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Abstract: Plant cell wall polysaccharides (PCWP) are abundantly present in the food of humans and
feed of livestock. Mammalians by themselves cannot degrade PCWP but rather depend on microbes
resident in the gut intestine for deconstruction. The dominant Bacteroidetes in the gut microbial
community are such bacteria with PCWP-degrading ability. The polysaccharide utilization systems
(PUL) responsible for PCWP degradation and utilization are a prominent feature of Bacteroidetes.
In recent years, there have been tremendous efforts in elucidating how PULs assist Bacteroidetes to
assimilate carbon and acquire energy from PCWP. Here, we will review the PUL-mediated plant cell
wall polysaccharides utilization in the gut Bacteroidetes focusing on cellulose, xylan, mannan, and
pectin utilization and discuss how the mechanisms can be exploited to modulate the gut microbiota.

Keywords: plant cell wall polysaccharides; polysaccharide utilization systems; Bacteroidetes; gut
microbiota

1. Introduction

Plant cell wall polysaccharides (PCWP), mainly consisting of cellulose, hemicellulose,
and pectin, are among the most abundant renewable carbohydrates in nature [1,2]. The
component distribution of PCWP varies by plant types; however, on average cellulose
accounts for ca. 40% and hemicellulose (most commonly xylan) constitutes ca. 30% [3].
Cellulose is made up of tightly packed linear polymeric chains with 100 to 1000 β-(1,4)-
linked D-glucose units [1]. In contrast, hemicellulose presents branched heterogenous
structures composed of xylose-configured main chains decorated with side chains of much
differing linkages (arabinose, acetate, ferulic acid, etc.) [3].

Efficient degradation and utilization of PCWP is of great value for biofuel [4–7],
food [8–10], paper [11,12], and textile industries [11] and particularly important for the
livestock industry since the depolymerized constituent sugars serve as the carbon and
nutrient source for many gut microbes. These microbes in turn convert PCWPs to volatile
fatty acids that influence host growth, physiology, and health. PCWP degradation requires
orchestrated action of a multitude of carbohydrate-active enzymes (CAZymes), particularly
of those classified as glycoside hydrolase (GH), carbohydrate esterase (CE), polysaccharide
lyase (PL), and recently discovered polysaccharide monooxygenase (PMO) [13,14]. Synergy
of these enzymes is exemplified by three strategies which are (i) free enzymes, typified
by the aerobic filamentous fungus Trichoderma reesei [15]; (ii) cellulosome, best known
in the anaerobic bacterium Clostridium thermocellum [16]; and (iii) an intermediate form
represented by a multi-modular bifunctional enzyme CelA found in the Caldicellulosiruptor
bescii [17–19]. As an addition to these, it is important to note that maximal PCWP degrada-
tion may involve both enzymes and microbes, in which the microbe is attached to specific
polysaccharides [20,21].

Attaching to the polysaccharides creates proximity for the microbe to the substrate,
which enables cooperation between the enzymes and the microbes. This is because the

Int. J. Mol. Sci. 2021, 22, 3077. https://doi.org/10.3390/ijms22063077 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-1661-0386
https://doi.org/10.3390/ijms22063077
https://doi.org/10.3390/ijms22063077
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22063077
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22063077?type=check_update&version=1


Int. J. Mol. Sci. 2021, 22, 3077 2 of 12

destructed sugars are rapidly assimilated by the cell, alleviating the product-induced feed-
back inhibition of enzymes. Microbes with such a binding feature include members of
Bacteroidetes, which encode CAZymes with type II signal peptides, allowing the enzymes
to attach to the outside of the cell membrane. Interestingly, many of these enzymes have
carbohydrate-binding modules (CBMs) or other polysaccharide-binding domains, enabling
them to bind to specific polysaccharides [22]. The Bacteroidetes constitute a dominant
phylum in the intestinal tract of humans and livestock animals and these bacteria metabo-
lize a broad scope of dietary and host-derived polysaccharides, including the relatively
simple glycans (such as starch [23], levan [24], and inulin) as well as cellulose and complex
hemicellulose polysaccharides (like xylan [25–27], arabinan [28], galactan [29], arabinogalac-
tan [30], xyloglucan [31,32], and galactomannans [33]). Their genomes typically contain
abundant GHs and PLs corresponding to the varying types of polysaccharides [22,34].
The recently reported Bacteroides cellulosilyticus WH2 encodes 503 CAZymes comprising
373 GHs, 23 PLs, 28 CEs, and 84 glycosyltransferases [35]. Of special note is the fact
that the CAZyme-encoding genes are typically co-localized within the genome at certain
polysaccharide utilization loci (PULs), which was first presented by Bjursell et al. [36]
to describe clusters of co-localized and likely co-regulated genes. The products of these
genes orchestrate in regulating, sensing, recognizing, binding, enzymatic digestion, and
transporting of (degraded) complex polysaccharide substrates into periplasmic space and
cytosol [22,37–39] (Figure 1).

