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Abstract

Humans and animals are increasingly being subjected to 
various probiotic formulations with the claim of providing 
a number of health benefits to the consumer. These 
formulations usually incorporate bacterial consortia 
comprising of mostly lactic acid bacteria (LAB). Recent 
studies have shown that strains found in different regions 
of the gut are genetically different from each other and 
may therefore have different abilities to interact with 
bacteria that they come into contact with. Even LAB show 
differences in their ability to interact, and further, inhibit 
growth of pathogenic bacteria in vitro due to individual 
strain differences. If these results are repeatedly shown to 
be true in future assessments, an evaluation of bacterial 
consortia used in probiotic formulations may now be 
necessary. This may have an impact in the way future 
probiotic formulations are prepared.

Introduction

Probiotic concept is one that has been repeatedly 
reviewed, researched and re-formulated over the years. 
This has led to frequent appearances of new consortia 
of probiotics involving a number of different bacterial 
species and strains, namely lactic acid bacteria (LAB).
 There is little doubt that the evidence pointing towards 
positive effects of LAB probiotics far outweighs those that 
show otherwise. Literature is full of research articles that 
have demonstrated effectiveness of LAB probiotics in vitro 
as well as in vivo. While it may be compelling to accept 
the verdict that probiotics in fact do work, it may now be 
time to assess whether the probiotic consortia available 
currently do indeed work as efficiently as they otherwise 
could. Recent reports both, in vitro and in vivo have 
shown that strain differences within species as well as 
differences of commensal species in the gastrointestinal 
tract of animals lead to differential ability of those strains 
to confer their probiotic activity. This is especially true in 
the case of observed antimicrobial activity of such strains, 
in vitro.
 If strain differences do indeed have a major impact on 
the probiotic capabilities of different species of bacteria, 
then current probiotic formulations must be scrutinized 
further. A fresh approach to formulating probiotic consortia 
for human and animal use is therefore required so that 

probiotics may be utilized in a more specific manner.

Gastrointestinal tract and diversity

The Gastrointestinal tract (GIT) of humans and animals 
is divided into sections that have different functions. 
The different regions of the GIT represent very different 
environments for the bacteria inhabiting the gut. These 
different regions are characterized by differences in 
pH, secretion of enzymes, moisture, temperature and 
presence or absence of villi on the intestinal surface. It 
is now known that different species of bacteria reside 
in different regions of the gut, and a species occupies 
a particular region in order to meet its nutritional and 
environmental requirements (Ewing and Cole, 1994). The 
bacterial flora of the GIT represents an ecosystem of high 
complexity, the understanding of which even today is still 
very limited (Berg, 1996).
 Of the over 500 different species of bacteria found 
in the gastrointestinal tract of humans, most are non-
cultivable. It has been estimated that only 30 to 40 species 
of enteric bacteria are actually cultivable (Tannock, 1999). 
Earlier, bacterial species found in the gut were classified 
as "generally regarded as safe" (GRAS) or "potential 
pathogens" (PP). Other researchers have classified 
bacterial strains into lactic acid bacteria group, anaerobic 
bacteria group and aerobic bacteria group (Mitsuoka, 
1997). Dubos et al. (1965) classified enteric bacteria 
into three categories: autochthonous (microbes present 
at high level, usually throughout the life of the animal), 
normal (frequently present but at variable levels) and 
true pathogens (accidentally acquired and capable of 
persisting in the gastrointestinal tract). However, this 
categorization has been recently questioned mainly 
because the definitions limited the number of bacteria 
in each category. A new classification of enteric flora 
was therefore necessary. In 1999, Tannock proposed 
enteric bacterial species be assorted into three major 
categories, viz. autochthonous flora, opportunist flora and 
allochthonous flora.
 It is important to understand the mechanisms by 
which bacterial population within the gut interact with 
each other and gut environment. The major function of 
the commensal flora in the gut, especially those in the 
colon, is to ferment non-digestible dietary residue and 
endogenous mucus produced by the epithelia. There 
are a wide variety of enzymes and biochemical pathways 
that are present due to gene diversity in the microbial 
community that are distinct from the host's own resources 
(Guarner and Malagelada, 2003). However, it is evident 
in literature that information pertaining to the extent of 
microbial diversity is minimal and researchers are just 
beginning to develop methods that allow them to study 
establishment and maintenance of various microbial 
ecosystems including the gut (Falk et al., 1998). The 
complex nature of the natural communities of bacteria *For correspondence. Email k.kailasapathy@uws.edu.au.
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that colonize the intestines of monogastric mammals 
such as pigs and humans makes it very hard to study 
microbial diversity within the gut. The fact that most of the 
bacterial species present in the GIT are non-cultivable 
makes it even harder to assess diversity as commonly 
used culture-based methods cannot be used for those 
species.
 E. coli is a dominant aerobic bacterial species present 
as gut commensal in humans and animals. Although most 
of the commensal E. coli strains are considered harmless, 
some others have acquired virulence characteristics that 
are considered harmful to both humans and animals (Wu 
et al., 2003). A number of virulent E. coli serotypes have 
been identified based on their virulence gene profiles 
(Orskov and Orskov, 1992; Paton and Paton, 1998). 
These have been implicated in diseases that are known 
to cause mortality, especially to animals. Diseases 
caused by diarrheagenic E. coli have a negative clinical, 
public health and economical significance (Murinda et al., 
1996). One example of highly virulent E. coli strains is E. 
coli O157:H7, which is a diarrhoeic strain that is known to 
cause high mortality in human population (Schamberger 
and Diez-Gonzalez, 2002). It is important to control the 
pathogenicity of these and other organisms so that they 
do not cause harm to human and animal population.

