the diet.”
Also, as defined, a dietary supplement must be intended for “ingestion,” and
must be in tablet, capsule, powder, softgel, gelcap, or liquid form or, if not
intended for ingestion, in a form that is not represented as a conventional food
and is not represented for use as a sole item, meal, or the diet.
Biological Product. Although not defined in the FDC Act, the term “biological
product” is defined in the Public Health Service Act (PHSAct) (570) as, among
other things, a “virus” “applicable” to the prevention, treatment, or cure of a
disease or condition or “injuries to man.” FDA is reported to be of the view that
the term “virus” may, logically, include “microorganisms” and, thus, probiotics
(571). Although various microorganisms, including probiotics are being studied
for such type therapeutic applications, none have yet been commercialized or
evaluated under this category.
Medical Food. A “medical food” is defined in an amendment to the FDC Act
(572) as “a food which is formulated to be consumed or administered enterally
under the supervision of a physician and which is intended for the specific
dietary management of a disease or condition for which distinctive nutritional
requirements, based on recognized scientific principles, are established by
medical evaluation. Currently, no foods containing microorganisms have been
commercialized or recognized as medical foods.
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2. FDA Authority to regulate food uses of probiotics.
The agency not only has the authority to differentiate among types of products
bearing microorganisms, including probiotic organisms, but also to consider
and evaluate different uses according to different safety standards. And, in every
case, the agency is empowered to regulate the labeling of such products and to
demand, to varying degrees of rigor, substantiation of the claimsmade on behalf
of such products

3. Safety considerations with respect to the food uses of probiotics.
Food Additive. The FDC Act (573) establishes a system in which substances
that meet the definition of “food additive” must be the subject of a premarket
submission containing data and information documenting the safety of the
intended use of the additive. A food additive approval cannot be issued unless a
petition, submitted by a sponsor, contains convincing evidence establishing that
the desired use of the additive is “safe,” based on proof to a “reasonable
certainty” that no harm will result from the proposed use of the additive (574).
The regulation contains the important acknowledgement that it is impossible to
establish the absolute harmlessness of any substance.

GRAS Substances. As discussed earlier, a key exception to the definition of
“food additive” is GRAS status: if a substance is GRAS for its intended use, the
substance is, by definition, not a “food additive.” On the basis of this GRAS
exemption, many substances, including several microorganisms, are currently
lawfully marketed without a food additive regulation and have achieved GRAS
status without any formal FDA review given their very long history of use in the
food supply (e.g., Lactobacillus bulgaricus in yogurt).

The GRAS standard focuses on two key considerations: (a) whether the data
and information concerning the desired use of the substance provides a
scientific basis to conclude that there is consensus among qualified experts
about the safety of the substance for the intended use and (b) whether the data
and information relied upon to establish safety are generally available to the
scientific community. For the purposes of a GRAS opinion, information in peer
reviewed scientific journals can be supplemented by (a) publication of data and
information in the secondary scientific literature, (b) documentation of an
opinion of an experts convened in a panel charged to consider safety, and (c) the
opinion or recommendations of an “authoritative body” (for example, another
federal agency or a respected scientific entity like the National Academy of
Sciences).

It is the manufacturer’s responsibility to assure a product or substance is
GRAS, and it should neither be assumed that any microorganism currently in
the food supply qualifies it as GRAS, nor that because a bacterium is
appropriate for a supplement, it is GRAS for a food, since the determination
is “for an intended use.”Manufacturers can conduct a “self-determination” of
GRAS status for a substance. The documentation of this determination, based
on the criteriamentioned abovemaybe kept internally, and provided to FDA if
the agency requests it. Although manufacturers are not required to provide
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this self-determination to FDA prior to marketing a product, not working with
FDA on GRAS issues before marketing a product risks adverse publicity and
judicial action by FDA should the agency disagree with the self-GRAS
determination and is concerned that consumers may be at risk. This is even
more the case with respect to infant formulas, where FDA requires premarket
notification and clearance.