Figure 1. Schematic diagram of the Bacteroides polysaccharide utilization systems (PULs). Polysaccharide molecule is
bound to a SGBP on the Bacteroides cell membrane surface and degraded into large fragments by the action of surface
enzymes. Then the oligosaccharides, which are transported across the outer membrane and into the periplasmic space via
the TonB-dependent transporter SusC/SusD-like for further processing. The oligosaccharides are subsequently hydrolyzed
into simple sugar by the enzymes located in the cytoplasm space. The inner-membrane associated symporter protein
transports the products into the cytosol for metabolism. The HTCS-like regulator is required to induce expression of the
polysaccharide utilization genes through a series of signal cascade reactions. GH, glycoside hydrolase; PL, polysaccharide
lyase; CE, carbohydrate esterase; *, new family. Yellow circles stand for the monosaccharides that form the backbone of a
polysaccharide. The red and blue stars represent different groups on the side chain of the polysaccharides.

The gut microbiota has tremendous effects on the health of humans and growth per-
formance of livestock. Enzymes, particularly glycoside hydrolases, have a long history
of being added to animal feed to improve the feed conversion rate [40–42]. However, it
has not drawn much attention until recently that added enzymes change the gut micro-
biota. This provides a possibility of intended alteration of the gut microecology using
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exogenously added enzymes. Knowing how the gut-resident bacteria utilize plant cell wall
polysaccharides is the basis towards designing enzymes useful in precisely modulating
the gut microbiota. Here we will review the PUL systems of the dominant Bacteroidetes in
the gut, focusing on PUL-mediated utilization of major components of the plant-derived
polysaccharides by the bacteria.

2. The Bacteroidetes in the Gut

Bacteroidetes is one of the most abundant phyla in the gut microbial community
of human and animal guts. This phylum includes mainly members of the Bacteroides,
Prevotella, Alistipes, and Parabacteroides, with the former two being dominant. The
Bacteroides species are Gram-negative, spore-free, obligate anaerobic bacillus. Bacteroides
fragilis, a human pathogen associated with appendicitis, was the first Bacteroides species
to be isolated [43]. It had been quite challenging to isolate intestinal anaerobic microbes
including the Bacteroides species. However, with the improvement of anaerobic culture
technology [44], more and more Bacteroides species were gradually isolated from feces and
the gastrointestinal tract. Now it becomes clear that Bacteroidetes is a large phylum, with
diversity in the genome at every level from genus to the strain, enabling the members of
Bacteroides highly adaptable to rapidly changing intestinal environments [45]. Most of the
members of Bacteroides live in the distal gut and can digest the polysaccharides derived
from diet and even the host. By fermenting these polysaccharides into short-chain volatile
fatty acids, they exert roles by providing nutrition to the host, maintaining the stability of
the intestinal microecology, and even impacting profoundly the host’s immune system [46],
obesity, and complex diseases [47,48]. Although a few members, such as B. fragilis, of the
Bacteroidetes genus are harmful to the host under certain circumstances, gut microbes may
be beneficial rather than harmful when a normal intestinal environment is maintained [49].
In this area, one major challenge is how to establish a metabolic or physiological link
between the microbes and the host. The PUL systems of Bacteroidetes (with selected
examples listed in Table 1) provide such a connection between the gut microbes and host.

Table 1. List of selected Bacteroidetes PUL systems and their encoded GH enzymes.

Species Polysaccharide
Utilization Systems (PULs)

GH Family
Number Activities in Family

Bacteroidales
phylotype AC2a cellulose-PUL

GH94 cellobiose phosphorylase (EC 2.4.1.20)
GH5 cellulase (EC 3.2.1.4)
GH9 cellobiohydrolase (EC 3.2.1.91)

B. ovatus ATCC 8483 xylan-PUL

GH10 endo-1,4-β-xylanase (EC 3.2.1.8)
GH3 1,4-β-xylosidase (EC 3.2.1.37)/β-glucosidase (EC 3.2.1.21)
GH43 α-L-arabinofuranosidase (EC 3.2.1.55)
GH30 glucuronoarabinoxylan endo-β-1,4-xylanase (EC 3.2.1.136)
GH98 endo-β-1,4-xylanase (EC 3.2.1.8)
GH31 α-xylosidase (EC 3.2.1.177)
GH95 α-L-galactosidase (EC 3.2.1.-)

GH115 xylan α-1,2-glucuronidase (3.2.1.131)

P. bryantii xylan-PUL GH10 endo-1,4-β-xylanase (EC 3.2.1.8)

B. ovatus ATCC 8483 mannan-PUL
GH36 α-galactosidase (EC 3.2.1.22)
GH26 β-mannanase (EC 3.2.1.78)

B. thetaiotaomicron pectin-PUL

GH43 endo-α-1,5-L-arabinanase (EC 3.2.1.99)
GH51 α-L-arabinofuranosidase (EC 3.2.1.55)
GH2 β-galactosidase (EC 3.2.1.23)
GH53 endo-β-1,4-galactanase (EC 3.2.1.89)
GH2 β-glucuronidase (EC 3.2.1.31)
GH28 rhamnogalacturonan α-1,2-galacturonohydrolase (EC 3.2.1.173)
GH27 α-galactosidase (EC 3.2.1.22)