Control of gastrointestinal diseases caused by 

pathogens

Diseases caused by virulent strains of bacteria such 
as E. coli are usually controlled by antibiotic treatment. 
Probiotic bacteria such as lactic acid bacteria and some 
non-pathogenic E. coli strains are also being considered 
for use in control of such diseases (Schamberger and 
Diez-Gonzalez, 2002). Probiotic treatment is a disease 
management strategy based on the use of bacterial 
strains, incapable of causing disease in their host, but 
which can prevent the establishment of pathogenic 
bacteria (Ouwehand et al., 1999; Kailasapathy and Chin, 
2000). Pathogens may be prevented from establishing a 
population through the action of a number of mechanisms. 
The probiotic strain may pre-empt attachment sites in 
the gut, produce anti-microbial compounds that kill the 
invading pathogen, or out-compete the pathogen for 
nutrients (Gismondo et al., 1999; Todoriki et al., 2000). 
Strains of the same species are more likely to have a similar 
ecological niche than are strains of different species. One 
of the most important uses of probiotic E. coli strain is in 
the treatment of ulcerative colitis (Tuohy et al., 2003). The 
in vitro inhibitory effects of E. coli Nissle 1917 on adherent 
invasive E. coli strains in patients suffering from Crohn's 
disease have also been reported (Boudeau et al., 2003). 
The use of probiotic therapy involving a number of Gram-
positive bacterial strains to reduce carriage of E. coli 
O157 in animals has been tested successfully (Lema et 
al., 2001). E. coli O157 antigen-specific bacteriophages 
have also been assessed to determine their ability to lyse 
cultures of E. coli O157 (Kudva et al., 1999). Recently, 
the ability of colicin producing E. coli strains to inhibit E. 
coli O157 has also been studied and found to be effective 
(Schamberger and Diez-Gonzalez, 2002). This is good 
news for probiotic therapy as E. coli is a dominant aerobic 
strain present in gut of humans and animals and therefore 

