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For many years, bacterial exopolysaccharides (EPS) have received considerable scientific attention, mainly due to their contribu-
tion to biofilm formation and, above all, because EPS are potential virulence factors. In recent times, interest in EPS research has
enjoyed a welcome boost thanks to the discovery of their ability to mediate communication processes with their surrounding
environment and to their contribution to host health maintenance. In this review, we provide a fresh perspective on the genetics
and activity of these polymers in members of the Bifidobacterium genus, a common gut inhabitant of humans and animals that

has been associated with several health-promoting effects. Bifidobacteria can use EPS to protect themselves against the harsh
conditions of the gastrointestinal tract, thus improving their persistence in the host. Indeed, the relevant function of EPS for
bifidobacteria is underlined by the fact that most genomes sequenced until now contain genes related to EPS biosynthesis. A
high interspecies variability in the number of genes and structural organization is denoted among species/subspecies; thus, eps
clusters in this genus do not display a consensus genetic architecture. Their different G+C content compared to that of the
whole genome suggests that eps genes have been acquired by horizontal transfer. From the host perspective, EPS-producing bifi-
dobacteria are able to trigger both innate and adaptive immune responses, and they are able to modulate the composition and
activity of the gut microbiota. Thus, these polymers seem to be critical in understanding the physiology of bifidobacteria and

their interaction with the host.

Exopolysaccharides (EPS) are carbohydrate polymers present as
an extracellular layer covering the surface of a vast variety of
microorganisms, including Gram-positive as well as Gram-nega-
tive bacteria. Interest in this research topic comes from the poten-
tial applications of EPS in diverse sectors, such as food, biotech-
nology, cosmetics, or medicine (1, 2), as well as from their
implications for health. Some EPS have been reported to act as
virulence factors in several infectious diseases (3, 4), but, in con-
trast, it has also been shown that bacterial EPS can have a positive
impact on human health (5, 6). Indeed, the production of EPS by
some bacteria with probiotic traits has been tentatively correlated
with their capability to modulate the host immune response, elic-
iting both innate and adaptive responses (7-10). Additionally,
EPS also help the producing bacteria, when they are ingested, to
overcome gastrointestinal challenges and to persist for longer pe-
riods in the gut (8, 11). It has been shown that bile salts induced
the synthesis of EPS in some potentially probiotic bacteria (12,
13). Therefore, it seems that these polymers could play a relevant
role in the cross talk between the EPS-producing bacteria and the
gut environment of the host.

One of the most cited definitions of probiotics is “live micro-
organisms which when administered in adequate amounts confer
a health benefit on the host” (14). The commonly incorporated
bacteria in probiotic foods or supplements for human consump-
tion belong to the genera Bifidobacterium and Lactobacillus. Mem-
bers of the two genera are Gram positive and are separated into
different phyla according to their G+C content. Lactobacilli, in-
cluded in the phylum Firmicutes, are non-spore-forming rods or
coccobacilli with low G+C content (<50%), whereas bifidobac-
teria are members of Actinobacteria (G+C > 50%) and are non-
filamentous rods which can display different morphologies, the
bifurcated or “bifido” shape being the most common. Both genera
naturally inhabit common ecosystems, such as the oral cavity and
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the gastrointestinal tract of different animals (15, 16). Further-
more, lactobacilli are naturally present in different fermented
foods since they are present as contaminants of raw agricultural
materials. Bifidobacteria normally appear in foods only when they
are added during the formulation of probiotic products (17). EPS
production has been extensively studied in Lactobacillus and other
genera of lactic acid bacteria (LAB) of food origin. This topic has
been the subject of several reviews, each with a different focus (for
example, see references 18, 19, and 20). Some of the EPS-produc-
ing LAB are used in the dairy industry to improve the sensorial
properties of fermented products since their polymers act as nat-
ural biothickeners, fat replacers, and viscosity intensifiers (21, 22).
The genetics of EPS synthesis in food lactobacilli and other LAB
has also been reviewed (23-25). The interest in studying EPS bio-
synthesis in lactobacilli and bifidobacteria of animal origin is more
recent and comes from their biological properties, as EPS are in-
volved in the interactions with the host (20, 26, 27). However,
there is little information concerning this anabolic route in bifi-
dobacteria. Therefore, after a short summary of the biological
functions attributed to bifidobacterial EPS (bifido-EPS), in this
review we aim at providing an overview of the EPS biosynthesis
pathway in this genus.
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BIOACTIVITY OF EPS FROM BIFIDOBACTERIUM