GH106 α-L-rhamnosidase (EC 3.2.1.40)
GH28 rhamnogalacturonan α-1,2-galacturonohydrolase (EC 3.2.1.173)
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3. PUL-Mediated Plant Cell Wall Polysaccharides Degradation
3.1. Cellulose Utilization System (Cellulose-PUL)

The term cellulose utilization system, associated with an uncultured Bacteroidales
phylotype AC2a of cow rumen, has been put forward by Naas et al. [50,51]. Since then,
cellulolytic PULs have been identified in Bacteroidetes originating from Svalbard reindeer
rumen [52,53], cow and buffalo rumen [50,54], and tammar wallaby foregut [53]. The
Bacteroidales Ac2a PUL contains eight genes which encode two putative GH5 and GH9
cellulases, a GH94 cellobiose phosphorylase [53], a SusC-like transporter, a SusD-like [55]
and a SusE-positioned surface glycan binding protein (SGBP), an inner membrane sugar
transporter, and an inner membrane sensor [28]. Cellulose is believed to be bound on the
cell surface through the concerted action of SusD-like and SusE-positioned cell membrane
SGBP proteins. GH5 and GH9 further cooperate to degrade cellulose into cellobiose, which
is then transported via the SusC-like transporter into the periplasm. In periplasm, it is
converted by the cellobiose phosphorylase into glucose and imported to the cytoplasm for
cellular metabolism [50].

3.2. Xylan Utilization System (Xylan-PUL)

Like cellulose, xylan is rich in animal feed as well as in the human diet. It cannot be
used by humans or animals, but rather requires gut microbes for degradation [56]. Xylan
has a backbone of β-1,4 linked xylopyranoses with side chains consisting of arabinose, α-
glucuronic acid,acetate, ferulic acid, etc. [57,58]. Complete degradation of xylan, therefore,
requires the synergistic action of a range of enzymes, including endo-β-1,4-xylanase and
β-xylosidase to cleave the backbone, the arabinofuranosidase, α-glucuronidase, acetyl
esterase, and feruloyl esterase to remove the side chains [59,60].

Although not all gut bacteria can degrade xylan, many Bacteroidetes members are
found to be capable of degrading xylan, including Bacteroides eggerthi [61], B. fragilis [62,63],
B. cellulosilyticus [64,65], B. intestinalis [25,66], B. ovatus [28,67,68], B. xylanisolvens [27,69],
and Prevotella bryantii [70,71]. In these bacteria, the genes responsible for xylan utilization
are most often discovered in XUS gene clusters. The core gene sets of different XUSs are
highly conserved in different xylan-utilizing Bacteroides.

The B. ovatus strain ATCC 8483 can utilize both simple, linearized xylan and complex ce-
real glucuronoarabinoxylan (GAX). In accordance, its genome contains two PULs (large and
small) targeting substrates with different complexity [68]. Both the large (BACOVA_03417-
50, PUL-XylL) and small xylan PUL (BACOVA_04385-94, PUL-XylS) are activated when
the bacterium is grown on wheat arabinoxylan (WAX) [28]. WAX is bound to a SGBP in the
PUL-XylS (BACOVA_04391) on the cell surface and degraded by concerted action of a GH10
xylanase (BACOVA_04390) [25], a GH3 β-xylosidase (BACOVA_03419) [32], and a GH43 α-
arabinofuranosidase (BACOVA_03421). The arabino-xylooligosaccharides (AXOS) products
are imported into the periplasm via the SusC/SusD-like complex, and further broken down
by two GH43 α-arabinofuranosidases (BACOVA_03425 and BACOVA_03417) [32] and a
GH10 endo-acting xylanase (BACOVA_04387) to generate shorter AXOS. These shorter
oligosaccharides enter the cytoplasm through a major facility superfamily (MFS) transporter
(BACOVA_04388) to their final degradation by a GH3 β-glucosidase (BACOVA_04319).
AXOS is recognized by the hybrid two-component system (HTCS) sensor-regulator (BA-
COVA_03437), upon which they stimulate the transcription of the gene cluster.

The more complex corn GAX induces significant activation of PUL-XylL but less extent
of PUL-XylS [68]. The extracellular binding and degradation of GAX requires SGBP, SusD-
like and GH3 β-xylosidase [32], GH30 glucuronoxylanase, GH43 arabinofuranosidase, and
GH98 endo-xylanase enzymes. XOS is degraded by the cytoplasmic GH31 α-xylosidase,
GH43 arabinofuranosidase [32], GH95 α-L-galactosidase, and GH115 α-glucuronidase [72].