relatively easy to isolate and screen for its antibacterial 
activity.
 One of the common mechanisms by which probiotic 
bacteria are thought to inhibit growth of other Gram-
negative and Gram-positive bacteria is by production of 
bactericidal and bacteriostatic substances. Lactic acid 
bacteria (LAB) constitute a majority of probiotic bacterial 
strains reported in the literature. Members of LAB family 
including Lactobacillus species, Streptococcus species, 
Enterococcus species, Lactococcus species are all known 
to produce bacteriocins (Ivanova et al., 1998; Mataragas 
et al., 2003; Castellano et al., 2003). Bacteriocin activity 
has also been reported for Corynebacterium species, 
Pediococcus species, as well as Leuconostoc species. It 
is now known that E. coli strains produce a wide variety 
of bacteriocin proteins (Gordon et al., 1998). Although 
bacteriocins are produced by a number of species 
of Gram-positive and Gram-negative bacteria, those 
produced by LAB have received particular attention in 
the recent years. This is due to their potential application 
in the food industry as natural preservatives (Rodriquez 
et al., 2003). The inhibitory substances produced by LAB 
strains include, but are not limited only to, bacteriocin, 
hydrogen peroxide, lactic acid production, and other 
metabolic by-products (Ewing and Cole, 1994; Jacobsen 
et al., 1999).

Habitat preference of commensal bacterial strains in 

the gastrointestinal tract

The results of mathematical studies modelling the 
intestine as a plug-flow reactor have suggested that the 
ability of E. coli to establish populations in the large and 
small intestine should be different (Ballyk and Smith, 
1999). This difference results from the higher velocities 
that occur in the small intestine as compared to the colon 
(Chivers and Langer, 1994). The models suggest that 
E. coli is unlikely to establish a population in the small 
intestine unless it is capable of wall growth. If incapable 
of wall growth, E. coli will be more likely to establish a 
population in the colon. Thus, the theoretical studies 
suggest that E. coli inhabiting different gut regions may 
well be genetically distinct. This is particularly important in 
the selection of commensal strains as candidate probiotic 
bacteria.
 Most strains of E. coli are harmless commensal 
inhabitants of mammals (Hartl and Dykhuizen, 1984; 
Selander et al., 1987); however some strains are capable 
of causing either intestinal or extra-intestinal disease 
(Orskov and Orskov, 1992). Strains responsible for 
intestinal diseases are thought to cause much of their 
pathology in the small intestine (Grauke et al., 2002). 
This pathology results, in part, from the ability of the 
strains to adhere to gut epithelial cells (Law, 2000). Some 
commensal E. coli isolates also possess adherence 
properties and this property appears to be important for 
enteric micro-organisms to stimulate immune responses 
via TOLL-like receptors on the luminal face of enterocytes 
(Chin, 2003; Chin and Mullbacher, 2004).
 Most intestinal disease in pigs is caused by pathogenic 
strains of E. coli (Osek, 1999). Thus commensal E. coli is 
a likely candidate for use as a probiotic in pigs. There is 
also a possibility of using E. coli as a candidate probiotic 
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for humans. However, finding a suitable strain or suite of 
strains for use in a probiotic formulation requires finding 
strains that are incapable of causing disease but which are 
also able to establish populations in the small intestine. 
More importantly, it is important to assess whether there 
are certain commensal strains that may be more effective 
than others in their abilities to prevent colonization by or 
growth of pathogenic strains. In order to establish this, 
there is a need to understand bacterial diversity in the gut 
of humans and animals.

