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Increasingly, the microbiological scientific community is relying on molecular biology to define
the complexity of the gut flora and to distinguish one organism from the next. This is particu-
larly pertinent in the field of probiotics, and probiotic therapy, where identifying probiotics
from the commensal flora is often warranted. Current techniques, including genetic fingerprint-
ing, gene sequencing, oligonucleotide probes and specific primer selection, discriminate closely
related bacteria with varying degrees of success. Additional molecular methods being employed
to determine the constituents of complex microbiota in this area of research are community
analysis, denaturing gradient gel electrophoresis (DGGE)/temperature gradient gel electrophor-
esis (TGGE), fluorescent in situ hybridisation (FISH) and probe grids. Certain approaches
enable specific aetiological agents to be monitored, whereas others allow the effects of dietary
intervention on bacterial populations to be studied. Other approaches demonstrate diversity, but
may not always enable quantification of the population. At the heart of current molecular
methods is sequence information gathered from culturable organisms. However, the diversity
and novelty identified when applying these methods to the gut microflora demonstrates how
little is known about this ecosystem. Of greater concern is the inherent bias associated with
some molecular methods. As we understand more of the complexity and dynamics of this
diverse microbiota we will be in a position to develop more robust molecular-based technol-
ogies to examine it. In addition to identification of the microbiota and discrimination of probio-
tic strains from commensal organisms, the future of molecular biology in the field of probiotics
and the gut flora will, no doubt, stretch to investigations of functionality and activity of the
microflora, and/or specific fractions. The quest will be to demonstrate the roles of probiotic
strains in vivo and not simply their presence or absence.

Molecular methods: Probiotics: Gut flora

Introduction

In recent years it has become increasingly evident that the
food industry and gastrointestinal microbiologists require
sensitive and reliable methods to identify and characterise
the microbial content of foods and the host’s gastro-
intestinal (GI) tract. Particular interest is afforded to the
lactic acid bacteria (LAB; especially Lactobacillus spp.
and Bifidobacterium spp.) due largely to: (i) the associ-
ation of these organisms with health-promoting properties;
(ii) their inclusion in numerous food products as ‘pro-
biotics’; and (iii) the requirements of legislative and

industrial bodies, as well as the consumer, with respect
to safety, labelling and strain integrity (Charteris et al.
1997; Prassad et al. 1998; Hozapfel et al. 2001).
Additional areas of interest revolve around contamin-
ation, food-borne pathogens, and any underlying micro-
biological basis to GI disorders, or susceptibility to
such illnesses. This review will concentrate on the appli-
cation of molecular methods in probiotic research, their
advantages and limitations, including the identification
and characterisation of LAB, techniques available to
differentiate probiotic strains from one another and from
the indigenous LAB population, and the potential of
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molecular biological advances to elucidate functionality
and activity.

Classical identification methods rely heavily on pheno-
typic characterisation, including morphology (both cellular
and clonial), growth requirements and characteristics, fer-
mentation profiles, cell-wall protein analysis, serology
and, more recently, fatty acid methyl ester (FAME) analy-
sis (Klein et al. 1998; Giraffa & Neviani, 2000). Although
the application of some of these techniques has proven
useful for certain LAB (e.g. cell-wall protein profiling for
thermophilic lactobacilli; cell-wall peptidoglycan analysis
for identifying Bifidobacterium longum, Bifidobacterium
infantis and Bifidobacterium suis (Hozapfel et al. 2001);
and whole-cell protein profiling for certain lactobacilli at
both the species and subspecies levels (Giraffa & Neviani,
2000)), there is a general awareness that some aspects of
phenotypic characterisation are principally flawed, i.e. the
observation of a similar phenotype does not always
equate to a similar, or closely-related, genotype. There
has therefore been a shift towards molecular-based investi-
gations of phenotypic characteristics and/or employment of
genotypic characterisation in order to provide more robust
classification and differentiation (Charteris et al. 1997;
O’Sullivan, 1999; Giraffa & Neviani, 2000; Hozapfel
et al. 2001). Additional weaknesses of phenotypic methods
include poor reproducibility, ambiguity of some techniques
(largely resulting from the plasticity of bacterial growth),
extensive logistics for large-scale investigations and poor
discriminatory power. However, genetic characterisation
techniques are not without limitations and thus a polypha-
sic, or combined approach is often necessary.

Differential plating methodologies are very useful for
isolating and enumerating probiotic organisms, especially
from a mixed environment (Charteris et al. 1997). How-
ever, such techniques provide a limited view of the diver-
sity and dynamics of the GI microbiota, as they rely on the
cultivation of organisms. At best, such investigations pro-
vide an insight into the predominant culturable population,
but can not fully elucidate the microbiological community.
Estimates range from as little as 10 % up to 40–50 % of the
GI population being accounted for by such methodologies
(Zoetendal et al. 1998). Recent genetic-based investi-
gations confirm the enormity of the ‘previously un-
accounted for’ fraction of this extensive and diverse
microbiota (the so-called ‘unculturables’; Zoetendal et al.
1998; Suau et al. 1999).