For P. bryantii, the gene products of two gene clusters xusABCD and xynABCDER
are involved in xylan degradation. The former gene cluster plays an important role in
xylan binding, degrading, and transporting XOS into the periplasmic space [73,74]. Being
homologous to B. thetaiotaomicron SusD, both XusB and XusD can bind to extracellular
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xylan. XynC (a GH10 xylanase) has a type II N-terminal signal peptide and is, therefore,
likely located on the outer membrane [75]. XynC and XynE (a putative esterase) cooperate
in degrading xylan into XOS, which are transported across the outer membrane and into the
periplasmic space via the TonB transporter XusA/XusC [34]. The latter gene cluster encodes
the endo-xylanase XynA and β-xylosidase XynB, which are predicted to further degrade
the XOS in the periplasm [74]. The products are then transported into the cytoplasm by
the inner membrane transporter XynD [73]. The smaller XOS is further broken down into
simple sugars by enzymes resident in the cytoplasm. XynR is an HTCS required to induce
expression of the xylan utilization genes through a series of signal cascade reactions [76].

3.3. Mannan Utilization System (Mannan-PUL)

Mannan is another kind of hemi-cellulosic plant cell wall polysaccharide rich in
feedstuffs such as palm kernel cake, soybean meal, and rapeseed meal. Galactomannan
such as locust bean gum (LBG), abundant in the seeds of leguminous plants [77,78], is often
used as a model mannan substrate in studying mannan degradation and utilization. LBG
has a β(1,4)-D-mannan backbone with D-galactose sugar side chains [79]. The B. ovatus
strain ATCC 8483 contains a PUL (BoManPUL) specific for mannan utilization [33,80]. In the
BoManPUL gene cluster, two GH26 endo-mannanases (BoMan26A and BoMan26B), a GH36
α-galactosidase BoGal36A, and a SusD-like surface glycan-binding protein are essential
for utilization of galactomannan [33,81]. The intact, highly polymerized galactomannan
molecule is held and positioned on the B. ovatus cell membrane by the surface protein
SusE and degraded into large fragments by the surface β-1,4-mannanase BoMan26B, which
are imported by the SusC/SusD-like complex [33] into the periplasmic space for further
processing. The galactomanno-oligosaccharides are degalactosylated by the GH36 family
α-galactosidase BoGal36A [80] and subsequently hydrolyzed into mannobiose by the β-
mannanase BoMan26A [33]. The inner-membrane associated symporter protein transports
mannobiose into the cytosol for metabolism. The HTCS-like regulator is responsible for
stimulating the transcription of the gene cluster upon growth of the bacterium in a mannan
medium [28].

3.4. Pectin Utilization System (Pectin-PUL)

Pectin is most abundant in the middle lamellae of plant cell wall. Structurally dif-
ferent types of pectin are classified as homogalacturonan (HG), rhamnogalacturonan-I
(RGI), and rhamnogalacturonan II (RG-II) [75]. HG has a rather simple structure as α-
1,4-linked-D-galacturonic acid polymer, but the RGI backbone is instead composed of
repeating [→α-D-galacturonic acid-1,2-α-L-rhamnose-1,4←]n units. In addition, the RGI
backbone is substituted by varying forms of galactan or arabinan in different plants [82–84].
RGII represents the most complex pectin by comprising 13 different types of sugars and
21 different glycosidic linkages. The gut bacterium B. thetaiotaomicron can utilize all types
of pectin mediated by the PUL systems [28] which involve a total of 30 GHs and PLs [85].
The PULs associated with pectin degradation are specific for arabinan (BT0348-BT0369,
Ara-PUL), galactan (BT4667-BT4673, Gal-PUL), RGI backbone (BT4145-BT4183, RGI-PUL),
and HG (BT4108-BT4124, HG-PUL) [28].

For arabinan, the PUL encodes two pairs of SusC and SusD homologues (SusCH/SusDH,
BT0362/BT0361 and BT0364/BT0363) which may increase the chance of the bacterium to
capture pectin [28]. Arabinan binds to the cell surface through action of the SGBP BT0365.
The surface GH43 endo-acting α-1,5-arabinanases (BT0360 and BT0367) cleave both linear
and decorated arabinans into arabino-oligosaccharides [85,86], which are transported into
the periplasm through the SusCH/SusDH complex. Periplasmic degradation of arabino-
oligosaccharides is carried out by three exo-α-L-arabinofuranosidases: BT0368, BT0369,
and BT0348. Specifically, BT0369 removes the α-1,2-L-arabinofuranosic side chain, while
the GH51 enzymes BT0348 and BT0368 likely cleave α-1,3-arabinofuranosyl linkage and
the α-1,5-arabinofuranosyl linkage, respectively. As a result, arabinose can be readily
released by the β-1,2-L-arabinofuranosidase BT0349 and enter the cell for further metabolic



Int. J. Mol. Sci. 2021, 22, 3077 6 of 12

utilization [86]. The HTCS (BT0366) is responsible for transcriptional activation of the
whole gene cluster upon recognizing the linear arabinan-derived oligosaccharides [85].