Available diversity assessment methodologies

It is virtually impossible to identify every species to 
study diversity in the gut. Furthermore, there is very little 
information in the literature regarding diversity of individual 
species of bacteria within the GIT. Researchers have 
attempted to understand intra species diversity across 
animals using both microbiological tools of selective 
plating as well as molecular tools such as allozyme 
electrophoresis (MLEE), pulse field gel electrophoresis 
(PFGE), randomly amplified polymorphic DNA (RAPD) as 
well as ribotyping, to name a few (Gordon, 1997; Duriez 
et al., 2001; Gordon et al., 2002). Using these techniques, 
diversity of bacterial species such as Streptococcus 
mitis (Hohwy et al., 2001), E. coli (Gordon et al., 2002), 
Helicobacter pylori (Hazell et al., 1997), Salmonellae 
species (Boyd et al., 1996), Haemophilus influenzae 
(Alphen et al., 1997), Enterococcus faecalis (Tomayko and 
Murray, 1995) have been assessed. The gastrointestinal 
tract of humans is similar to that of pigs and mice, due to 
similarity in the structure, function, pH of various regions 
and dietary habits (Ewing and Cole, 1994). Humans 
and pigs are similar in their gut morphology as both are 
simple stomached, and are similar structurally in size. 
Mice share these characteristics too, but are structurally 
much smaller than either pigs or humans. Poultry have 
different make up of the gut including crop and gizzard 
as organs of digestion. Ruminants such as cow as well 
as non-ruminants such as horse differ in their digestive 
mechanism. Due to this, majority of work that have been 
carried out in GIT population assessments have involved 
pigs or mice as representatives of human models.
 Multilocus enzyme electrophoresis, MLEE, is a 
tool that has been used extensively in the past to study 
diversity of bacterial population in the gut (Gordon and 
Fitzgibbon, 1999; Souza et al., 1999; Pupo et al., 2000). 
MLEE is based on the principle of allozyme diversity that 
is brought about by changes in gene loci for a particular 
enzyme due to environmental conditions (Selander et 
al., 1987). This technique is used to calculate genetic 
diversity of a particular species of cultivable bacteria 
based on sum of variations at the various enzyme 
loci being analysed. Using this technique, a number 
of bacterial species have been assessed for variants 
in that population in the gut and elsewhere. Examples 
include H. pylori population genetic analysis (Go et al., 
1996), Bacteroides fragilis genetic grouping (Gutacker 
et al., 2000), analysis of E. faecalis from intercontinental 
sources (Tomayko and Murray, 1995) as well as diversity 
studies of avian isolates of Pasteurella multocida from 
Australia (Blackall et al., 1998) to name a few. E. coli 
population has been subjected to a large number of 

diversity studies. Researchers have looked at E. coli 
population in the gut of humans and animals from diverse 
geographical locations (Pupo et al., 2000; Souza et al., 
1999; Duriez et al., 2001) as well as E. coli strains from a 
relatively confined geographical location (Gordon, 1997; 
Gordon et al., 2002). MLEE has been the tool used in the 
formulation of E. coli standard reference group (ECOR) 
based on 72 reference strains isolated from a variety of 
hosts and geographical locations that has been used to 
represent the extent of genetic variation in the entire E. 
coli species (Ochman and Selander, 1984). ECOR group 
is now used as a standard reference point for all E. coli 
isolations, pathogenic and non-pathogenic, from human 
and animal hosts (Pupo et al., 2000).

Clonal differences between E. coli strains across the 

gastrointestinal tract

There have been reports suggesting that E. coli of the 
gut is a very diverse population due to the fact that this 
organism has two distinct habitats: the external (soil, 
water) and the GIT (Savageau, 1983). However, these 
findings are based primarily on the sampling from 
faeces or lower colon contents may not represent the 
true population of the bacterial species in the gut. All 
the studies carried out on commensal E. coli population 
dynamics have sampled faecal isolates from humans and 
animals and compared those against other faecal E. coli 
isolates (Gordon and Fitzgibbon, 1999; Souza et al., 1999; 
Pupo et al., 2000). Faecal sampling as a representative of 
E. coli population structure within the human GIT has also 
been reported (McBurney et al., 1999).
 Surprisingly, to date, there have been no substantive 
attempts to investigate the concept of E. coli diversity 
across the GIT in animal models. Bettelheim et al., 
(1992) did approach this topic using human infants as 
models. Different regions of the infant GIT were sampled 
for E. coli strains and serotyping was used as a tool to 
investigate strain differences. Their results showed that 
there was no difference in E. coli population from the 
different parts of the human infant GIT and that faecal 
isolates were representatives of GIT isolates. There have 
been mechanical models that have trialled the study of 
E. coli diversity. Contrary to the results obtained using 
serotyping, mathematical studies modelling the intestine 
as a plug-flow reactor have suggested that different gut 
regions may harbour distinct populations of E. coli (Ballyk 
and Smith, 1999). The plug-flow reactor mimics different 
regions of the gut in a mechanical model with a continuous 
flow of nutrients as well as changes in atmospheric and 
pH conditions across the reactor.
 Recently, it has been demonstrated that E. coli strains 
residing in different regions of the gut are clonally different 
(Dixit et al., 2004). In this study, a nested molecular 
analysis of variance based on the allozyme and virulence 
factor screening results showed that differences in E. coli 
population among individual pigs accounted for 6% of 
the observed genetic diversity, whilst 27% of the genetic 
variation could be explained by clonal composition 
differences among gut regions. Further analysis of the 
data revealed that E. coli strains in the upper intestine 
(duodenum and ileum) were genetically different from 
those in the lower intestine (colon and faeces). These 
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reports suggest that bacterial species found in the gut 
of humans and animals may comprise distinct species 
across the length of the GIT.
 A reason for strain differences across the GIT could 
be that some strains of E. coli, by virtue of their enhanced 
ability to out compete other strains can survive as a 
dominant strain in the particular gut region. One possible 
mechanism of bacterial survival in the gut may be their 
ability to either produce substances that inhibit growth of 
other bacterial organisms. Majority of E. coli in the gut are 
reported to be able to produce colicins, capable of killing 
other Gram-negative bacterial organisms (Riley and 
Gordon, 1996). Another possibility may be their ability to 
resist, or show reduced sensitivity to, the antimicrobials 
produced by other strains. This is particularly true 
in the case of direct fed microbial (DFM) treatment 
where a number of novel strains such as lactic acid 
bacteria capable of producing antimicrobial substances 
(for example, bacteriocin) are introduced to the gut 
environment.
 Lactic acid bacteria are known to produce bacteriocins 
that have bactericidal activity against mostly Gram-
positive organisms (Cleveland et al., 2001). They are also 
known to produce low molecular weight metabolites such 
as hydrogen peroxide, lactic acid, acetic acid with a wider 
inhibitory spectrum against Gram-negative organism like 
E. coli, Salmonella, Clostridium (Saarela et al., 2000). 
However, there are reports where bacteriocins have been 
found to be effective against one strain of a pathogenic 
organism while showing no effect against another strain 
of the same pathogen (Schamberger and Diez-Gonzalez, 
2002). This again may be attributed to the defence 
mechanisms adopted by different bacterial strains.