Molecular biological applications in probiotics and
indigenous lactic acid bacteria

The basic taxonomic unit is the species; classically, species
delineation is based on $70 % homology by DNA–DNA
hybridisation (Wayne et al. 1987). With the advent of
16S rRNA gene sequencing it is now generally accepted
that species delineation may be based on 3 % sequence
divergence between a novel species and its closest relative
provided corresponding phenotypic data allows differen-
tiation from already recognised species of the genera in
question. Where it is clear that an isolate represents a
new species, but shows less than 3 % divergence with its
nearest relative, DNA–DNA hybridisation data is required

along with phenotypic data. There are currently no guide-
lines with respect to subspecies delineation, only that
there are recognisable phenotypic differences. Various gen-
etic fingerprinting techniques, as well as genetic marking,
have proven useful in subspecies discrimination or strain
differentiation. Alternatively, monoclonal antibody assays
or antibiotic resistance markers have been employed for
identifying or tracking specific strains in mixed samples.

To date, molecular techniques have been employed in
studies of probiotics and human GI microflora for four
main aims: (i) characterisation of bacterial diversity
within samples; (ii) enumeration of phylogenetically
related groups of bacteria; (iii) tracking or monitoring of
specific organisms or populations, both quantitatively and
qualitatively; and (iv) definitive identification of isolates,
especially probiotics. Probiotics are ‘live microbial sup-
plements’ that are culturable and therefore the full range
of classification protocols is suitable, including the genetic
techniques discussed below.

Genetic probing strategies

Probing techniques are based on the hybridisation of syn-
thetically prepared oligonucleotides to specific target
sequences on bacterial DNA. The specificity of the probe
is largely dependent on the target sequence, although the
stringency of the hybridisation conditions and washings
are also critical (Charteris et al. 1997; O’Sullivan, 1999).
To date, probing methods have concentrated on different
regions of the bacterial ribosome. Highly conserved
regions are targeted for universal, or domain-based, oligo-
nucleotide probes, whereas different variable regions are
used for genus-specific probes; highly variable regions
are targeted for species-specific probes. Though ribosomal
oligonucleotides are frequently used (predominantly 16S
rDNA probes), due to the extensive databases of known
sequences, other genetic targets may be useful in some
instances. For example, the fructose 6-phosphate phospho-
ketolase enzyme (F6PPK; particular to Bifidobacterium and
Gardnerella species) gene–gene complex may contain
regions that provide greater inter- and intra-species discrim-
inatory power for bifidobacteria (O’Sullivan, 1999). Alter-
natively, random selection of DNA fragments from
restriction digests of plasmid, or total DNA, has previously
been used to isolate specific probes for some species
(including Lactobacillus species; Giraffa & Neviani,
2000). A vast list of oligonucleotide probes is now avail-
able, including ones specific to most food-related bacteria,
LAB (see Table 1) and the predominant members of the
indigenous microflora of the human GI tract. The major
limitation of genetic probes is the level of specificity. To
date, species-specificity is the optimal discriminatory
power of such probes. As the genetic information available
in databases continues to grow, and with the increasing use
of whole-genome sequencing (as opposed to gene sequen-
cing) of organisms, subspecies target sequences suitable for
probing strategies may be identified. Such advances in
molecular biology may provide future approaches with
both increased specificity for genetic probing and probing
assays that demonstrate activity or function.

Labelled oligonucleotide probes are employed in a
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number of assays including colony, dot-blot (including
probe grids) and in situ hybridisations (Charteris et al.
1997; O’Sullivan, 1999; Giraffa & Neviani, 2000).
Improved technologies for fluorescent labelling, and other
non-radioactive labelling techniques, have reduced the
need to employ radioactive labels and also increased the
application of genetic probes in gut microbiology, seen
with the recent abundance of fluorescent in situ hybridis-
ation (FISH) studies.

As the name suggests, colony hybridisation involves
probing of bacterial colonies that have been transferred
onto membranes (e.g. nitrocellulose membranes). Such
methods were formerly used for rapid identification of bac-
terial colonies and enumeration of specific bacterial groups
or species prior to in situ assays that do not require cultiva-
tion. Additionally, the automation of gene sequencing has
negated the use of colony hybridisation, as improved dis-
criminatory power is available for identifying and differen-
tiating bacterial isolates using this approach.