As previously mentioned, the renewed interest in studying the
synthesis of EPS in bifidobacteria is due to the role that these
biopolymers could have in human health. Some in vitro studies
have suggested that specific EPS can play a key role in the benefi-
cial effect of the EPS-producing bifidobacteria. Nevertheless, it is
worth pointing out the clear need for more research on this topic
as well as for in vivo demonstration of such EPS-dependent bio-
logical activities. Figure 1 summarizes the pathways and cells that
are involved in the effects EPS might have on the intestinal mucosa
environment. Most reported studies were focused on the ability of
polymers from LAB to modulate immune response (reviewed in
reference 26). This is also a common characteristic found in some
bifido-EPS, but only a few papers have dealt with this research
topic. Using an in vitro approach, Lopez and coworkers (9) have
analyzed the immune activity of EPS purified from 13 strains be-
longing to three Bifidobacterium species (B. animalis subsp. lactis,
B. longum, and B. pseudocatenulatum). Polymers, and some of the
producing strains, were cocultivated with human peripheral
blood mononuclear cells (PBMC), and pro- and anti-inflamma-
tory cytokines were analyzed. They detected that the in vitro ability
of these EPS to induce T cell differentiation with respect to Thl
(high tumor necrosis alpha [TNF-a]/interleukin-10 [IL-10] ratio)
or Th2 (high IL-10/IL-12 ratio) was highly dependent on the type
of polymer. One remarkable finding that could shed light on some
important traits that effector EPS might have is the case of the
polymers purified from isogenic B. animalis subsp. lactis strains
Al, A1dOx, and A1dOxR (also known as IPLA-R1) (28). The
three polymers elicited different cytokine patterns, and the
A1dOxR polymer, which has the highest molar mass, showed
the lowest capability to induce the release of both pro- and anti-
inflammatory cytokines by PBMC (9). Thus, it seems that large
(high-molecular-weight [HMW]) polymers from bifidobacteria
are not very efficient at inducing any immune response, just as was
previously denoted for LAB-EPS (26). Fanning and coworkers (8)
reported similar findings using B. breve UCC2003, with a model of
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an EPS-producing (EPS™) strain and EPS-deficient (by insertion
or deletion) derivative (EPS ™) strains. In this case, in vitro cultures
of splenocytes isolated from naive mice were coincubated with the
isogenic strains. The EPS™ stimulated cells produced significantly
lower levels of proinflammatory cytokines than those stimulated
with the EPS™ strains. When splenocytes isolated from treated
mice (orally fed with EPS* or EPS™ strains) were analyzed, it was
confirmed that in the absence of the EPS, the number and activity
of different immune cells increased with respect to the EPS™-fed
mice or the naive mice. Therefore, it seems that the EPS-produc-
ing strain was not able to elicit a strong immune response com-
pared with the EPS-deficient mutants. Apparently, the presence of
the polymer surrounding the surface of B. breve UCC2003 could
reduce the immune clearance of this bacterium due to a reduced B
cell response and, therefore, this polymer may be crucial for the
persistence of B. breve in the murine host. Furthermore, the pres-
ence of this EPS™ strain in the murine intestine reduced the colo-
nization by the pathogen Citrobacter rodentium, a result that was
not promoted by the EPS™ strain. Probably, as the authors sug-
gested, this effect could have been mediated through the forma-
tion of a protective “bifidobacterial biofilm” provided by the EPS
of B. breve (8). Similarly, Wu et al. (29) showed that the EPS
purified from strain B. longum BCRC 1464 also showed antimi-
crobial activity against several pathogens. Besides, the cocultiva-
tion of macrophage J774A.1 cells with the heat-inactivated strain
or with the purified EPS increased the release of anti-inflamma-
tory IL-10; when cells were challenged with 100 ng/ml lipopoly-
saccharide (LPS), the purified EPS (at 5 g/ml) reduced the pro-
duction of (proinflammatory) TNF-a. Those authors suggested
that the EPS could contribute to the capability of B. longum to
fight against gastrointestinal infections (29). Therefore, the pres-
ence of EPS could be another factor involved in the antagonism of
bifidobacteria against pathogens. Our group has reported that pu-
rified EPS synthesized by B. animalis subsp. lactis increased the
adhesion of certain enteropathogens to human mucus; this sug-
gested that purified EPS were able to form an adherent layer on top
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of mucus and that the bound EPS might have acted as ligands for
molecules of the pathogen surface (30). Additionally, the poly-
mers were able to counteract the cytotoxic effect of bacterial toxins
(from Bacillus cereus and Streptococcus pyogenes) on colonocyte-
like Caco2 cells and rabbit erythrocytes in vitro (31). Based on the
results indicated above, we can hypothesize that the mechanism
behind this antagonistic activity could be the creation of a physical
barrier. Either the EPS-producing bacteria or the released polymer
may act as a protective shield on the eukaryotic cells. Thus, the EPS
layer could hinder the access of the pathogen, or its toxins, to the
receptors in the surface of the eukaryotic cells. Similarly, the poly-
mers could act as scavenging or trapping agents and, therefore,
retain and remove these harmful agents from the intestinal niche
(31). In any case, it seems that this nonspecific mechanism(s)
could also be involved in the capability of some EPS-producing
bifidobacteria to act as antioxidants, or free radical scavenging
agents, to diminish the damage caused by reactive oxygen species
in tissues (32). Regarding the host receptors that could be involved
in the specific recognition of the bifidobacterial EPS, no informa-
tion has been available in the literature to date. In any case, the
molecules located at the surface of any microorganism are de-
tected by pattern recognition receptors (PRR) of the host cells,
such as Toll-like receptors (TLR), NOD-like receptors (NLR), and
C-type lectin receptors (CLR). Some of these PRR are specific to
glycan-type ligands, and they could be involved in the recognition
of bacterial EPS (33, 34).