The documentation of this determination, based on the criteria mentioned
earlier maybe kept internally, and provided to FDA if the agency requests it.
But manufacturers are not required to provide this self -determination to FDA
prior to marketing a product. An exception to this is the use of a microorgan-
ism (aswell as other substances)when intended for use in an infant formula, in
which FDA explicitly requires premarket notification.

In some cases, the manufacturer may choose to notify FDA of its GRAS
self-affirmation. To facilitate GRAS determinations, FDA for the last decade
has followed a “notification” procedure under which the agency reviews a
submission by a sponsor for the use (or the uses) of a given substance. The
submissionmust contain a sufficient basis for aGRASdetermination based on
the criteria mentioned earlier. In reviewing a notification, FDA takes at face
value the conclusions of the sponsor and the independent panel of experts. If
the agency has questions with respect to the apparent adequacy of the cited
data and information or the panel’s conclusions, FDA will so notify the
sponsor. Similarly, FDA will advise the sponsor if it has no questions.
Although, a “no questions” letter is not the same as an agency conclusion
that the use of a given substance is, in fact, GRAS, a “no questions” letter
represents an agency acquiescence to the sponsor proceeding to market the
product.

Probiotics have been the subject of at least two successful GRAS notifica-
tions to FDA. The agency has issued “no questions” letters with respect to the
use of Lactobacillus acidophilus and Lactobacillus lactis for use in freshmeat
for the control of pathogenic bacteria and to the use of Streptococcus
thermophilus, and strain of Bifidobacterium lactis in infant formula (575).
In the United States B. lactis is the only bacterium, which has shown probiotic
effects and is currently GRAS for use in infant formula.

Dietary Supplements. Dietary supplements are not subject to the food
additive provisions of the Act. As a consequence, dietary supplements not
only are not subject to the demanding premarket approval requirements for
food additives but also do not undergo “GRAS” scrutiny and evaluation.

From the safety point of view, a dietary supplement is “adulterated” (and thus
unlawful) within the meaning of the Act if it “presents a significant or unreason-
able riskofillnessor injury”whenusedunder itsordinaryconditionsofuse (576).
FDAcaninvokenumeroussectionsoftheAct todeclarefood“adulterated”onceit
is on the market.

Anadditionalsafetystandardapplies if thedietarysupplementcontainsa“new
dietary ingredient” (NDI).An“NDI” is an ingredient“notmarketed in theUnited
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States before October 15, 1994, when the Dietary Supplement Health and
Education Act (DSHEA) was passed” (577). For ingredients in supplements
(including any microorganisms, with or without probiotic effects) commercial-
ized before this date, no premarket approval is required by FDA. Thus, many
microorganisms in the food supply used for a long time can be, and are neither
consideredNDIsnorhavebeensubjectofanNDIreviewbyFDA.TheFDAhasno
complete or authoritative list of dietary ingredients marketed before October 15,
1994, so it is up to themanufacturer to determine if a new product or ingredient is
anNDI. IfanNDIhasbeenpresent in thegeneral foodsupplyasanarticleused for
food“inaforminwhichthefoodhasnotbeenchemicallyaltered,”theNDImaybe
used in the food supplywithout first notifyingFDA.But, if that is not the case, the
NDI may only be used if (a) there is a history of use of the ingredient, or other
evidence establishing that the proposed use of the ingredient “will reasonably be
expected to be safe” and (b) the manufacturer files a premarket notification
containing the information in support of safety at least 75 days beforemarketing
the product. Once the 75-day period has expired, the sponsor is free to proceed to
market. If at any time the agency disagrees with the sponsor’s conclusions
concerning safety, the agency may so notify the sponsor and, if need be, litigate
to prevent the marketing of the product.

GoodManufacturingPractices.Regardlessofwhetheramicroorganismis ina
food or a dietary supplement, and in addition to the establishment of the safety of
the microorganism for its intended use, FDAwill expect that both the microor-
ganism and the food towhich it is added are produced under goodmanufacturing
practices designed to ensure safety, microbiological quality, and integrity of the
probiotics.