Dot-blot hybridisation techniques involve probing DNA
extracts, from either bacterial isolates or environmental
samples, and enable multiple probes and multiple samples
to be analysed concurrently, provided that the different
probes have a shared hybridisation stringency. Indeed
probe grids, or ‘checkerboard’ hybridisations, employ
such a strategy, with the DNA extracts loaded along one
axis and labelled probes sequentially loaded along the
other axis, resulting in a composition profile for each
sample (O’Sullivan, 1999). Such an approach is also feas-
ible using well-assays, where the labelled probes are bound
to the wells and the samples are applied. The ability to
extract total DNA or RNA from environmental samples,
or mixed populations, means that such techniques are not
reliant on cultivation.

FISH enables the direct enumeration of whole bacterial

cells in environmental samples, or other mixed popu-
lations, using either fluorescent microscopy or flow cyto-
metry (Langendijk et al. 1995). An abundance of such
studies has been seen in gut microbiology in recent
years, largely concentrating on the predominant bacterial
groups or genera (Franks et al. 1998). Although such
methods would also be applicable to numerically dominant
bacterial species, the detection threshold of this technique
limits its use for examining subdominant populations.

Genetic fingerprinting

Genetic fingerprinting is very useful for differentiating bac-
terial isolates and has been applied to tracking bacteria of
interest and elucidating the complexity, dynamics and
diversity of bacterial populations, including the GI micro-
flora. Subspecies discrimination is achieved in most
cases, although there are also examples of fingerprinting
strategies that afford speciation. The primary limitation
of most fingerprinting methods is the need to first isolate
the organisms. However, recent developments in genetic
fingerprinting combine polymerase chain reaction (PCR)
amplification with profiling strategies, sometimes termed
PCR-typing, thus overcoming the reliance on cultivation.

The majority of genetic fingerprinting techniques are
based on restriction fragment length polymorphism
(RFLP) analysis, essentially a profiling tool based on the
banding patterns obtained from DNA restriction digests
(Charteris et al. 1997; Hozapfel et al. 2001). The crucial
element of this technique is the selection of the restriction
enzymes. Use of rare-cutting enzymes reduces the number
of DNA fragments, but usually requires more sophisticated
techniques, such as pulsed-field gel electrophoresis
(PFGE), to separate the large DNA fragments generated.
Along with PFGE, a number of modifications to restriction

Table 1. Summary of oligonucleotide probes available in the literature for Lactobacillus and
Bifidobacterium species

Bacterial species/group Probe types

Bifidobacterium adolescentis 16S rDNA, DNA fragment*
Bifidobacterium adolescentis/coryneforme 16S rDNA
Bifidobacterium animalis DNA fragment*
Bifidobacterium breve 16S rDNA
Bifidobacterium bifidum 16S rDNA, DNA fragment*
Bifidobacterium infantis 16S rDNA, DNA fragment*
Bifidobacterium infantis/longum/suis 16S rDNA
Bifidobacterium longum 16S rDNA, DNA fragment*
Bifidobacterium pseudocatenulatum 16S rDNA
Lactobacillus acidophilus 16S rDNA, 23S rDNA, rRNA
Lactobacillus brevis Genomic DNA
Lactobacillus casei Genomic DNA
Lactobacillus casei/rhamnosus 23S rDNA
Lactobacillus casei/paracasei/rhamnosus 23S rDNA
Lactobacillus crispatus 23S rDNA
Lactobacillus delbrueckii DNA fragment*
Lactobacillus fermentum 16S rDNA
Lactobacillus gasseri 23S rDNA
Lactobacillus helveticus DNA fragment*
Lactobacillus johnsonii 23S rDNA
Lactobacillus paracasei 23S rDNA
Lactobacillus plantarum 16S rDNA, plasmid DNA fragment, genomic DNA
Lactobacillus plantarum/pentosus 23S rDNA

* Identified from randomly cloned DNA fragments from this species in Escherichia coli.
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enzyme analysis (REA) are available to simplify the resul-
tant banding profiles. Examples include ribotyping and
amplified ribosomal DNA restriction analysis (ARDRA;
Roy et al. 2001).

PFGE employs an alternating field of electrophoresis to
allow separation of the large DNA fragments obtained
from restriction digests with rare-cutting enzymes, with
increasing pulse times throughout the run (O’Sullivan,
1999; Hozapfel et al. 2001). Crucial to PFGE is the extrac-
tion of intact chromosomal DNA, which is usually
achieved by embedding the bacteria in low-melting-point
agarose prior to cell lysis. As such, the technique can be
more time consuming than other fingerprinting strategies.
However, since the PFGE profile generated represents the
whole genome this technique has superior discriminatory
power. Indeed, excellent subspecies differentiation has
been shown using PFGE for a number of organisms,
including lactobacilli and bifidobacteria (McCartney et al.
1996; Kimura et al. 1997; O’Sullivan & Kullen, 1998).
In some cases PFGE has enabled the grouping of bacterial
strains within a species, and there are also examples of the
potential of this technique to speciate bacterial isolates.
Genome integrity may also be checked using PFGE,
especially when multiple enzyme profiles are used, as
DNA insertions, deletions and rearrangements alter the fin-
gerprint (O’Sullivan, 1999).