For galactan degradation, the SGBP BT4669 binds the polysaccharide and the GH53
endo-β-1,4-galactanase (BT4668) depolymerizes it to galacto-oligosaccharides [37]. Trans-
ported by SusC and SusD homologues (SusCH/SusDH, BT4670/BT4671) into the periplasm,
the oligosaccharides are further degraded by the GH2 β-1,4-galactosidase (BT4667) into
galactose, which enters the cell for metabolism. Transcription of the genes in the cluster is reg-
ulated by the HTCS sensor (BT4673), which recognizes small galacto-oligosaccharides [85].

The HG molecule is bound to the bacterial cell surface by the SGBP BT4112 and de-
graded by the pectate lyases BT4116 and BT4119. The oligosaccharide products are trans-
ported into the periplasm through the SusCH/SusDH transporter complexes (BT4114/BT4113
and BT4121/BT4122) and degraded by the third lyase BT4115 [85]. A GH105 unsatu-
rated α-galacturonidase BT4108 removes 4,5-linked unsaturated galacturonic acid from
HG-derived oligosaccharides, generating products which can activate the HTCS system
(BT4124). The products are finally depolymerized to galacturonic acid by the GH28 exo-α-D-
galacturonidase BT4123 [85].

RGI is bound by the cell surface protein SGBP (BT4167) for degradation by the
outer membrane lyase BT4170. The RGI-derived oligosaccharides are transported into
the periplasm via the two SusCH/SusDH transporter complexes (BT4164/BT4165 and
BT4168/BT4169). These oligosaccharides released from pectin contain remnants from
arabinan, galactan, and HG which must be removed for subsequent degradation of the
backbone. In the periplasm, the galactan substituent is cleaved by synergistic action of three
exo-β-1,4-galactosidases: BT4151, BT4156, and BT4160 [87]. The esterase BT4158 releases
the acetyl group from D-galacturonic acid of the oligosaccharides, the GH2 β-glucuronidase
BT4181 cleaves the single D-glucuronic acid, the GH28 α-D-galacturonidase BT4155 cleaves
the rhamnosidic linkage, and the GH27 α-D-galactosidase BT4157 likely targets single
α-galactose [85,88]. The synergistic action of these enzymes makes RGI-oligosaccharides
simpler and thus the linear oligosaccharides chain is further cleaved by the lyases BT4175
and BT4183, generating 4,5-unsaturated galacturonic acid. The unsaturated residues are re-
moved from RGI-oligosaccharides by two galacturonidases (BT4176 and BT4174) specific to
unsaturated groups. Finally, the products are completely degraded through the successive
action of an RGI-specific GH106 α-L-rhamnosidase (BT4145) and three GH28 rhamnogalac-
turonidases (BT4146, BT4153, and BT4149). The end products L-rhamnose, D-galacturonic
acid, and D-glucuronic acid are transported into the cell through the transporters on the
inner membrane [85].

4. PULs Are Associated with Two Common Strategies for Bacteroidetes to
Utilize PCWP

With co-regulated enzymes cooperating to capture and degrade PCWP and import the
oligosaccharides, PULs enable Bacteroidetes to utilize PCWP highly efficiently and thrive
in the very competitive intestinal environment. Being highly abundant, Bacteroidetes is
physiologically connected with other gut microbes [89]. Although PULs are functionally
much diversified, the Bacteroidetes members basically assimilate PCWPs through two
common strategies: one is selfish while the other is intraspecific cooperative sharing. Both
two strategies contribute to sustain the balance of the entire intestinal micro ecosystem,
enabling not only Bacteroides to gain growth competence, but also other microbes in the
gut community to acquire essential carbon sources and energy for survival.

Mannan utilization by B. thetaiotaomicron stands as a good example of the first strategy:
most large PUL-produced oligosaccharides are transported into the periplasm and further
degraded therein but not on the cell surface. This prevents other bacterial species from
using partially degraded products [90]. In contrast, for the latter strategy, part of the
degradation products are released and can be used by other bacterial species in the gut
community [91,92]. The recipient cells release metabolites, some of which are able to in turn
increase the viability of the primary degrader. This cooperative evolution among different
species forms a network of PCWP utilization, helping to establish organized ecological
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cooperative units in the intestinal tract and promote the adaptability of the entire gut
microbial community. For example, the B. ovatus outer membrane enzymes (Inulin-PUL,
BACOVA_04502, and BACOVA_04503) depolymerize inulin extracellularly which can be
used by B. vulgatus by cross-feeding. In return, B. vulgatus increases the adaptability of
B. ovatus, possibly by detoxifying inhibitory substances or providing growth-promoting
factors [91,93].

In cross-feeding, the oligosaccharides released by the primary degrader do not nec-
essarily promote the growth of every microorganism in the gut community, but instead
selectively affect specific species, depending on the types of oligosaccharide products.
B. thetaiotaomicron releases a range of complex oligosaccharides (galacto-oligosaccharides,
arabinao-oligosaccharides, HG-oligosaccharides, RGI-oligosaccharides, and so on) from
pectin into the culture medium, which are able to support the growth of B. uniformis with-
out the ability to degrade galactan. However, co-culturing of B. thetaiotaomicron cannot
promote growth of Bacteroides massiliensis, which can utilize HG- or RGI-oligosaccharides.
It was hypothesized that B. thetaiotaomicron releases pectin oligosaccharides with degrees
of polymerization larger than those suitable for B. massiliensis utilization [85]. Preferential
degradation of some glycans over the others is likely to play a central role in shaping the
complex relationships of the gut microbiota [94–96].

