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It is becoming increasingly clear that 
diet is one of the major factors that 

drives the function and composition of 
the intestinal microbiota. The diet of 
humans is highly diverse when consider-
ing different populations or even a single 
individual over a relatively short period 
of time. However, we are just begin-
ning to understand the mechanisms 
that connect dietary change to intestinal 
microbiota dynamics. The community 
of microbes within our distal digestive 
tract influences numerous aspects of our 
biology, and aberrant shifts in its compo-
sition appear to be associated with sev-
eral diseases. It is, therefore, necessary 
to understand how our behaviour and 
environmental factors, such as changes 
in diet, impact our intestinal residents. 
Here we look to recent work to highlight 
some of the major questions on the hori-
zon for understanding the key role that 
the Bacteroidetes play in the commerce 
of dietary polysaccharides within the 
intestine.

We have recently elucidated a pathway 
present in gut-resident Bacteroides spe-
cies that enables the use of fructans, 
a class of dietary plant and microbial 
polysaccharides.1 Using Bacteroides  
thetaiotaomicron as a model, we per-
formed a genetic and biochemical dissec-
tion of a polysaccharide utilization locus 
(PUL) that encodes the fructan utiliza-
tion pathway. PULs encode machinery 
that performs a remarkable feat: convert-
ing extracellular polysaccharides into 
glycolytic substrates in a step-wise pro-
cess of cell-surface binding, degradation 
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and import. These loci are built around 
orthologs of susD and susC, genes within 
B. thetaiotaomicron’s starch utilization 
system (Sus) that encode outer-membrane 
polysaccharide binding and import pro-
teins, respectively (Fig. 1).2,3 Our work 
builds on a rapidly expanding field that is 
dedicated to understanding the role that 
PULs play in Bacteroidetes adaptation to 
the dynamic nutrient environment of the 
intestine.4-8

PULs have been widely expanded 
within the Bacteroidetes.4 The duplica-
tion and diversification of PUL func-
tion is one obvious mode of evolution 
that enables intestinal bacterial strains to 
exploit new niches and substrates within 
the gut. PULs also appear to be shared via 
lateral transfer, which results in the acqui-
sition of polysaccharide use in the recipi-
ent strain.9 A mode of PUL diversification 
became apparent through our study: alter-
ing gene content and specificity of existing 
(i.e., non-duplicated) PULs to access new 
substrates. We examined various forms 
of the fructan-utilization PUL that are 
conserved across six Bacteroides species 
(those with complete genome sequences at 
the time of the study). However, despite 
similarity in PUL gene content and order 
with other Bacteroides species, B. thetaio-
taomicron has a distinctive fructan-utili-
zation functionality. It grows very well on 
levan (a β2-6-linked fructan), but very 
poorly on inulin (a β2-1 fructan), which 
is in stark contrast to all but one of the 
other Bacteroides species that efficiently 
use inulin but not levan (the exception 
being B. vulgatus, which can use neither 
inulin or levan). We discovered that the 
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fructan-screening-system that ensures the 
free fructose generated within the peri-
plasm is derived from β2-6 linkages. This 
screening function is important to com-
pensate for the lack of specificity toward 
linkage exhibited by the locus-associated 
signalling sensor (BT1754), which acti-
vates the locus when the appropriate 
substrate is present. BT1754 encodes a 
hybrid two-component system (HTCS) 
that traverses the inner membrane. Our 
structural and biophysical studies demon-
strate that the periplasmic sensor domain 
of BT1754 binds to monomeric fructose, 

species tested to date (Bolam D, unpub-
lished), BT1762 has a strict β2-6 fructan 
specificity, despite its apparent orthology 
to the β2-1-binding SusD-like proteins of 
other species.

The cell surface components of B. 
thetaiotaomicron’s fructan utilization sys-
tem serve two important roles for fruc-
tan use. The first is to bind and degrade 
β2-6 polymers and translocate the result-
ing oligosaccharides into the periplasm 
where non-specific exo-acting fructosi-
dases stand ready to generate fructose 
monomers. The second role is to serve as a 

key to B. thetaiotaomicron’s ability to use 
levan is the alteration of genes within its 
PUL. A cell surface endo-acting β2-6-
specific glycoside hydrolase-encoding  
gene (BT1760), which is absent in the 
other species, has been inserted into B. 
thetaiotaomicron’s fructan PUL (Fig. 1). 
In addition to acquiring this important 
enzyme, B. thetaiotaomicron appears to 
have modified the specificity of its poly-
saccharide binding susD-like gene prod-
uct within the locus, BT1762. Unlike the 
β2-1 specificity that is apparent in the 
SusD-like proteins of the inulin-using 