A number of studies have demonstrated the usefulness of
PFGE to monitor changes in the predominant bifidobacter-
ial and lactobacilli populations of humans, both within
individuals over time and between individuals (McCartney
et al. 1996; Kimura et al. 1997). Other workers have shown
the ability of PFGE to differentiate probiotic strains. Strain
typing has been successfully achieved by PFGE for the
Lactobacillus acidophilus complex, Lactobacillus casei,
Lactobacillus delbrueckii and its three subspecies (bulgar-
icus, delbrueckii and lactis ), Lactobacillus fermentum,
Lactobacillus helveticus, Lactobacillus plantarum, Lacto-
bacillus rhamnosus and Lactobacillus sakei (Klein et al.
1998; Giraffa & Neviani, 2000). Overall, PFGE has been
shown to differentiate strains belonging to the same LAB
species, group strains within a species, distinguish between
strains of different LAB species, and even to place isolates
in specific Lactobacillus species. In a recent comparison,
PFGE was shown to be more discriminatory in typing clo-
sely related Lactobacillus casei and Lactobacillus rhamno-
sus strains than either ribotyping or randomly amplified
polymorphic DNA (RAPD) analysis (Tynkkynen et al.
1999). However, it should be noted that in this case
PFGE differentiation was performed combining the results
from two separate enzymes (Sfi I and Not I), whereas a
single restriction enzyme was employed in ribotyping
(EcoRI). Use of multiple ribopatterns to determine the
overall ribotype of isolates has previously been shown to
increase the discriminatory power of this technique
(McCartney et al. 1996). Additionally, EcoRI ribotyping
was able to differentiate the Lactobacillus rhamnosus
strains VS 1020 and VS 1021, which neither PFGE nor
RAPD analyses separated, thus demonstrating the
improved discriminatory power of the technique in some
instances. PFGE is generally considered to afford the great-
est differentiation of conventional fingerprinting techniques.

Ribotyping is a modification of conventional RFLP,
whereby the REA is simplified by highlighting those
DNA fragments that contain rDNA through Southern blot-
ting and hybridisation with an rDNA probe. Ribotyping
affords good subspecies differentiation and has been suc-
cessfully used for both bifidobacteria and lactobacilli, and
for studying the diversity of strains within these two
groups (McCartney et al. 1996). Greater discrimination is
afforded when multiple ribopatterns are used to define
each ribotype, especially when restriction enzymes with
distinctly different recognition sequences are used. Ampli-
fied rDNA restriction analysis (ARDRA) is essentially the
reverse of ribotyping, i.e. the REA of 16S rDNA PCR
amplicons. Ribotyping generally affords greater discrimin-
atory power than ARDRA, due to the inclusion of the
flanking regions of the 16S rRNA genes in the fingerprint.
Overall, the conservative nature of 16S rRNA genes limits
the discriminatory power of these techniques compared to
methods which utilise the whole genome, such as PFGE
and RAPD (O’Sullivan, 1999). Nevertheless, ribotyping
has successfully differentiated various species or strains
within the Lactobacillus acidophilus complex, Lacto-
bacillus casei, Lactobacillus delbrueckii, Lactobacillus
fermentum, Lactobacillus helveticus, Lactobacillus plan-
tarum, Lactobacillus reuteri, Lactobacillus rhamnosus
and Lactobacillus sakei (Giraffa & Neviani, 2000; Hozap-
fel et al. 2001). Other studies have demonstrated species
recognition of Lactobacillus plantarum isolates using
ribotyping, while further investigations identified species-
specific ribotypes for Lactobacillus crispatus and Lacto-
bacillus gasseri (Charteris et al. 1997). On the other
hand, ARDRA has been used to differentiate a variety of
lactobacilli at species level, including Lactobacillus del-
brueckii and its three subspecies (bulgaricus, delbrueckii
and lactis ), Lactobacillus acidophilus and Lactobacillus
helveticus (Roy et al. 2001).

Amplified fragment length polymorphism (AFLP) analy-
sis is based on the selective amplification of restriction
fragments from total digests of genomic DNA; the DNA
fragments are then separated by polyacrylamide gel electo-
phoresis (Vos et al. 1995). Originally developed for plant
systematics, AFLP has been found to be a very useful fin-
gerprinting technique for bacteria, affording both species
resolution and strain differentiation. To date, AFLP has
mostly been employed in epidemiological studies and in
investigations aiming to distinguish virulence markers in
food-borne pathogens (such as Listeria and Salmonella ).
However, species-level discrimination has also been
shown for the phylogenetically closely related species
Lactobacillus pentosus, Lactobacillus plantarum and
Lactobacillus pseudoplantarum using this method (Giraffa
& Neviani, 2000).