Probiotic efficacy in the present context

Requirements in place for bacteria to be categorized as 
"probiotic" are that they are not harmful to host animal and 
must be acid and bile resistant. Another important criteria 
for probiotic bacteria is their ability to colonize the gut, 
and in doing so be able to inhibit pathogen activity. If the 
above criteria are met, probiotic bacteria must then show 
stability and viability under manufacturing and storage 
conditions (Ewing and Cole, 1994). It is a requirement 
that the above criteria be met stringently before 
bacterial strains can be classified as being probiotic and 
subsequently assessed for commercial use. To date, a 
number of lactic acid bacteria strains have been used as 

human and animal probiotics (Table 1). Certain E. coli 
strains as well as different strains of yeasts are also being 
assessed as human and animal probiotics. The claims of 
their benefits vary, from potential use as diarrheal remedy 
to their effectiveness in controlling colon cancer.
 A majority of probiotic bacteria assessed under 
laboratory conditions have been shown to have the ability 
to influence the immune system of animals as well as 
other bacterial strains, either pathogenic or commensal. 
The ability of Lactobacillus gasseri to stimulate migration 
of macrophages to the site of an infection has been 
recently demonstrated in murine models (Kitazawa et al., 
2002). Gill and others (2000) showed that some strains of 
Lactobacillus species were able to enhance the natural 
and acquired immunity of healthy mice. In another related 
study, L. delbrueckii ssp. bulgaricus was shown to have a 
strong immunopotentiating activity on the murine Peyer's 
patch (PP) cells (Nagafuchi et al., 1999).
The probiotic property of a combination of Gram-positive 
facultative and anaerobic commensal strains was shown 
in their ability to reduce the severity of experimental 
acute colitis in murine model. The bacterial suspension, 
when fed orally to mice resulted in a significantly reduced 
incidence of this disease normally caused by pathogenic 
E. coli (Verdu et al., 2000). In yet another study focussing 
on the interaction between probiotic bacteria and the 
gastrointestinal community in a murine model, it was 
shown that fluctuations in the normal gut microflora 
were brought about as a result of oral administration 
of Lactobacillus fermentum strain (Plant et al., 2000). 
The antibacterial activity of probiotic Lactobacillus 
strains isolated from crops of chickens and calves was 
demonstrated in their ability to aggregate with pathogenic 
E. coli O157 strains in vitro (Bujnakova and Kmet, 2002).