Figure 1. Organization of the starch and levan PULs in Bacteroides thetaiotaomicron and model of levan utilization. A. Genomic organization of B. 
thetaiotaomicron’s prototypic Sus locus (top) and levan utilization locus (bottom). Genes of similar function are coded by color; intervening unrelated 
genes are white. B. Based on our studies and previous genetic and biochemical studies focused on other PULs of B. thetaiotaomicron,1-5,7,8 we have 
developed a working model of β2-6 fructan utilization in B. thetaiotaomicron. In this model, levan is bound by the SusD homolog (D), BT1762 and the 
susE-positioned gene product, BT1761, on the surface of the bacterium. The polysaccharide is then cleaved into oligosaccharides by the extracellular 
endo-acting levanase, BT1760. Oligosaccharides are actively imported by the SusC homolog (C), BT1763 (a TonB dependent porin). In the periplasm, 
exo-acting glycoside hydrolases, BT1759 and BT3082, liberate monosaccharide fructose (green pentagons) from the oligosaccharides. Free fructose 
binds to the periplasmic sensor domain of the homodimeric HTCS, BT1754 (inset red box shows structure of BT1754 periplasmic domain homodi-
mer bound to fructose), activating the regulatory protein and resulting in upregulation of the PUL. The inner membrane monosaccharide importer, 
BT1758, transports periplasmic fructose into the cell where it is shunted into the glycolytic pathway upon phosphorylation by the PUL-encoded fruc-
tokinase, BT1757. Some transport across the inner membrane of the disaccharide products of fructan degradation (sucrose and levanbiose) also occurs 
and these are broken down to their constituent monosaccharides by the putative intracellular fructosidase, BT1765 (not shown). Prior to activation, 
low levels of all components of the PUL are expressed constitutively such that B. thetaiotaomicron is always in a ‘prepared’ state.
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predicted location would suggest that the 
production of fructose occurs extracellu-
larly. Thus, the likely mechanism of FOS 
utilization by this bacterium provides 
a ready explanation for its lack of genes 
encoding SusC and SusD homologs, as 
it does not require such an elaborate sys-
tem to import fructose across the outer 
membrane. It remains to be determined 
if B. vulgatus has specialized in the use 
of FOS present in the diet, cross-feeds on 
short fructans generated extracellularly by 
other long-chain fructan-users, or has lost 
the ability to use long-chain fructans for 
another reason.

The data described for B. vulgatus sup-
ports the view that SusC- and SusD-like 
proteins are required for utilization of 
polymeric fructans. However, it is cur-
rently unclear whether an extracellular 
endo-acting enzyme is also an absolute 
requirement. With respect to the effi-
cient polymeric inulin users, an alterna-
tive possibility is that some currently 
uncharacterized Bacteroides species lack 
an extracellular fructan-utilizing enzyme 
altogether. In this case the inulin chains 
would be threaded through the SusC 
porin without being cleaved outside the 
cell and all degradation would occur in 
the periplasm. Although this is clearly not 
the case in B. thetaiotaomicron’s levan uti-
lization system,1 it may be possible with 
inulin. This polysaccharide has a relatively 
short average degree of polymerization of 
only ~25 fructose units (for Chicory inu-
lin) and may not require external process-
ing by the cell for transport through the 
outer membrane via the SusC/D system.11 
We are currently working to determine 
whether SusC/D systems are always paired 
with extracellular endo-polysaccharidases, 
or whether a sub-class of PULs work in the 
absence of extracellular oligosaccharide 
generation.

The apparent redundant specificity 
and periplasmic location of two of the B. 
thetaiotaomicron GH32 enzymes, BT3082 
and BT1759, provides another unan-
swered question. The redundancy con-
trasts with the prototypic Sus that relies 
upon a single periplasmic glucosidase, 
SusB, which is capable of cleaving four 
different α-glucosidic linkages.12 One pos-
sibility is that one of the enzymes is actu-
ally optimized to deal with more branched 