5. Conclusions

The ever-changing gut microbiota has been repeatedly proven to be associated with
the health status of animals. Intended modulation of the microbial composition in the gut
may, therefore, benefit the hosts. Some Bacteroides spp. have been proven to be beneficial,
rendering them potential targets of intended modulation. The modulator molecules are
often small chemicals (for example, Ganoderma meroterpene derivative for Bacteroides
xylansolvens [97]); however, with the knowledge in PUL-mediated plant cell wall polysac-
charides utilization, it is reasonable that molecules associated with the PUL system can also
be used to modulate the gut microbiota. This is based on the facts that in Bacteroidetes, se-
lective PUL-mediated PCWP degradation produces oligosaccharides, serving as the carbon
source for and supporting growth of specific bacteria; that Bacteroidetes are physiologically
networking with other species in the gut microbial community; and that close coordination
among community members are present. For example, B. thetaiotaomicron has very limited
ability to utilize resistant starch, and must rely on Ruminococcus bromii and other related
bacteria to perform the initial degradation of particulate starch [98,99].

PCWPs, known as a form of dietary fiber, are the first type of molecules associated
with the PUL system and useful in modulating the gut microbiota. The Bacteroidetes PUL
system components (glycoside hydrolase and polysaccharide lyase, transporters, SGBPs,
and HTCSs) all have preference for certain kinds of polysaccharides or their degradation
derivatives (oligosaccharides), suggesting that foods/feeds rich in these PCWPs will
stimulate growth of specific bacteria in the gut.

Enzymes (GHs or PLs), on the other hand, are also candidate molecules targeting
the PUL systems towards gut microbiota modulation. In animals, the exogenously added
enzymes, such as cellulase and xylanase, degrade PCWPs into oligosaccharides stimulating
growth of specific Bacteroiedes species. The acting modes of enzymes vary according to
their CAZy families and catalysis mechanisms, leading to different patterns of the released
oligosaccharides, which preferentially support the growth of certain microbes.

Furthermore, the strategy used by the PUL systems can also be exploited for gut
microbiota manipulation. Note that one important feature of the PUL system is the
proximity of the enzyme to the bacterial cell surface, which ensures that the oligosaccharides
are rapidly assimilated by the bacteria. Although enzymes are routinely added in animal
feeds, both the enzymes and the released oligosaccharides are evenly distributed, limiting
the selectivity in stimulating growth of specific bacteria. Therefore, it is expected that, if
the exogenously added enzymes can be engineered to mimic the PUL counterparts and
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bind to specific bacterial cells, the local concentration of released sugars should be higher
and the bacteria may have higher competence in the gut microbial community.
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PCWP Plant cell wall polysaccharide
PUL Polysaccharide utilization system
CAZyme Carbohydrate-active enzyme
GH Glycoside hydrolase
CE Carbohydrate esterase
PL Polysaccharide lyase
PMO Polysaccharide monooxygenase
CBM Carbohydrate-binding module
SGBP Surface glycan binding protein
GAX Glucuronoarabinoxylan
AXOS Arabino-xylooligosaccharides
MFS Major facility superfamily
HTCS Hybrid two-component system
LBG Locust bean gum
RGI Rhamnogalacturonan-I
RG-II Rhamnogalacturonan II
SusCH SusC homolog
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References
1. Lerouxel, O.; Cavalier, D.M.; Liepman, A.H.; Keegstra, K. Biosynthesis of plant cell wall polysaccharides—A complex process.

Curr. Opin. Plant Biol. 2006, 9, 621–630. [CrossRef]
2. Gibeaut, D.M.; Carpita, N.C. Biosynthesis of plant cell wall polysaccharides. FASEB J. 1994, 8, 904–915. [CrossRef]
3. Bayer, E.A.; Shoham, Y.; Lamed, R. Cellulose-decomposing bacteria and their enzyme systems. In The Prokaryotes, 3rd ed.;

Springer: New York, NY, USA, 2006; pp. 578–617.
4. Somerville, C.; Youngs, H.; Taylor, C.; Davis, S.C.; Long, S.P. Feedstocks for lignocellulosic biofuels. Science 2010, 329, 790–792.

[CrossRef]
5. Dodd, D.; Cann, I.K. Enzymatic deconstruction of xylan for biofuel production. Glob. Chang. Biol. Bioenergy 2009, 1, 2–17.

[CrossRef]
6. Kumar, R.; Singh, S.; Singh, O.V. Bioconversion of lignocellulosic biomass: Biochemical and molecular perspectives. J. Ind.

Microbiol. Biotechnol. 2008, 35, 377–391. [CrossRef]
7. Kohse-Höinghaus, K.; Osswald, P.; Cool, T.A.; Kasper, T.; Hansen, N. Biofuel combustion chemistry: From ethanol to biodiesel.