Safety and Intended Use. It is a commonmisconception that “safety” evalua-
tion is more stringent for a drug than for a supplement or a food. As mentioned
earlier, from the regulatory point of view, safety depends on the intended use.
While a drug may have specific documented adverse effects, its use may be
approvedas longas the safetyof thedrughasbeen rigorously investigated and the
benefits (e.g. treating a disease) are establishedby “substantial evidence” and are
found to outweigh the safety-related risks.On the contrary, for an infant formula,
noadverseeffectsofanysignificancearepermitted.Supplements, likedrugs,may
be labeled for use in particular subpopulations, such as adults, or children over a
particular age. This is not the case for foods because, among other reasons, foods
may be consumed in large amounts, by the population at large, and for very long
periods of time, and may demonstrate cumulative effects that are not typical of
supplement consumption patterns.

4. Labeling and claim substantiation for food uses of microorganisms.
As mentioned at the outset, there is no regulatory or legally recognized
definition for the term “probiotic” in the United States or worldwide. Thus,
products containing the term “probiotic” on the label currently do not meet any
specific requirement relative to the term. On the contrary, there is an increasing
level of information and understanding by consumers and health care providers
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that the term itself conveys “some benefit” and could be itself considered a
claim. For now, the regulatory framework has dealt onlywith express or implied
claims other than those conveyed by the term “probiotic.”

Content Claims. Foods or dietary supplements containing microorganisms
may mention the fact they contain certain microorganisms, and sometimes
indicate certain amounts. Unfortunately many commercial products, particu-
larly supplements do not contain numbers or types of viable probiotic microbes
stated on label (578–580). This is likely a consequence of multiple factors. One
is the evolving and continuous change in the taxonomy of these organisms,
which has evolved in parallel with the technology available to identify and
differentiate different genera, species, and strains. Unless current nomenclature
is used, actual contentsmay not reflect the label. As an example,what used to be
called L. acidophilus until recently could in fact be one or more of six different
species (L. acidophilus, L. gasseri, L. johnsonii, L. crispatus, L. gallinarum, and
L. amylovoris). A second factor is the lack of documentation of viability and
quality control throughout shelf life, which is dependent on manufacturing
conditions, humidity, storage temperature, etc.

When it comes to foods, similar issues are of concern. Many manufacturers
do not mention content (number) of microorganisms at all, others do. Although
more recently manufacturers have been more specific regarding genus, species
and strain, and amount of a particular microbe in the product (and have used
more aggressively claims associated to this organism), consumers are ulti-
mately left to relying on manufacturer’s statement regarding the presence,
amount of microorganisms in these products. This becomes even more impor-
tant given the fact that the potential probiotic effect of these productsmay relate
to amount of microorganisms ingested.

Lastly, since similar to the term probiotic, the term “contains active live
bacteria,” “active live cultures,” and other similar, simply imply “some”
viability, or “some” microorganisms is present. At the consumer level, this
alsomay imply these bacteria are of some benefit (a probiotic), which of course
is not the case.

Infant formula is a particular product, which in theUnited States is governed
by the same regulatory criteria mentioned above, as well as multiple other
regulatory layers, and respond to a significantly greater level of care by
manufacturers as well as oversight by FDA. Therefore both specific organism
and amounts are better guaranteed.

Benefit or Efficacy Claims: FDA is empowered to comprehensively regu-
late the use of labeling and promotional material communicating health-related
information or claims to the consumer. Under the Act (Sections 403(a) and 201
(n)) (581, 582), a food ismisbranded if its label or labeling is false ormisleading
“in anyparticular.”Under this standard, any claim regarding thevalue or benefit
of a food or a dietary supplementmust be demonstrated by reliable information.
The responsibility for documenting the validity of label claims rests with the
manufacturer and the oversight by FDA. The Federal Trade Commission (FTC)
has oversight of claims made in advertising.
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Health Claims. FDA has special authority with respect to claimsmade in the
labeling of food and dietary supplements, which expressly or impliedly
characterize the relationship of a substance to a disease or health-related
condition (583). This type of claim is, in common parlance, referred to as a
“health claim.” Even an implied reference to an impact on disease can
constitute a “health claim.”