understanding the enzymes’ specificity 
(Fig. 1). Analysis of the predicted cellu-
lar locations of the glycoside hydrolases 
(GH) from the four efficient inulin-using 
Bacteroides fructan PULs studied sug-
gest that all four Bacteroides species have 
at least one enzyme that is likely to be an 
outer membrane lipoprotein, and thus 
may be cell surface located. Studies with 
the only two Sus-like systems character-
ized to date (the B. thetaiotaomicron starch 
and levan systems) have shown that the 
surface located enzyme from each of these 
cleaves its polymeric substrate in an endo-
like fashion, producing oligosaccharides 
that are transported into the cell via the 
SusC porin.1,4,8 In B. caccae and B. ovatus 
the putative surface located enzymes are 
GH91s, a family known to possess endo-
inulinase activity.10 However, in B. fragi-
lis and B. uniformis the putative surface 
enzyme is a GH32 that is closely related 
to B. thetaiotaomicron enzymes that we 
have shown to be non-linkage specific exo-
fructosidases (see ref. 1, Fig. S6; BF3177 
and BACUNI_01159), which leads to the 
question: are these enzymes endo-acting 
inulinases or are they actually producing 
fructose extracellularly? The latter pos-
sibility seems unlikely as the production 
of a monosaccharide would negate the 
requirement for any periplasmic glycoside 
hydrolases and a SusC ortholog for trans-
port of oligosaccharides.

B. vulgatus is the only sequenced 
Bacteroides to date that lacks susC- or 
susD-like genes within its fructan PUL 
and cannot use inulin or levan. However, 
B. vulgatus is able to grow well on short-
chain β2-1 fructo-oligosaccharides (FOS;  
Sonnenburg J, unpublished). Intriguingly, 
B. vulgatus contains only a single fructan-
degrading enzyme (a GH32; BVU_1663), 
which is predicted to be an outer mem-
brane located lipoprotein and may there-
fore be surface located. Comparison of 
the sequence of BVU_1663 with the 
B. thetaiotaomicron GH32s reveals it 
is most closely related to BT1765, an 
exo-fructosidase enzyme that displays a 
strong preference for short chain fructo-
oligosaccharides over polymeric fruc-
tans. If BVU_1633 displays a similar 
substrate size preference to BT1765, this 
may explain the ability of B. vulgatus to 
utilize FOS, but not inulin. The enzyme’s 

which, therefore, acts as a proxy signal for 
the presence of levan within the intestinal 
environment (Fig. 1). The lack of speci-
ficity displayed by the BT1754 sensor for 
levan-derived oligosaccharides may seem 
unexpected due to the strong linkage pref-
erence of the adjacent locus that it controls 
(β2-6>>β2-1). However, the selectivity of 
the cell surface binding and degradation 
machinery for β2-6 linkages ensures the 
periplasmic-located sensor will encounter 
fructose that is primarily derived from 
levan. Precisely why the system has evolved 
such a defined specificity is unclear as it 
would seem advantageous for B. thetaio-
taomicron to be able to target both types of 
fructan. Whatever the reason, specificity 
for one type of fructan appears to be the 
norm as none of the six Bacteroides spe-
cies we have assayed so far grow equally 
well on inulin and levan—one linkage is 
always strongly preferred. These data sug-
gest that promiscuity in the case of fruc-
tans is disadvantageous. The localization 
of specificity elements to the cell surface 
enables a transcriptional response that, 
despite the sensor’s inability to discrimi-
nate linkage, is linkage-specific due to the 
sequestration of the sensor within the peri-
plasm. One question that arises is whether 
PUL-regulating sensors that are blind to 
linkage permit more evolutionary plastic-
ity of PUL gene content and specificity. 
As genome data accumulates, it will be 
interesting to determine if a less-specific 
signal corresponds to increased diversity, 
and perhaps more rapid evolution, of the 
accompanying PUL across the genus and 
phylum.

The work summarized above raises 
many issues that remain to be addressed 
regarding the mechanisms of polysaccha-
ride utilization by Sus-like systems, not 
only related to fructan use, but also to the 
vast array of plant- and host-derived poly-
saccharides utilized by gut Bacteroidetes 
species through their PUL-encoded 
systems.4,7

Enzymes

When trying to construct an accurate 
model of PUL-mediated glycan harvest, 
determining the cellular location of the 
PUL encoded glycosidic-linkage break-
ing enzymes becomes as important as 
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One of the GH91 enzymes in each organ-
ism is ~300 amino acids longer than the 
adjacent GH91, leading to the possibility 
that the polysaccharide binding activity of 
a susE-positioned gene product has been 
incorporated into the cell surface enzyme 
as an ancillary domain, similar to the dis-
crete carbohydrate binding module that 
has recently been shown to be a compo-
nent of SusG, the surface located glycoside 
hydrolase from the B. thetaiotaomicron 
starch utilization system.8 Structural 
and biochemical studies are underway to 
investigate this possibility.