Polymerase chain reaction-based methodologies

PCR-based techniques, including muliplex PCR using
specific primers and RAPD, have been used to detect pro-
biotic lactobacilli in faecal samples. The list of specific
PCR primers continues to grow, with species-specific
primer combinations and even strain-specific PCR primer
sets being developed (Charteris et al. 1997; Giraffa &
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Neviani, 2000). Such primers are useful in direct PCR
analysis of samples, demonstrating the presence and
semi-quantification of bacterial groups and/or species and
identification work. More recently, genus- and group-
specific primer sets have been utilised in studies concerned
with the composition and/or diversity within specific bac-
terial groups, including PCR-typing and community analy-
sis studies. Overall, the development of PCR-based
methodologies has provided simple and rapid tools for
identifying bacteria and investigating the diversity of
mixed populations without the need for cultivation
(Wang et al. 1996). Additionally, such advances in mol-
ecular methodology provide great potential for rapid and
reliable quality control of probiotic products.

The major limitation of PCR-based methodologies is the
inherent biasing of the technique (Wintzingerode et al.
1997). Every step (biological, chemical or physical) in
the genetic analysis of environmental samples may be a
source of bias, potentially distorting the picture obtained.
The greatest hazards in studying the composition of
mixed populations include insufficient or preferential cell
lysis, PCR inhibition, differential amplification and for-
mation of chimeric or artefactual PCR products. A further
complication in PCR-based diversity studies encompasses
differences in the rrn operons of different organisms,
both with respect to copy number and heterogeneity
(Wintzingerode et al. 1997). A number of strategies are
available to reduce and/or alleviate such biasing, e.g.
incorporating PCR facilitators in the reaction, performing
multiple reactions with different ‘universal’ primer sets,
or controlling the PCR conditions, such as number of
cycles and elongation time. Overall, PCR-based techniques
provide a powerful tool for examining the microbial diver-
sity of mixed populations. The general recommendation for
‘a good PCR-mediated analysis of 16S rRNA from
environmental samples’ is comparative studies incorporat-
ing different DNA extraction, PCR amplification and clon-
ing strategies, with replication and controlled PCR
conditions (Wintzingerode et al. 1997). Although each
step in the procedure from sample collection to analysis
may cause biasing, the PCR amplification and cloning
stages are the most likely source. Wintzingerode et al.
(1997) suggest performing multiple PCR amplifications
and cloning experiments on a mixture of nucleic acids
obtained from a number of extraction methods, thus obtain-
ing a more accurate picture of the diversity of the mixed
population of each sample. The advent of capillary sequen-
cing facilities and robotic automation may indeed allow
such analyses to be carried out. However, the costs
would still be prohibitive, especially as a tool for investi-
gating the diversity of the gut microflora and the effects
of dietary modification or probiotic administration on
such an ecosystem. It would be more plausible to produce
composite profiles for each sample from PCR-typing fol-
lowing multiple amplifications with a mixture of nucleic
acids obtained from a number of extraction procedures.

RAPD analysis utilises short arbitrary primers and low-
stringency to randomly amplify DNA fragments, which are
separated to give a fingerprint (Tilsala-Timisjarvi &
Alatossava, 1998). Though a simple and rapid method,
RAPD is prone to poor reproducibility, largely because

small changes in reaction conditions can alter the profiles.
RAPD must therefore be performed under controlled con-
ditions. Alternatively, refinement of the protocol to per-
form multiple RAPD PCR can improve reproducibility of
the technique, e.g. triplet arbitrary primed PCR (TAP-
PCR) or tri-RAPD, which involves aliquoting the PCR
reaction mix into three tubes and performing amplification
at three annealing temperatures (each differing by 28C)
(O’Sullivan & Kullen, 1998; O’Sullivan, 1999). The
RAPD profile is then identified as the profile consisting
of the shared bands across the three patterns. Such a
method was tested by O’Sullivan & Kullen (1998) for
fingerprinting bifidobacteria and found to be ‘highly
strain-specific’.