Before a health claimmay be lawfully used on food, FDAmust authorize the
claim upon review of a petition for the claim: FDA can only approve a claim
upon finding that the claim is supported by “significant scientific agreement
among qualified experts.” This is a rigorous statutory standard and only a
handful of claims––none involving probiotics––has been found by FDA tomeet
the standard.

Qualified Health Claims. Judicial rulings over the last decade have led to an
additional category of health claims––“qualified health claims”––for foods and
dietary supplements. FDA has implemented a policy of reviewing and permit-
ting health claims to appear on foods even if the data and information in the
supporting health claim submission do not meet FDA’s “significant scientific
agreement” standard, but is satisfied that “qualifiers” can render the claim not
misleading. For example, an appropriately qualified claim might provide
guidance to the effect that although there is emerging scientific evidence
supporting the claim, the evidence is “not conclusive.” To secure FDA’s
acquiescence to the use of a “qualified health claim,” a sponsor must submit
a premarket petition for FDAandwait for theAgency’s reviewand conclusions.
No qualified health claims have been granted to any probiotic microorganism.

Structure or Function Claims. An additional category of claims that may
lawfully appear on both foods and dietary supplements is the “structure or
function” claim. This type of claim presents perhaps the most significant
opportunity for the exercise of marketing creativity and, commensurately, for
attracting regulatory concern. As noted above, the statutory definition of “drug”
includes an article “(other than food)” intended to affect the structure or
function of the body of man or other animals.” The parenthetical expression
reflects Congress’ implicit recognition that a “food” may bear a claim with
respect to the effect a food or food component may have on the body, for
example, “Calciumbuilds strong bones.”This reflects the fact that certain foods
quite naturally affect the structure or function of the human body and that a
claim with respect to such an effect should not be regulated under the rigorous
standards that govern “drugs.” Thus, coffee, without being considered a “drug,”
can lawfully bear a claim with respect to the mild alertness effect naturally
occurring caffeine can impart.

In the 1980s, some tablet and capsule dietary supplement products could not
meet the definition of food and, thus, were regulated by FDA as “drugs” if their
label or labeling or bore or implied structure or function-related claims. So the
U.S. Congress amended the FDC Act in 1994 to expressly authorize the use of
structure or function claims in the labeling of dietary supplements. These
amendments, however, require that any such statement of a dietary supplement
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must bear the following disclaimer: “This statement has not been evaluated by
the Food and Drug Administration. This product is not intended to diagnose,
treat, cure, or prevent anydisease.” (584).Moreover, the sponsor of such a claim
must notify FDA of the claim within 30 days after marketing a dietary
supplement bearing the claim.

In spite of the amendment permitting supplements to bear a “structure or
function” claim and not be considered a drug, FDA’s primary enforcement tool
against dietary supplements remains its authority (under the alternative prong
of the “drug” definition found in the Act (Section 201(g)(1)(B)) to classify a
supplement as a drug if product labeling and promotion imply that the product
“is intended, for use in the. . .cure, mitigation, treatment, or prevention of
disease. . ..” Accordingly, FDAhas issued detailed regulations that differentiate
between (a) structure or function claims appropriate for dietary supplements
and, by inference, appropriate for foods and (b) “disease” claims that may not
be made on behalf of a dietary supplement or on behalf of a food, without the
prior FDA authorization previously described for a “drug” or “health claim”
(585).

At the heart of FDA’s regulations is the concern that a structure or function
claim carries the potential to imply a disease related benefit. When exactly a
structureor functionclaimonadietary supplementorona foodbecomesa“drug”
claim is not always clear. Thus, FDA’s regulation contains guidance for how, in
FDA’s view, to assess when a structure or function claim will be treated by the
agency as a “drug” claim.