Several works have reported the suitability of different EPS
synthesized by LAB to be used as fermentable substrates (or pre-
biotics) by the intestinal microbiota (reviewed in reference 27). In
this scenario, our group studied this potential in bifido-EPS by
means of in vitro human fecal-slurry models. To this end, 11 dif-
ferent polymers were separately analyzed in non-pH-controlled
(35) or in pH-controlled (36) fecal batch cultures. In the presence
of bifido-EPS, a modification in the diversity of certain bacterial
populations and an increase in the number of some bifidobacterial
species, as well as changes in the metabolic activity in the micro-
biota (measured in terms of short-chain fatty acid profiles), were
noticeable. Therefore, it seems that bifido-EPS were able to feed
specific groups of this fecal microbial community. However, it is
worth noting that the use of these polymers as commercial prebi-
otic additives is very limited due to the low production yield by
bifidobacteria. The idea of use of the whole EPS-producing bifi-
dobacteria to modulate microbiota is more plausible.

From the works reviewed in this section, a corollary can be
proposed: the physicochemical characteristics of EPS are directly
related to their bioactivities. Thus, in order to find mechanisms of
EPS activity, as well as to propose the best polymer targeted for
specific applications, studying the genetics and the composition
and structure of bifido-EPS is crucial. The current knowledge re-
lated to these topics is reviewed next.

EXOPOLYSACCHARIDES FROM BIFIDOBACTERIUM SPP.:
STRUCTURE AND GENETICS

The EPS synthesized by bifidobacteria, as with some of those pro-
duced by LAB, are built from repeated oligosaccharide units, re-
ferred to here as “EPS-units.” The EPS-unit structure of a few
bifido-EPS polymers has been elucidated by means of nuclear
magnetic resonance (NMR). As could be expected from such
chemical and structural complexity, there are several enzymes in-
volved in EPS synthesis which are organized in eps clusters. The
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use of genomic databases and bioinformatic tools allows the de-
piction of the genetic maps to describe potential biosynthetic
pathways of EPS in bifidobacteria, such as the anabolic route of
EPS production.