Numerous research groups have demonstrated the
reliability of RAPD-typing for inter- and intra-specific
differentiation of most Lactobacillus species. Indeed, it is
considered, along with 16S rRNA gene sequencing, to be
the most widely used technique for characterising food-
associated lactobacilli, and has been shown to accurately
distinguish between strains of Lactobacillus pentosus and
Lactobacillus plantarum (Charteris et al. 1997). Addition-
ally, multiplex RAPD (RAPD with multiple arbitrary
primers) has been employed successfully for the differen-
tiation of LAB isolated from the GI tract (Lucchinin et al.
1998). More recently, reports include the use of RAPD to

Table 2. Summary of Lactobacillus and Bifidobacterium species
and strains for which specific polymerase chain reaction (PCR) pri-

mers are currently available

Species-specific PCR primers
Lactobacillus acidophilus
Lactobacillus casei
Lactobacillus crispatus
Lactobacillus curvatus
Lactobacillus delbrueckii subsp. bulgaricus
Lactobacillus delbrueckii subsp. lactis
Lactobacillus fermentum
Lactobacillus gasseri
Lactobacillus helveticus
Lactobacillus johnsonii
Lactobacillus paracasei subsp. paracasei
Lactobacillus paraplantarum
Lactobacillus pentosus
Lactobacillus plantarum
Lactobacillus reuteri
Lactobacillus rhamnosus
Lactobacillus sanfranciscensis
Lactobacillus sharpeae
Lactobacillus zeae
Bifidobacterium adolescentis
Bifidobacterium angulatum
Bifidobacterium bifidum
Bifidobacterium breve
Bifidobacterium catenulatum group
Bifidobacterium dentium
Bifidobacterium gallicum
Bifidobacterium infantis
Bifidobacterium longum

Strain-specific PCR primers
Bifidobacterium breve Y8
Bifidobacterium infantis Y1
Bifidobacterium longum Y10
Lactobacillus gasseri 4B2
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identify species- and strain-specific probes or PCR primers
for some lactobacilli including Lactobacillus gasseri and
Lactobacillus rhamnosus (Lucchinin et al. 1998; Tilsala-
Timisjarvi & Alatossava, 1998).

Direct PCR methodologies are also available for the
differentiation of LAB. These include in situ PCR, specific
PCR and community analysis (cloning libraries or denatur-
ing gradient gel electrophoresis/temperature gradient gel
electrophoresis, DGGE/TGGE). As with genetic probes,
the list of species-specific PCR primer sets is extensive
for LAB and is increasing (see Table 2). Indeed, the appli-
cation of PCR-based methods for differentiating LAB sur-
passes that of oligonucleotide-probing strategies. Along
with 16S rDNA primers and RAPD-derived PCR primers,
there is a growing interest in utilising intergenic sequences
(ITS; most notably the 16S–23S rRNA spacer region);
(Lebond-Bourget et al. 1996; Tilsala-Timisjarvi &
Alatossava, 1997; Torriani et al. 1999), as well as protein-
and enzyme-encoding genes, such as heat-shock protein
genes (hsp; Jian et al. 2001), the recA gene (Kullen et al.
1997) and the ldh gene (Roy & Sirois, 2000). Recent
work by Tannock et al. (1999) demonstrated the usefulness
of sequencing the 16S–23S ITS region for strain identifi-
cation of lactobacilli. This strategy proved to have greater
characterisation powers than sequencing the 16S V2–V3
region, discriminating Lactobacillus casei and Lacto-
bacillus rhamnosus strains. The 16S–23S ITS has also
demonstrated good intraspecific analysis for bifidobacteria

(Lebond-Bourget et al. 1996), with strain-specific primers
developed for three Bifidobacterium strains following
sequence comparison of this spacer region (Brigidi et al.
2000).

A number of PCR techniques are available for the identi-
fication and/or differentiation of LAB. Some of these rely
principally on the amplification of a PCR product or on
the appropriately sized amplification product, e.g. using
species-specific primers, whereas others depend on
sequence comparison of the resulting amplicons. Work
investigating the detection limit of such techniques, using
Bifidobacterium species-specific primers, has calculated
the threshold of PCR amplification as 100 cells per PCR
reaction (equivalent to 106 cells per gram of faeces;
Matsuki et al. 1999).

Multiplex PCR amplifies multiple DNA targets simul-
taneously by performing PCR amplification with multiple
primer sets. In general, the more target sequences amplified,
the greater the accuracy and reliability. The major limitation
with multiplex PCR concerns optimisation of the PCR reac-
tion conditions. This normally necessitates selection of
primer sets with similar reaction specifications, especially
annealing temperature. With the appropriate sequence infor-
mation available it is feasible to develop or identify potential
multiplex-PCR protocols. Workers have demonstrated the
usefulness of this technique in detecting Lactobacillus gas-
seri strain 4B2 amongst colonies grown on Lactobacillus-
selective agar (Lucchinin et al. 1998).