With respect to probiotics, examples of appropriate structure/function claims
include “helps maintain intestinal flora” and “helps replenish healthy micro-
flora” or “helps support a healthy immune system.” Notice how each claim
avoids mentioning a disease or disease endpoint and each is clearly directed at
healthy peoplewhowish to remain healthy.On the contrary, attempted structure/
function claims like “prevents adherence of Candida albicans to the intestinal
mucosa” and “deters bacteria from adhering to the wall of the bladder and
urinary tract” have been determined by FDA to be implied drug claims,
presumably on the basis that the former claim may be viewed as suggesting
the preventionof cancer and that the latter claimmaybeviewed as suggesting the
prevention of bacterial infection of the bladder and urinary tract.

Publications as Claims. With respect to dietary supplements but not with
respect to “foods,” the FDC Act permits published scientific articles to be
distributed in connection with the sale of the dietary supplement (586). The title
of the publication may mention disease conditions and the relationship of the
substance to such conditions. Such mentions will be exempt from any prohibi-
tion against unauthorized “disease claims” under the “health claim” or “drug”
provisions of the Act, only as long as the publication (a) is not false and
misleading, (b) does not promote a particular brand ormanufacturer, (c) presents
a balanced view of available scientific information, and (d) is reprinted in its
entirety (summaries of published articles do not quality for the exemption).
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Functional Foods. Although the term “functional food” is frequently em-
ployed to describe foods capable of imparting particular health benefits and is
often used to describe probiotic-containing foods, the term is neither defined by
FDA regulations nor to be found in the FDC Act. That said, “foods” or “dietary
supplements” bearing “structure or function,” “health,” or “qualified health”
claims––or even the entire classes of “medical foods,” and “dietary sup-
plements”––all can be regarded as “functional foods.” Thus, thiswhole category
of so-called “functional foods” is not governed by a single set of regulatory
criteria, but is rather an array of possible product classifications, each with its
own regulatory status and governing criteria.

5. Probiotic use as drugs.
If a probiotic falls within the definition of “drug,” that is, it is commercialized
for the intended use of mitigating, treating, or preventing a disease, the
probiotic would be subject to an array of data collection and submission
requirements beginning with those concerning the conduct of “clinical” trials
under FDA’s “investigational new drug” (IND) (587) procedures and regula-
tions and endingwith the submission of a new drug application containing, with
respect to the desired use, (a) data and information establishing safety and
(b) substantial evidence, based on adequate and well-controlled investigations,
conducted by qualified researchers, establishing effectiveness.

IND regulations help guarantee the welfare of those participating in a
clinical study, and include submission of data from laboratory and animal
research, experience, or historical use of the drug in people, and detailed
protocols of the planed trials as well as provisions for selecting qualified
investigators, maintaining detailed study records, and keeping FDA informed
of the progress of a given investigation and of any significant safety-related
developments.

Once a probiotic successfully runs the gauntlet of clinical testing under an IND,
the sponsormust submit a “new drug application” (NDA) for the desired use of the
product. Only if the application is approved by FDA may the product be lawfully
marketed. It should be noted that, unlike the case with “food additive” or GRAS
substances, FDA accords confidential status to data submitted in a new drug
application, even the fact that an INDis ineffect, or that anNDAhasbeensubmitted
is privileged, confidential information.

Currently, no specificprobiotic producthasbeenapprovedorcommercialized
as a drug for humans in the United States. The increase in “intended use” of
specific bacteriawith probiotic effects for prevention or treatment of diseasewill
likely result ultimately in specific products marketed for this purpose, although
the hurdles remain significant.