STRUCTURE AND GENETICS OF THE EPS-UNITS IN
BIFIDOBACTERIA

In the 1990s, several articles reported the physicochemical char-
acteristics of EPS synthesized by bifidobacteria belonging to the
species B. breve and B. longum. In the second decade of this cen-
tury, a renewed interest in this topic is noticeable as a consequence
of the isolation of new EPS-producing strains from natural re-
sources, such as the intestinal microbiota (37, 38). However, until
now, only the structures of the EPS-units building the polymers
produced by nine bifidobacterial strains have been elucidated by
NMR techniques (Table 1). The monosaccharide composition of
about 30 bifido-EPS has been analyzed by different chromato-
graphic techniques (data are included in reference 26). This chem-
ical characterization indicates that bifido-EPS are built with the
same main monosaccharides—i.e., D-glucose, D-galactose, and L-
rhamnose—as LAB-EPS. All bifido-EPS contain galactose, fol-
lowed in abundance by glucose (28 of 30), and half of them also
have rhamnose. In this regard, it has previously been indicated
that rhamnose is found in a higher proportion in EPS synthesized
by strains of human origin than in polymers isolated from strains
of food origin (26). Besides, some particular EPS present a higher
percentage of rhamnose in their composition. This is the case for
the HMW-EPS fraction purified from strain B. animalis subsp.
lactis IPLA-R1 (Table 1), whose EPS-unit contains 50% rhamnose
(39). This fact has recently been correlated with an overexpression
of genes coding for rhamnose biosynthesis precursors located in-
side the eps cluster of this strain (28). Therefore, taking into ac-
count the limitations imposed by the low number of bifido-EPS
analyzed, we propose that they share common compositional
traits with LAB-EPS, especially with those synthesized by strains of
human origin.

With regard to the genetic analyses of EPS biosynthesis in
members of the genus Bifidobacterium, reports in the literature are
very scarce. The first defined eps cluster in bifidobacteria was that
of strain B. animalis subsp. lactis IPLA-R1 (previously named
A1dOxR). The cluster was delimited to a fragment of 54.3 kb,
including 42 predicted genes flanked by a transposase-encoding
gene. Based on homology studies, it was inferred that the genes
present in this eps cluster were similar to those detected in LAB-eps
clusters (39). Strain B. breve UCC20003 harbors an EPS-encoding
cluster of 25.6 kb with 20 predicted genes, which are organized in
two adjacent and oppositely oriented gene sets (8 genes in the epsI
operon and 10 genes in the eps2 operon). The other two genes for
the priming glycosyltransferase (GTF) and the protein involved in
chain length determination are transcribed by different promot-
ers. It seems that the EPS synthesis in this strain could be bidirec-
tional, thus producing one or two possible polymers (8).

The development of bioinformatic tools, as well as the increas-
ing number of available genomes in public databases, has pro-
moted the search for genes involved in the different metabolic
pathways in bifidobacteria (49). In the next section, data about eps
clusters that we identified from publicly available Bifidobacterium
genomes are summarized. Our aim was to compare their func-
tional-structural organization with that of a “consensus” LAB-eps
cluster (24, 25, 48, 50).
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TABLE 1 Repeating EPS-unit structures of polymers synthesized by Bifidobacterium determined with nuclear magnetic resonance?

EPS-unit
Species Strain location EPS-unit structure® Reference
0-D-Galf-(1—2)-0-L-Rhap
1
B. animalis subsp. lactis  IPLA-R1 (A1dOxR)  Extracellular é 39
—4)-3-D-Glcp-(1—3)-a-L-Rhap-(1—2)-a-L-Rhap-(1—4)-3-D-Galp-(1—
a-D-Galp a-D-Galp
1 1
B. animalis subsp. lactis ~ RH Cell wall ;i; :l; 40
—4)-0-D-Glcp-(1—4)-0-D-Manf-(1—4)-a-L-Rha-(1—4)-a-D-Manf-(1—4)-a-D-Galf-(1 —
B-Glc B-Glc B-Gle
1 1 1
‘I, { {
B. adolescentis YIT 4011 Cell wall 3 3 3 41
> 2)-0-BdTal-(1->3)-B-BdTal{1—>3)-B-8dTal-(1->3)-8-BdTal{ 1 >2)-a-8d Tal-(1—2)-aBdTal(1 >
—6)-a-D-Glcp-(1—3)-8-D-Galf:(1—-3)-0-D-Glcp-(1—-2)-p-D-Galf-(1-3)-0-D-Galp-(1 —3)-a-D-Glep-(1 —
6
1
B. bifidum BIM B-465 Cell wall 1 42
a-D-Glcp
—3)-B-D-Glcp-(1—3)-B-D-Galp-(1—4)-0-D-Galp-(1—2)-0-D-Glcp-(1 —
6
B. breve YIT 4010 Cell wall x 43
o-D-Glcp
—6)-B-D-Galf-(1—5)-p-D-Galf:(1—
6
B. catenulatum YIT 4016 Cell wall z 44
o-D-Galp
3)-p-D-Galf-(1—3)-0-D-Galp-(1—
B. infantis ATCC 15697 Cell wall® 45
—2)-a-L-Rhap-(1—3)-0-D-Galp-(1—2)-a-L-Rhap-(1—3)-a-D-Galp-(1—
6
B. longum YIT 4028 Cell wall ] 46
o-D-Galp
B-D-Glcp
1
5
—4)-0-D-Galp-(1—4)--D-Galp-(1—4)-p-D-Glcp-(1—3)-a-D-Galp-(1—-3)-p-L-Rhap-(1—
B. longum JBLO5 Extracellular DRI o Bl B op{ Fe-D-Calf( Yp 4 &R 47
T
1
B-D-Galp