HTCS Signal Recognition

Identification of fructose as the molecular 
trigger for activation of the Bacteroides 
fructan PUL raises the question of 
whether other HTCS-controlled PULs 
are also activated by simple monosaccha-
rides or by more complex oligosaccharide 
cues. Several lines of evidence suggest the 
latter is true. Firstly, fructose is somewhat 
unusual in that it is only found in fructans 
or sucrose and not as a component of other 
complex glycans. When a Bacteroides cell 
in the large intestine detects fructose, the 
likely source is polymeric fructan (free 
fructose and sucrose are taken up by the 
host in the proximal small intestine). 
Unlike fructose, most other monosaccha-
rides are components of many different 
complex glycans with variable linkages 
and additional sugars. Therefore, an oli-
gosaccharide that contains this complex 
structural information is required for spe-
cific recognition of the parent glycan to 
enable activation of the appropriate PUL. 
Secondly, the ~300 aa periplasmic bind-
ing protein fold adopted by the fructose-
binding sensor domain of BT1754 appears 
to be a unique ‘invention.’ Homologs of 
BT1754 appear to be strictly associ-
ated with fructan-use PULs in the other 
Bacteriodes. Most PUL-associated HTCS 
in sequenced Bacteroidetes contain a much 
larger conserved periplasmic domain of 
~800 aa, which is predicted to form a dou-
ble β-propeller structure.15,16 A possible 
evolutionary rationale for the conserva-
tion of this domain in these HTCS is that 
it has the plasticity to adapt to binding a 
wide range of different complex glycans, 
thus providing Bacteroidetes species with 

some growth in vitro in the absence of the 
SusD-homolog may be informative of how 
the fructan PUL differs mechanistically 
from the starch utilization system. Indeed, 
the mechanism by which the SusD homo-
log functions is not known. SusD is 
known to form a complex with SusC in 
the starch system.3,14 One possibility is that 
the protein simply acquires and holds the 
polysaccharide chain in the correct posi-
tion so it may ‘thread’ through the SusC 
porin and/or be degraded by cell surface 
endo-acting polysacccharidases. Perhaps 
in some systems, other surface polysac-
charide binding proteins, like the susE-
positioned gene product (e.g., BT1761 
from the levan PUL, see below), play a 
role that is similar and partially redundant 
to that of the SusD-like protein, although 
such compensation is clearly not universal 
as illustrated by the essential role of SusD 
in starch utilization.

In addition to the possible variable 
function of the SusD homolog in differ-
ent Sus systems, the role and conserva-
tion of the susE-positioned gene product 
remains unclear. The susE-positioned gene 
products are lipoproteins that in several 
cases have been shown to share the trait 
of polysaccharide binding, but display 
no sequence similarity to the prototypi-
cal protein from the B. thetaiotaomicron 
starch PUL.1-4 While the levan PUL of 
B. thetaiotaomicron has a susE-positioned 
gene, BT1761, inspection of the fructan 
PULs of the inulin-using species reveals 
no such candidate gene downstream of 
the susD homolog. Closer analysis indi-
cates that the products of genes located 
either upstream of the susC in B. fragilis 
(BF4324) or downstream of a GH32 gene 
in B. uniformis (BACUNI_01157) share 
~65% identity, are putative lipoproteins 
and have no homology to known proteins. 
Thus, it is possible that despite their non-
conserved location, the products of these 
genes play a similar role to the susE-posi-
tioned genes in other PULs. No such susE-
positioned gene candidates exist in the B. 
ovatus or B. caccae inulin PULs, two spe-
cies that share almost identical PUL struc-
ture. However, analysis of the sequence of 
the GH91 enzymes from both organisms 
indicates that all four are predicted to be 
outer membrane lipoproteins and there-
fore may all be exposed on the cell surface. 

form of fructans such as graminins, which 
are mixed β2-1/2-6 linked fructans that 
are found mainly in grass species such as 
wheat and barley.13 While it is not known 
if B. thetaiotaomicron can actually utilize 
these highly branched substrates, it would 
seem an obvious rationale for the duplic-
ity of apparently similar enzyme specifici-
ties. Indeed, the presence of four predicted 
fructan-processing enzymes encoded 
within the fructan PULs of several of the 
other inulin-using Bacteroides species 
strengthens the idea that fructan use in 
these strains is more complex than simply 
β2-1 or β2-6. Interestingly, B. fragilis con-
tains only two GH32s, suggesting it spe-
cifically targets inulin and that branched 
oligosaccharides are precluded from entry 
into the periplasm by the specificity of the 
B. fragilis SusD. Activity screening with 
branched forms of fructan, combined with 
biochemical and gene knockout stud-
ies, should enable us to dissect the role 
that some of these apparently redundant 
enzymes play.