That reality, in and of itself, is not troubling––there is a general agreement, at
least in thescientificcommunity, thatclaimsofbenefitshouldbeput tothetestand
proven in an ethical manner consistent with sound principles of scientific
methodology.Theconcern that canarise,however, is that althoughthedistinction
made in the FDC Act between “drug” and nondrug uses can, in some cases,
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arguablybeviewedasartificialorcasuistic, theresultingdemandsonmarketentry
forproductswhose “intendeduse” triggers regulation as a drug (or as a biological
product) are stark from a product development perspective. Nevertheless, the
distinction, however artificial it may in some cases be, has been and remains a
touchstone of public health regulation in the United States and is ingrained in
federal public health precedent and policy (588).

Whenaproduct isclassifiedasadrug, thereisanimmediateanddirecteffecton
the development of such a product, from complex and onerous investigational
requirements for a “new drug” described earlier, all the way to its commerciali-
zation. As a consequence, there is little incentive for sponsors of probiotics to
undertake the expense to develop probiotic products as true “biotherapeutics”
subject to premarket approval. This lack of incentive has been reinforced by the
fact that unlike investigational new drug studies, “food” or “dietary supplement”
studies may be commenced, conducted, and terminated, without comparable
FDA involvement (FDA’s informed consent and IRB requirements attend any
clinical trial regardless of the nature of the substance under test). The result is the
understandable tendency of sponsors to clinically test “structure or function”-
related indications or claims rather than indications likely to invoke new drug or
biological product status.

6. Conclusions
The oral human consumption of specific microorganisms that provide health-
related benefits, described elsewhere in this handbook, is considered safe and
desirable by many––including researchers, food technologists, and, of course,
food producers and purveyors.

The regulatory aspects of producing and commercializing such products, as
summarily treated in this chapter, is complexly layered with increasingly
demanding burdens of data collection and claim substantiation.

But with any decision to market probiotic products comes the understand-
able desire to tout the potential benefits of such products. It is in that context,
that the focus of the FDC Act on “intended use” and the product classifications
that derive from such a focus, force interested sponsors of such products to
pause and confront the realities of public health regulation today in the United
States.

Although benefit claims can trigger more demanding regulatory hurdles,
common safety considerations apply to all probiotic products regardless of
whether foods (including medical foods and foods for special dietary use, or
dietary supplements), drugs, or biological products. Simply put, care must be
taken to carefully and comprehensively document and establish the safety of
any use. In the food area this is customarily accomplished in the context of
(a) data results from adequately designed studies and (b) informed expert
opinion. Not by coincidence, these elements square well with the key elements
of any GRAS assessment.

With respect to showing the safety of the probiotic component of a dietary
supplement, although food additive GRAS considerations do not apply,
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approaching the substantiation of safety in a similar way is sensible and
should guarantee that the safety standards, including those regarding new
dietary ingredient notifications, of the Act are met.

In conclusion, FDA’s regulatory authority over the use of probiotics is
comprehensive. Different regulatory standards will govern the market entry
of a probiotic product depending on how the product is classified under the
Act, that is, as a “food,” a “drug,” a “dietary supplement,” etc. (Table 1.15).
Numerous alternative pathways to market are, as a result, available to
probiotic manufacturers. Informed care and attention need to be taken if
navigating these pathways is to be successful.

1.8.2 Animal Probiotics

Allan Lim and Hai-Meng Tan

Kemin Industries (Asia) Pte Ltd, Singapore

Probiotics can be defined as live microorganisms that have a beneficial effect on the
animal health when used in animal nutrition. They are considered as feed additives in
most countries and are therefore regulated separately from food. In some countries,
they may also be considered as a veterinary chemical product and thus regulated
accordingly. Probiotics used in animal nutrition comprise mainly of Gram-positive
bacteria belonging to the genera of Lactobacillus, Bifidobacterium, Pediococcus,
Bacillus, Streptococcus, and even Enterococcus. Others have included yeast or
Saccharomyces cerevisiae. The approval of probiotics for use in animals follows
essentially the same approach as that for humans, which is largely dependant on the
efficacy and toxicity of the strains.