“ Data have been updated from reference 48.
¥ This backbone is partially substituted with B-p-Glcp linked in the carbon C-6 of both monosaccharides.

€ Glc, glucose; Gal, galactose; Rha, rhamnose; Mn, mannose; 6dTal, 6-deoxy-talose; p, pyranose ring conformation; f, furanose ring conformation.

IN SILICO ANALYSIS OF BIFIDO-eps CLUSTERS

The completed genomes of 28 bifidobacteria, held in the GenBank
database at the time of writing, were used to search for putative
bifido-eps clusters (see Table S1 in the supplemental material).
The genome of B. longum subsp. longum NCC2705, which was the
first to become publicly available (51), was used to search for the
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priming-GTF gene (p-gtf). This is the enzyme that catalyzes the
initial step of the EPS-unit synthesis; therefore, it should be pres-
ent in all eps clusters. Strain NCC2705 harbors two putative p-gtf
genes annotated as “undecaprenyl-phosphate sugar phospho-
transferase” (rfbP) and “galactosyl-transferase” (cpsD), coding for
proteins of 573 amino acids (accession number NP_695455) and
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FIG 2 Physical maps of the putative eps clusters from nine representative Bifidobacterium species. A “consensus” eps cluster for LAB (based on reviews in
references 23, 24, 25, and 48) is also depicted. The genes were categorized according to their potential functions, which are indicated with the colored arrows in
the box. For each strain, the amino acid identity (percentage) of the priming GTF (light blue line) and the rhamnose biosynthesis (light red line) with respect to

those of B. animalis susbp. lactis DSM 10140 is indicated.

514 amino acids (accession number NP_695447), respectively.
The percentage of amino acid homology between these two prim-
ing-GTFs was 38%. Using rfbP and cpsD genes as the templates,
the other available bifidobacterial genome sequences were
screened for the presence of p-gtf. Most of them seemed to harbor
at least one p-gtf (see Table S1), except B. bifidum PRL2010 and
BGN4 and B. longum subsp. longum DJO10A and JDM301. Fol-
lowing the identification of the gene(s) encoding the priming-
GTF, the regions surrounding these genes were searched for those
encoding other proteins described as being implicated in the syn-
thesis of LAB-EPS (Fig. 2). All strains, except B. bifidum S17 and B.
longum subsp. infantis 157F, presented several of those genes
closely located to p-gtf, thus having an eps cluster-like structure
(see Table S1). Indeed, the putative eps cluster of strain B. animalis
subsp. lactis DSM 10140 (GenBank accession no. CP001606)
showed an operon-like structure containing most of the genes
described in the “consensus” LAB-eps cluster. Thus, the defined
eps cluster from DSM 10140 was used as a template to perform a
local BLAST comparison with the rest of the completed bifidobac-
terial genomes. From the 22 bifidobacterial genomes havingan eps
cluster, one representative of each species/subspecies was chosen
to depict physical maps showing the putative functions of the
proteins linked to the cluster (Fig. 2).
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The first noticeable outcome from the in silico analysis of the bi-
fido-eps clusters is the lack of a “consensus” functional-structural or-
ganization such as that described for LAB genera among different
Bifidobacterium species. There is a consistent interspecies variability
in the bifido-eps cluster length (see Table S1 in the supplemental
material), as well as in the numbers and types of gene present (Fig. 2).
The variability found in the genetic content responsible for the bifido-
EPS anabolic route could reflect the genome plasticity reported in the
Bifidobacterium genus (52). Regarding intraspecies diversity, only ge-
nomes from B. longum subsp. longum and B. animalis subsp. lactis
have been sequenced in higher numbers allowing a tentative compar-
ison. In the case of B. longum subsp. longum, the six strains that har-
bor eps genes presented a different structural organization (see Fig. S1
in the supplemental material). In this regard, Lukjancenko et al. (53)
have shown that the percentage of homology among total proteomes
derived from five B. longum genomes is lower than 69%. In contrast,
the degree of similarity obtained for six B. animalis subsp. lactis strains
was higher (from 82.5% to 99.5%). A low degree of interstrain vari-
ability was reported for the latter subspecies using comparative
genomics (54). Our results, obtained with the bifido-eps clusters an-
alyzed from nine B. animalis subsp. lactis strains, supported this find-
ing; they had similar lengths (see Table S1) and identical genetic
structures, presenting only a few single nucleotide polymorphisms