Fig. 1. Strategies for direct community analysis of mixed microbial populations by
(a) detection of individual cells or (b) investigating the composition of 16S rRNA
community. DGGE/TGGE, denaturing gradient gel electrophoresis/temperature gradi-
ent gel electrophoresis; FISH, fluorescent in situ hybridisation; PCR, polymerase chain
reaction.
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Community analysis

Two main strategies for the direct investigation of the
diversity of mixed microbial populations (community
analysis) are currently available. Both rely on 16S rRNA
(see Fig. 1). Firstly, direct detection of individual bacterial
cells within the population utilising fluorescently labelled
16S rDNA probes, FISH (Franks et al. 1998), and
secondly, studying the composition of the 16S rRNA popu-
lation, which is amplified using universal PCR primers.
There are currently three techniques employed for such
investigations: sequencing individual rRNA genes using
cloning libraries (Suau et al. 1999), or profiling the 16S
rRNA population by: (i) separation of individual rRNA
genes using particular gel electrophoresis methods (such
as DGGE and TGGE; Muyzer, 1999); or (ii) probing tech-
niques, such as probe grids or checkerboard hybridisation
(O’Sullivan, 1999).

Probing techniques, including FISH and checkerboard
hybridisation, have been discussed previously in this
article. Both of these methods have been applied success-
fully to studies of the human colonic microflora (Franks
et al. 1998; O’Sullivan, 1999). Although these techniques
are reliable and relatively easy to use, probe design and
detection limits are the main disadvantages. Such protocols
are useful for following bacterial groups or predominant
genera; however, an extensive list of probes would be
necessary for diversity studies. Conversely, probing strat-
egies are excellent for following a limited number of
bacterial groups of interest in mixed populations, provided
that they are present at levels of 106/ml and the appropriate
probes are available.

Gene sequencing of 16S rRNA cloning libraries also has
limited application in studies of the human GI microbiota
(Suau et al. 1999), largely due to the number of clones pro-
duced and the fact that this method only allows qualitative
analysis of the bacterial composition. Along with the gen-
eral limitations of PCR-based methodologies, a further
consideration is the biasing incurred due to the cloning
system employed. Although useful for identification of
novel or ‘unknown’ organisms, such methods are too labor-
ious for clinical trials and/or extensive human studies.
Advances in molecular machinery, such as capillary
sequencers, go some way to addressing this; however,
until the overall costs and analysis packages improve, the
usefulness of this technique in probiotics and human
microbiota research is minimal. Indeed, perhaps the pri-
mary use of this method is the identification of previously
unaccounted for members of the microflora and the design
of appropriate probes to investigate their predominance in
larger population studies. Gene sequencing itself, however,
has been shown to be a very effective method for identi-
fication and taxonomic purposes (Lebond-Bourget et al.
1996; Wintzingerode et al. 1997; O’Sullivan, 1999; Gir-
affa & Neviani, 2000). The majority of work so far has
focused on the ribosomal genes, especially the 16S gene
and the 16S–23S ITS region, but other genetic markers
have also been identified. Comparisons of sequences of
a number of genes and/or partial genes have been studied
for both phylogenetic analysis and for species or strain
differentiation.

Profiling the 16S rRNA population by DGGE or TGGE
enables both the rapid estimation of diversity and the
simultaneous analysis of multiple samples (Muyzer et al.
1993; Zoetendal et al. 1998; Muyzer, 1999). The general
principle of DGGE/TGGE is the separation of individual
rRNA genes based on differences in chemical stability or
melting temperature of these genes. Polyacrylamide gels
consisting of a linear denaturing gradient, formed by urea
and formamide are employed for DGGE, whereas a
linear temperature gradient is used during TGGE. Most
DGGE/TGGE studies to date have concentrated on the
microbial diversity of different samples by comparing the
number and patterns of bands generated. However, as
with all PCR-based techniques, semi-quantification is
also possible based on the intensity of the bands. Competi-
tive reverse transcription PCR of community rRNA and
known standards enables absolute quantification of band
intensities in the profile. However, one limitation of
DGGE/TGGE is that heterologous sequences may migrate
similarly, and thus bands at the same position in the gel are
not necessarily phylogenetically related (Muyzer et al.
1993). The resolution may be improved by narrowing the
gradient. Additionally, subsequent identification work
with DGGE profiles, such as hybridisation analysis, or
cloning and sequencing of excised bands improves the
information obtained on the complexity of the bacterial
community with respect to diversity and identity
(Muyzer, 1999).

The most important limitations specific to DGGE/TGGE
are heteroduplex detection, detection of heterologous
rRNA operons from the same organism and poor detection
sensitivity of rare members. Indications are that DGGE/
TGGE profiles represent 90–99 % of the bacterial com-
munity (Zoetendal et al. 1998). Given the assumption
that human faecal samples contain 1011 cells per gram,
this suggests a detection limit of 109. However, the pre-
sence of heteroduplexes can result in overestimation of
bacterial diversity. Recent work has shown that hetero-
duplex frequency is a function of PCR product production,
increased cycle number, increased template concentration
and species diversity (Qiu et al. 2001). Heteroduplexes
can be eliminated, by cutting the bubble in the hetero-
duplex with T7 endonuclease I, for example or by
using polyacrylamide gel electrophoresis. However, the
experimental conditions for both of these systems are
critical, especially for separating heteroduplexes formed
between highly related strains or those with very similar
conformations to homoduplex molecules (Muyzer et al.
1993).