1.8.2.1 United States Regarded as the authority and reference on feed additive
policy, theAssociationofAmericanFeedControlAuthority (AAFCO)published a list
of microorganisms approved as direct-fed microbial products (590). Of the 45
microorganisms approved, about half belongs to the genus of Lactobacillus (14) and
Bifidobacterium (16) (Table 1.16).

1.8.2.2 European Union Live microorganisms, together with enzymes and feed
additives of biological origin were added to the list of feed additives regulated by the
EuropeanUnion in the 1980s due to the emergingmarket trends. The term “probiotics”
have been rejected on the grounds of being too generic. In 2002, under the framework of
establishing the European Food Safety Authority, a new draft regulation would group
microorganisms as “zootechnical additives,” defined as agents producing beneficial
effect on gut microflora. This proposal was adopted in 2003, when the European
Commission passed a new regulation (EC) No 1831/2003 of the European Parliament
andoftheCouncilonadditivesforuseinanimalnutrition.TobeusedinEurope,probiotics
asadditivesmust satisfy several criteriawith regards to their identity, characteristics, and
conditionsforuseoftheadditive; their safetyofuse inanimals,humans,andenvironment
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such as the lack of pathogenicity and production of antibiotics and antibiotic resistance;
and their efficacy on animals or categories of the target animal species such as improved
zootechnicalperformance,reductionofmorbidityandmortality.Todemonstrateefficacy
effects, three trials conducted at a minimum of two separate sites presenting significant
results (p< 0.05 or 0.1) are required. Themain safety concerns regarding such probiotic
strains,Bacillus andEnterococcus in particular, revolve around the potential production
of toxins and virulence factors, detectable usingmodern techniques such asELISA, cell
lineassays, andPCRamplificationof toxingenes.Anyharmful effects ofoverdosingare
studied through administration of at least ten times the recommended maximum dose.
Studies of genotoxicity and mutagenicity would also need to be carried out. Such an
evaluation procedure and requirements have led to the reevaluation of some previously
submittedproductdossiers.Microorganismsarenowregulatedaszootechnicaladditives,
which is one of the five categories of feed additives, viz:

. Technological additives (e.g. preservatives, antioxidants, emulsifiers, stabilizing
agents, acidity regulators, silage additives).

. Sensory additives (e.g. flavors, colorants).

. Nutritional additives (e.g. vitamins, minerals, amino acids, trace elements).

TABLE 1.16 Approved Direct-Fed Microbials in the United States

Genus Species Genus Species

Aspergillus niger Lactobacillus acidophilus
oryzae brevis

bucheri a

Bacillus coagulans bulgaricus
lentus casei
licheniformis cellobiosus
pumilus curvatus
subtilis fareiminisb

fermentum
Bacteroides amylophilus delbruckii

capillosus helveticus
ruminocola lactis
suis pantarum

reuteri
Bifidobacterium adolescentis

animalis Leuconostoc mesenteroides
bifidum
infantis Pediococcus acidilacticii
longum cerevisiae (damnosus)
thermophilum pentosaceus

Propionibacterium acidipropionicia

aCattle only.
bSwine only.
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. Zootechnical additives (e.g. digestibility enhancers, gut flora stabilizers).

. Coccidiostats and histomonostats.

Authorization of feed additives is granted by The European Food Safety Authority
(EFSA), which evaluates the data submitted on efficacy, safety, and toxicology of the
feed additive. Once the Commission is satisfied with the data, it prepares a draft
regulation to grant authorization, following the procedure involving Member States
within the Standing Committee on the Food Chain and Animal Health––Animal
Nutrition. Authorizations are granted for specific animal species, specific conditions
of use and for 10-year periods. Although the registration and approval can be
interpreted as fairly complex, it can be argued that this is critical to ensure safety
of probiotics used as feed additives that ultimately contributes to their efficacy.
Approved feed additives are published in the Community Register of feed additive
(591). A current list of microorganisms, together with the approved animal species,
age, and dosage limits is summarized in Table 1.17.