aem.asm.org 13


http://www.ncbi.nlm.nih.gov/nuccore?term=NP_695447
http://www.ncbi.nlm.nih.gov/nuccore?term=CP001606
http://aem.asm.org

Minireview

(55). Although the number of genomes analyzed is not large enough
to obtain any evolutionary conclusion, we are tempted to hypothesize
that in LAB-eps clusters a conserved functional structure could have
been present in a common ancestor before LAB-genus divergence.
However, the acquisition of eps clusters in Bifidobacterium could have
been a more recent event.

In spite of the lack of a “consensus” structural organization in
bifido-eps clusters, most genes described in LAB-eps have been de-
tected in the Bifidobacterium genomes screened, for example, a vari-
able number of genes coding for different GTFs. In general, the degree
of homology in the amino acid sequences of the GTFs from the dif-
ferent strains tested was very low, and that of B. dentium was the
lowest (data not shown). In contrast, the interspecies homology of the
priming-GTF was high and was even higher than that detected with
the priming-GTF harbored by the same strain (Fig. 2). The high ho-
mology detected for each priming-GTF among the species could be
due to the presence of conserved domains involved in the interaction
with the lipid carrier (37, 56). The divergences between the two RfbP
and CpsD priming-GTFs could be due to domains related to the
sugar specificity of each enzyme.

Two types of genes that could be involved in the transport of
the repeated units across the cytoplasmic membrane were de-
tected in bifido-eps: “flippase”-like and ABC-transporter genes
(Fig. 2). The genes for the flippase-like transport and polymeriza-
tion system, which is also present in LAB-eps, were detected in
most of the bifido-eps clusters analyzed. However, ABC-trans-
porter genes are less abundant and were not described in LAB-eps.
Another feature common between LAB-eps and bifido-eps clus-
ters is the presence of genes encoding transposases and insertion
sequences (Fig. 2). The presence of such elements could be related
to the putative horizontal transfer of eps genes among different
taxa. A remarkable difference detected in bifido-eps clusters with
respect to those of LAB is the absence of (known) transcriptional
regulator genes in the neighborhood of the cluster. These are cur-
rently found at the 5" end in eps clusters of most LAB species. Some
of the genes with unknown functions located inside or close to the
bifido-eps cluster could encode proteins that regulate the EPS syn-
thesis. It is also possible that these regulator genes are located in
another region of the bifidobacterial genome. Finally, several
genes coding for precursors involved in the biosynthesis of rham-
nose were found within the eps cluster of B. animalis subsp. lactis
DSM 10140, B. animalis subsp. animalis ATCC 25527, B. longum
subsp. longum NCC2705, and B. dentium Bd1 (Fig. 2). These genes
coding for three proteins, dTDP-glucose pyrophosphorylase,
dTDP-4-dehydrorhamnose 3,5-epimerase, and dTDP-D-glucose
4,6-dehydratase, show high amino acid homology among the spe-
cies (currently higher than 80%) (Fig. 2). In addition, the G+C
content of rhamnose-precursor genes is higher than that of the eps
cluster, which suggests that these genes were not acquired by hor-
izontal transfer; thus, they could be involved in the metabolism of
this sugar in a manner separate from their role in the synthesis
of EPS.