Angew Chem. Int. Ed. Engl. 2010, 49, 3572–3597. [CrossRef] [PubMed]
8. Ciudad-Mulero, M.; Fernández-Ruiz, V.; Matallana-González, M.; Morales, P. Dietary fiber sources and human benefits: The case

study of cereal and pseudocereals. Adv. Food Nutr. Res. 2019, 90, 83–134. [CrossRef]
9. Harris, P.J.; Smith, B.G. Plant cell walls and cell-wall polysaccharides: Structures, properties and uses in food products. Int. J.

Food Sci. Technol. 2006, 41, 129–143. [CrossRef]
10. Pszczola, D.E. From soybeans to spaghetti: The broadening use of enzymes. Food Technol. 2001, 55, 54–64. [CrossRef]

http://doi.org/10.1016/j.pbi.2006.09.009
http://doi.org/10.1096/fasebj.8.12.8088456
http://doi.org/10.1126/science.1189268
http://doi.org/10.1111/j.1757-1707.2009.01004.x
http://doi.org/10.1007/s10295-008-0327-8
http://doi.org/10.1002/anie.200905335
http://www.ncbi.nlm.nih.gov/pubmed/20446278
http://doi.org/10.1016/bs.afnr.2019.02.002
http://doi.org/10.1111/j.1365-2621.2006.01470.x
http://doi.org/10.1016/S0308-8146(01)00222-9


Int. J. Mol. Sci. 2021, 22, 3077 9 of 12

11. Bruins, M.E.; Janssen, A.E.M.; Boom, R.M. Thermozymes and their applications. Appl. Biochem. Biotechnol. 2001, 90, 155–186.
[CrossRef]

12. Kumar, V.; Marín-Navarro, J.; Shukla, P. Thermostable microbial xylanases for pulp and paper industries: Trends, applications
and further perspectives. World J. Microbiol. Biotechnol. 2016, 32, 34. [CrossRef]

13. Cantarel, B.L.; Coutinho, P.M.; Rancurel, C.; Bernard, T.; Lombard, V.; Henrissat, B. The carbohydrate-active enzymes database
(CAZy): An expert resource for glycogenomics. Nucleic Acids Res. 2009, 37, D233–D238. [CrossRef]

14. Fanuel, M.; Garajova, S.; Ropartz, D.; McGregor, N.; Brumer, H.; Rogniaux, H.; Berrin, J.-G. The Podospora anserina lytic
polysaccharide monooxygenase PaLPMO9H catalyzes oxidative cleavage of diverse plant cell wall matrix glycans. Biotechnol.
Biofuels 2017, 10, 63. [CrossRef]

15. Wilson, D.B. Microbial diversity of cellulose hydrolysis. Curr. Opin. Microbiol. 2011, 14, 259–263. [CrossRef] [PubMed]
16. Lamed, R.; Setter, E.; Bayer, E.A. Characterization of a cellulose-binding, cellulase-containing complex in Clostridium thermocellum.

J. Bacteriol. 1983, 156, 828–836. [CrossRef]
17. Himmel, M.E.; Xu, Q.; Luo, Y.; Ding, S.Y.; Lamed, R.; Bayer, E.A. Microbial enzyme systems for biomass conversion: Emerging

paradigms. Biofuels 2014, 1, 323–341. [CrossRef]
18. Zverlov, V.; Mahr, S.; Riedel, K.; Bronnenmeier, K. Properties and gene structure of a bifunctional cellulolytic enzyme (CelA)

from the extreme thermophile ‘Anaerocellum thermophilum’ with separate glycosyl hydrolase family 9 and 48 catalytic domains.
Microbiology 1998, 144, 457–465. [CrossRef] [PubMed]

19. Yi, Z.; Su, X.; Revindran, V.; Mackie, R.I.; Cann, I. Molecular and biochemical analyses of CbCel9A/Cel48A, a highly secreted
multi-modular cellulase by Caldicellulosiruptor bescii during growth on crystalline cellulose. PLoS ONE 2013, 8, e84172. [CrossRef]
[PubMed]

20. Raut, M.P.; Couto, N.; Karunakaran, E.; Biggs, C.A.; Wright, P.C. Deciphering the unique cellulose degradation mechanism of the
ruminal bacterium Fibrobacter succinogenes S85. Sci. Rep. 2019, 9, 16542. [CrossRef] [PubMed]

21. Miron, J.; Morag, E.; Edeard, B.A.; Lamed, R.; Ben-Ghedalia, D. An adhesion-defective mutant of Ruminococcus albus SY3 is
impaired in its capability to degrade cellulose. J. Appl. Microbiol. 1998, 84, 249–254. [CrossRef]

22. Martens, E.C.; Koropatkin, N.M.; Smith, T.J.; Gordon, J.I. Complex glycan catabolism by the human gut microbiota: The
Bacteroidetes Sus-like paradigm. J. Biol. Chem. 2009, 284, 24673–24677. [CrossRef] [PubMed]