Shortcomings of the probiotic concept

Probiotic concept, so far, has focussed primarily on the 
single or consortia of bacteria on their prophylactic or 
therapeutic usage. It has been automatically assumed 
that all probiotic bacteria, regardless of where those are 
isolated from, function in a similar manner. For example, 
it has been reported that some strains of E. coli are more 
likely than other strains to be susceptible to a particular 
E. coli colicin activity (Schamberger and Diez-Gonzalez, 
2002). Since LAB probiotic activity is mediated primarily 
by the ability to produce bacteriocins, similar examples 
may be found regarding the effectiveness of LAB 
probiotics.
 It would be not be inaccurate to state that the 
probiotic industry so far has completely ignored the 
issue of differences on probiotic ability between different 
strains of the same bacterial species. This comes about 
as a result of the acceptance that all strains, once those 
are thus categorized as probiotic, function in the same 
manner. However, as has been pointed out earlier, this 
assumption may be inaccurate. Probiotic usage could 
be made more effective by testing site-specific or target-
specific formulation. This may be especially important in 
using probiotic to target gastrointestinal disorders caused 
by pathogenic E. coli, which we now know are different 
across the GIT (Dixit et al., 2004). Instead of relying on 
one strain or consortia of strains to be effective right 

Table 1. Examples of micro-organisms used as human and animal 
probiotics (adapted from Tannock, 1997).

Humans and Animals Animals only

Lactobacillus acidophilus Lactobacillus casei

Lactobacillus casei "shirota" Lactobacillus plantarum

Lactobacillus delbrueckii ssp. bulgaricus Pediococcus pentosaceous

Lactobacillus reuteri Enterococcus faecium

Lactobacillus rhamnosus Saccharomyces cerevisiae

Bifidobacterium breve Aspergillus oryzae

Bifidobacterium infantis Torulopsis spp

Bifidobacterium longum

Streptococcus thermophilus

Saccharomyces boulardi
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throughout the gastrointestinal tract, specific consortia 
could be used more effectively.
 Even lactic acid bacteria, the forerunner probiotic 
candidates for human and animal usage appear to have 
altered antimicrobial effects on different pathogenic 
strains. This has been effectively proven to be true for 
different strains of Lactobacillus casei, Lactobacillus 
acidophilus, Enterococcus faecium. In tests carried out, 
these and other LAB strains showed varying antimicrobial 
activity against different strains E. coli, Salmonella 
typhimurium and Staphylococcus aureus (S. Dixit, PhD 
thesis, 2004). When culture supernatants of LAB bacterial 
growth were tested against a panel of Gram-positive and 
Gram-negative pathogenic bacteria, an E. faecium strain, 
a Lactobacillus acidophilus strain and a Lactobacillus 
plantarum strain were consistently found to be lethal 
towards most of the pathogens in the panel (Table 2). 
However, other LAB strains such as Lactococcus lactis 
strain and Lactobacillus delbrueckii were consistenly 
unable to inhibit growth of the same pathogens and in 
some instances, they were found to promote pathogenic 
growth in vitro (Table 3). This was calculated in terms of 
percent inhibition efficacy and percent promotion efficacy; 
higher the value, the more likely the strains were to inhibit 
or promote growth of pathogens, respectively. These 
results clearly go on to show that LAB have vastly different 
antimicrobial abilities against a majority of pathogens 
inhabiting the gastrointestinal tract (GIT) of humans and 
animals. More importantly, those that inhibit growth of one 
strain are in other instances likely to promote growth of 
another strain.
 It may therefore no longer be accurate to assume that 
probiotic bacteria interact with commensal population in 
the same manner, regardless of differences at the 
species and strain level. The interactions taking place 
may be different depending on which strains of LAB are 
being used and also whether commensal strains (and 
pathogens) are located in the upper GIT or lower GIT. 
It may now be time for the probiotic industry to not only 
assess individual strains of LAB species for their probiotic 

activity but also consider formulating site-specific DFM 
consortiums for use in human and animal products. This 
may help the already profitable industry to gain new 
grounds with better probiotic effectiveness.
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