DGGE/TGGE can be employed for whole community
analysis, or for investigations of specific populations or
groups within the sample. The selection of PCR primers
determines the level at which the profiling is aimed
either global, genus or species. Additionally, recent
work has demonstrated the ability of DGGE profiling to
group Lactobacillus isolates which were then subjected
to more rigorous classification techniques for definitive
species identification (Walter et al. 2000). This work
demonstrated the potential of polyphasic studies to
reduce the time, cost and extensive testing required
while also maintaining specificity. Both TGGE and
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DGGE have been successfully used in studying the com-
plexity and dynamics of the human faecal flora. These
techniques are reliable, rapid, comparatively inexpensive
and show good reproducibility. More recent studies have
demonstrated the application of such methods in examin-
ing the diversity of the bifidobacteria (Satokari et al.
2001) and lactobacilli (Tannock et al. 1999) populations
of mixed communities.

Other molecular techniques

As the knowledge and information increases so does the
advancement of molecular technologies. There are always
new or improved methods being described. Two techniques
worthy of mention here are terminal restriction fragment
length polymorphism (T-RFLP) and multilocus sequence
typing (MLST).

Terminal restriction fragment length polymorphism
analysis can determine subtle differences in genotypes
(Marsh, 1999). Fluorescently tagged amplicons of specific
sequences are produced during PCR by using fluorescently
tagged primers. Subsequent restriction digests and visual-
isation of the fluorescent-labelled terminal fragments on
high-resolution sequencing gels produces the T-RFLP pat-
terns. Such analyses have been used in environmental
studies, including studies of bacterial soil communities,
and are an additional tool to community diversity studies.
The main advantages of T-RFLP over other community
analysis techniques, such as DGGE/TGGE, is the improved
resolution afforded by nucleic acid sequencing, compared
to electrophoretic systems, and the digital output. The
method also shows good sensitivity and high-throughput,
and has been employed for strain identification as well as
comparative community analysis. To date, most T-RFLP
has concentrated on 16S rRNA sequences. However,
other genetic markers, such as hsp genes, and markers
for glutamine synthetase, ATPases and topoisomerases,
may be useful in estimating biodiversity (Marsh, 1999).

MLST is a modification of multilocus enzyme electro-
phoresis (MLEE), using nucleic acid sequencing of
house-keeping loci rather than electrophoretic mobilities
of their products (Spratt, 1999). Primarily, MLST is an
identification tool for differentiating isolates with highly
related genotypes. Because of the increased sensitivity of
nucleotide sequencing, compared to electrophoretic mobil-
ities, MLST based on seven loci can provide excellent dis-
crimination. Bacterial isolates are defined by a string of
integers representing their allelic profile. This digital
output is an important advantage of the technique, as it
allows easy comparison within and between laboratories
via a central MLST website (http://www.mlst.zoo.ox.ac.
uk/; Spratt, 1999). To date MLST applications have largely
involved clinical isolates and known pathogens, although it
is ineffective in the case of Mycobacterium tuberculosis
isolates, as they contain virtually no sequence variation
in their house-keeping genes.

Summary

Genetic characterisation techniques are suitable for moni-
toring complex communities. DNA fingerprinting enables

differentiation of bacterial strains, but requires cultivation
in most instances. A number of in situ methods based on
16S rRNA gene sequences are available, some of which
are limited in discriminating closely related bacterial
species or strains within a species. Taken together, a poly-
phasic strategy principally based on genetic technologies is
necessary in order to achieve an accurate interpretation of
the bacteriology of the GI tract and to elucidate the ‘true’
microbiological impact of probiotics. Employment of such
an approach will overcome the inherent limitations of each
system. With the current plethora of genetic techniques for
identification, differentiation and community characteris-
ation, the stage is set for an inundation of information
from thorough investigations of the normal colonic micro-
biota, its overall complexity, diversity and dynamics, and
the effects of probiotics and other dietary modulation at
the bacterial level. Additionally, the tools are available
for definitive analysis of the bacterial components of pro-
biotic products, quality control and strain integrity.
Future developments in molecular biology should be
aimed at identifying and developing methods to study the
status of functional elements and biomarkers suitable for
unravelling the activity of the bacterial population, specific
organisms and/or genes. The quest will be to demonstrate
the roles of the microflora and of probiotic strains in vivo
and not simply to characterise the population or demon-
strate the presence or absence of particular organisms or
groups.
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