Polysaccharide Binding Proteins

Homologs of the SusC and SusD outer 
membrane proteins are the defining feature 
of a Sus-system, and genes encoding these 
proteins are almost always found as a pair 
in the Bacteroidetes genomes sequenced 
to date, indicating the importance of both 
proteins in polysaccharide utilization in 
these organisms. In addition, in the pro-
totypic B. thetaiotaomicron starch PUL, 
downstream of susD is a gene that encodes 
SusE, a surface located lipoprotein, which 
also displays a starch binding function 
(Fig. 1). Despite the conservation of 
susD-like genes in Bacteroidetes PULs, 
the importance of the SusD homolog in 
polysaccharide utilization may vary. SusD 
from the prototypic Sus has been shown 
to be essential for the utilization of starch 
and malto-oligosaccharides larger than 
five sugars.5 In contrast, our data suggest 
that a SusD-homolog is not necessarily 
essential to each system. The knockout 
of the susD (BT1762) in the levan PUL 
retains some, albeit significantly retarded, 
growth on levan (doubling time ~7x slower 
than wild-type). While the impact of this 
growth defect would be severe in a com-
petitive gut environment, the retention of 
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or are just poorly adapted to inulin. 
Addressing this question will be aided by 
increased availability of additional pure 
polysaccharides with well-defined struc-
tures. Poor use of a polysaccharide by a 
strain could result from the absence of that 
substrate in the hosts’ diets—surely some 
polysaccharides have played a minimal 
selective role in the evolutionary history 
of certain strains. It is also possible that 
being poor at using a specific polysaccha-
ride, even if it is abundant in the intesti-
nal environment, is adaptive to the extent 
that such a strain may out-compete other 
strains that are completely unable to use 
that substrate—a “survival of the fitter” 
hypothesis. Whatever the cause, the reten-
tion of the ability to utilize inulin in some 
Bacteroides species at a level that is sub-
optimal indicates that within their specific 
niche the trait confers a survival advan-
tage. While it is impossible to re-run the 
evolutionary history of each strain, these 
questions can be addressed using experi-
mental models in which community com-
position and diet can be tightly controlled. 
The merging of genomics, biochemistry, 
and genetics to generate hypotheses that 
can be tested on simplified model com-
munities, or an intact human microbiota 
living within gnotobiotic mice fed defined 
diets, will provide a powerful pipeline to 
unravel these important questions.
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Note

Species names refer to type strains. It is 
expected that the attributes that have been 
described for the type strains will vary 
between other strains that share a high 
degree of 16S rRNA sequence identity to 
these type strains (i.e., qualify as the same 
“species”).

the broad glycan-sensing ability required 
for survival in the dynamic nutrient envi-
ronment of the large intestine. The view 
that these ubiquitous β-propeller HTCS 
sensors recognize more complex ligands 
than BT1754 is supported by stud-
ies with Prevotella bryantii, a ruminal 
Bacteroidetes, which has been shown to 
require xylo-oligosaccharides larger than 
six sugars for activation of its HTCS con-
trolled xylan PUL.17 Further studies are 
underway in our lab to define the precise 
identity of the molecular cues recognized 
by Bacteroidetes PUL-associated HTCS.

Translating PUL Encoded 
 Mechanisms into Microbiota 

Function in vivo

Pursuit of a detailed mechanistic under-
standing of PUL function will be required 
to fully understand and possibly predict 
how Bacteroidetes respond to host dietary 
change. In our recent study, we used defined 
communities of two Bacteroides species co-
habitating within gnotobiotic mice to test 
bacterial response to dietary fructan.1 We 
demonstrated that a mechanistic under-
standing of just a very small fraction of the 
~10,000 total genes within the two-species 
microbiome could lead to accurate predic-
tions of how a defined change in diet (addi-
tion of dietary inulin, in this case) impacts 
community composition.

The relative competitive advantage 
required for persistence of a species in 
the microbiota and the selective pressures 
required for persistence or alterations of 
PULs within a strain is still unclear. As 
we survey more Bacteroidetes isolates, it 
is evident that some are better adapted to 
utilize inulin than others. In the case of B. 
thetaiotaomicron, it is likely that the costs 
associated with poor inulin-use are off-set 
by the advantages gained in optimizing 
its fructan PUL to use β2-6-linked levan. 
However, it is not clear if other isolates 
that exhibit sub-optimal inulin use are 
best adapted to a substrate that deviates 
structurally from the inulin preparation 
that we use in our laboratory experiments, 