1.8.2.3 China Feed additives are regulated by the Ministry of Agriculture of the
People’sRepublic ofChina (592).A total of 16microorganisms includingbacteria and
fungus are approved as probiotics in China, and they are to be used according to the
application guidelines from the vendors (Table 1.18).

1.8.2.4 Japan The Food and Agricultural Materials Inspection Center (FAMIC)
(593) approves a total of 11 bacteria strains for use as probiotics in animals
(Table 1.18).

1.8.2.5 Korea A total of 16 microorganisms are approved for use in Korea as
probiotics in animals, of which two are fungus and one is yeast (Table 1.18). In
addition, there is a separate list of carriers, most of which are starch, derivatives of
starch, or cereals and grains, to be used with each of the probiotics.

1.8.2.6 Thailand Feed additives including probiotics are regulated by Depart-
ment of Livestock Development in Thailand (594). There are currently 42 strains of
bacteria and 6 strains of fungus approved as probiotics for animals, which can be used
singly or in combination, in producing finished feed at notmore than 1� 105 cfu/kg of
feed (Table 1.18).

1.8.2.7 Australia Probiotics are considered a biological product, thus an import
permit application must be filed with AQIS. In addition, as probiotic is considered a
veterinary chemical product, registration with theAustralian Pesticides andVeterinary
Medicines Authority (APVMA) is required. The Australia APVMA (595) regulates
probiotics as microbial agents, together with three other biological products:

. Group 1—biological chemicals (e.g., pheromones, hormones, growth regula-
tors, enzymes and vitamins);
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. Group 2—extracts (e.g., plant extracts, oils);

. Group 3—microbial agents (e.g., bacteria, fungi, viruses, protozoa);

. Group 4—other living organisms (e.g., microscopic insects, plants and animals
plus some organisms that have been genetically modified).

APVMA defines microbial agents as naturally occurring or genetically modified
microorganisms, includingbacteria, fungi, viruses, protozoa,microscopic nematodes,
or other microbial organisms. The APVMA approves a list of microorganisms that
have been reviewed by the US Food and Drug Administration, Center for Veterinary
Medicine, as direct-fed microbials (Table 1.18). However, applicants must still
provide up-to-date evidence that the direct-fed microbial has generally Recognized
as safe (GRAS) status from the US Food and Drug Administration or the equivalent
from the European Union.

1.8.2.8 New Zealand To determine whether a probiotic product is registrable,
submission of class determination is necessary. Importing a probiotic product that
contains microorganism would also require approval from MAF Biosecurity and
ERMA.Usageof probiotic for animals inNewZealand is governedby theAgricultural
Compounds and Veterinary Medicines Regulations (ACVM) 2001 (596). As an oral
nutritional compound (ONC), probiotics can be exempted from registration if the
Trade Name Product (TNP) are the following:

. It is not medicated;

. It contains no feed additive that is not listed in Schedule 7 Part A of the ACVM
Regulations 2001;

. It makes no therapeutic of pharmacological claims attributable to a nutritional
benefit;

. It contains no substance of uncertain status as either a nutrient or feed additive;

. It does not use any slow release mechanism containing high/concentrated levels
of substance.

For a probiotic that requires registration, the information required by NZFSA
includes information to support safety of the functional ingredient and where
applicable the non-GRAS additives at the proposed feeding rate, and if appropriate,
information to support the product’s status as being fit for purpose and the Product
Data Sheet (PDS). Details of the registration package can be found in ACVM
Specified Requirements Products Standard and Guideline: Oral Nutritional Com-
pounds Containing Nutrients with Known Therapeutic Uses (Functional Nutrients)
non-GRAS ingredients (596). The GRAS status of the probiotic can be determined
by the GRAS Register for ONC maintained by NZFSA (597). According to the
current list, there are a total of 21 strains of microorganisms from nine genera
(Table 1.18).
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1.8.2.9 Indonesia, Malaysia, Philippines, and Vietnam There is currently no
positive list of microorganisms as feed additives for these Asian countries. Sale of
probiotic products in these countries is subjected to the same registration requirements
as other feed additives.
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