HYPOTHETICAL PATHWAY OF EPS SYNTHESIS IN B.
ANIMALIS SUBSP. LACTIS

The mechanism of EPS biosynthesis in the genus Bifidobacterium
is not known, and the biosynthetic pathway in LAB has been pro-
posed on the basis of the functional analysis of a few genes and,
mainly, on the basis of sequence homology studies (23-25, 48).
The composition and the structure of bifido-EPS have not been
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characterized for any of the strains whose genomes have been
completed. Thus, a correlation between the genetics and physico-
chemical characteristics of the bifido-EPS cannot be established.
However, the EPS-unit of the HMW-EPS synthesized by strain B.
animalis subsp. lactis IPLA R1, as well as the sequence of its eps
cluster, is known (39). Therefore, taking into account the pre-
dicted function assigned to some genes in this bifido-eps cluster,
we propose a hypothetical pathway for the synthesis of the HMW-
EPS in this strain (Fig. 3). It is worth noting that this route of
synthesis could be extended to any species of Bifidobacterium. The
synthesis of most heteropolysaccharides requires the use of acti-
vated sugar nucleotide (nucleoside di- or monophosphorylated
sugar) precursors which are formed from the intermediate mole-
cules of glycolysis (18). The first step in the formation of the EPS-
unit would be catalyzed by the priming-GTF; in the case of B.
animalis subsp. lactis, the two p-gtf genes seem to be functional
(13, 28). This enzyme would transfer a sugar-1-phosphate (not
identified in EPS IPLA-R1) to the lipophilic carrier molecule an-
chored to the cell membrane. However, priming-GTFs are not
able to catalyze the formation of glycosidic bonds. These linkages
are made by other GTFs, which transfer new sugar moieties from
the donor nucleotide sugars to the initial monosaccharide of the
unit. Thus, depending on the structure of each EPS-unit, the num-
bers and specificities of GTF differ; in the case of the IPLA-R1
polymer, enzymes catalyzing the transfer of glucose, galactose,
and rhamnose are required. Once the EPS-unit is formed in the
cytoplasm, an export-polymerization process is necessary to move
the finished unit to the extracellular face of the cytoplasmic mem-
brane and to build the polymer. The presence of flippase-like
genes in most bifido-eps clusters (Fig. 2) suggests that a system
dependent on this enzyme (57) is active in bifidobacteria. Most of
the information related to this export system has been obtained
from studies of the O-antigen LPS synthesis in Escherichia coli
(58). The flippase-like protein (named Wzx in E. coli) translocates
the lipophilic-carrier linked EPS-unit across the cell membrane.
Following this translocation event, a polymerase (Wzy) assembles
the repeating units. Finally, proteins responsible for chain-length
determination (Wzz) are involved in terminating chain elonga-
tion and thus influence EPS molecular mass.

CONCLUDING REMARKS

The in silico analysis performed with the Bifidobacterium genomes
available in public databases allowed us to conclude that there is
not a “consensus” structural organization of the eps clusters cor-
responding to that detected in LAB-eps clusters. Nevertheless,
some common features of bifido-eps clusters can be proposed: (i)
high inter- and intraspecies organizational variability, with the
exception of B. animalis subsp. lactis, (ii) lower G+C content of
the eps cluster, in comparison with that of the total bifidobacterial
genome, (iii) in some cases, association with genes involved in the
synthesis of rhamnose, (iv) presence of genes encoding a “flip-
pase”-like export-polymerization system that could be the mech-
anism active in bifido-EPS synthesis, and (v) apparent lack of
transcriptional regulator genes. The increased availability of ge-
nomes will allow us, in the near future, to confirm, discard, or
extend the characteristics detected until now in bifido-eps clusters.
Additionally, in order to gain further insight into the EPS biosyn-
thesis in the Bifidobacterium genus, more studies connecting ge-
netic information with the physicochemical characteristics of the
EPS are required. This is a vital step to be able to understand the
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biological properties for either the producing bacteria or the host. 5.

This exciting topic constitutes an interesting opportunity for fu-
ture research in the probiotic field.
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