23. Cho, K.H.; Salyers, A.A. Biochemical analysis of interactions between outer membrane proteins that contribute to starch utilization
by Bacteroides thetaiotaomicron. J. Bacteriol. 2001, 183, 7224–7230. [CrossRef] [PubMed]

24. Joglekar, P.; Sonnenburg, E.D.; Higginbottom, S.K.; Earle, K.A.; Morland, C.; Shapiro-Ward, S.; Bolam, D.N.; Sonnenburg, J.L.
Genetic variation of the SusC/SusD homologs from a polysaccharide utilization locus underlies divergent fructan specificities
and functional adaptation in Bacteroides thetaiotaomicron strains. mSphere 2018, 3, e00185-18. [CrossRef]

25. Zhang, M.; Chekan, J.R.; Dodd, D.; Hong, P.Y.; Radlinski, L.; Revindran, V.; Nair, S.K.; Mackie, R.I.; Cann, I. Xylan utilization in
human gut commensal bacteria is orchestrated by unique modular organization of polysaccharide-degrading enzymes. Proc.
Natl. Acad. Sci. USA 2014, 111, E3708–E3717. [CrossRef]

26. Chassard, C.; Goumy, V.; Leclerc, M.; Del’homme, C.; Bernalier-Donadille, A. Characterization of the xylan-degrading microbial
community from human faeces. FEMS Microbiol. Ecol. 2007, 61, 121–131. [CrossRef]

27. Despres, J.; Forano, E.; Lepercq, P.; Comtet-Marre, S.; Jubelin, G.; Chambon, C.; Yeoman, C.J.; Berg Miller, M.E.; Fields, C.J.;
Martens, E.; et al. Xylan degradation by the human gut Bacteroides xylanisolvens XB1AT involves two distinct gene clusters that
are linked at the transcriptional level. BMC Genom. 2016, 17, 326. [CrossRef]

28. Martens, E.C.; Lowe, E.C.; Chiang, H.; Pudlo, N.A.; Wu, M.; McNulty, N.P.; Abbott, D.W.; Henrissat, B.; Gilbert, H.J.; Bolam, D.N.;
et al. Recognition and degradation of plant cell wall polysaccharides by two human gut symbionts. PLoS Biol. 2011, 9, e1001221.
[CrossRef] [PubMed]

29. Lammerts van Bueren, A.; Mulder, M.; Leeuwen, S.V.; Dijkhuizen, L. Prebiotic galactooligosaccharides activate mucin and
pectic galactan utilization pathways in the human gut symbiont Bacteroides thetaiotaomicron. Sci. Rep. 2017, 7, 40478. [CrossRef]
[PubMed]

30. Cartmell, A.; Munoz-Munoz, J.; Briggs, J.A.; Ndeh, D.A.; Lowe, E.C.; Basle, A.; Terrapon, N.; Stott, K.; Heunis, T.; Gray, J.; et al.
A surface endogalactanase in Bacteroides thetaiotaomicron confers keystone status for arabinogalactan degradation. Nat. Microbiol.
2018, 3, 1314–1326. [CrossRef] [PubMed]

31. Tauzin, A.S.; Kwiatkowski, K.J.; Orlovsky, N.I.; Smith, C.J.; Creagh, A.L.; Haynes, C.A.; Wawrzak, Z.; Brumer, H.; Koropatkin,
N.M. Molecular dissection of xyloglucan recognition in a prominent human gut symbiont. mBio 2016, 7, e02134-15. [CrossRef]
[PubMed]

32. Larsbrink, J.; Rogers, T.E.; Hemsworth, G.R.; McKee, L.S.; Tauzin, A.S.; Spadiut, O.; Klinter, S.; Pudlo, N.A.; Urs, K.; Koropatkin,
N.M.; et al. A discrete genetic locus confers xyloglucan metabolism in select human gut Bacteroidetes. Nature 2014, 506, 498–502.
[CrossRef]

33. Bågenholm, V.; Wiemann, M.; Reddy, S.K.; Bhattacharya, A.; Rosengren, A.; Logan, D.T.; Stålbrand, H. A surface-exposed GH26
β-mannanase from Bacteroides ovatus: Structure, role, and phylogenetic analysis of BoMan26B. J. Biol. Chem. 2019, 294, 9100–9117.
[CrossRef]

34. Dodd, D.; Mackie, R.I.; Cann, I.K. Xylan degradation, a metabolic property shared by rumen and human colonic Bacteroidetes.
Mol. Microbiol. 2011, 79, 292–304. [CrossRef] [PubMed]

http://doi.org/10.1385/ABAB:90:2:155
http://doi.org/10.1007/s11274-015-2005-0
http://doi.org/10.1093/nar/gkn663
http://doi.org/10.1186/s13068-017-0749-5
http://doi.org/10.1016/j.mib.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21531609
http://doi.org/10.1128/JB.156.2.828-836.1983
http://doi.org/10.4155/bfs.09.25
http://doi.org/10.1099/00221287-144-2-457
http://www.ncbi.nlm.nih.gov/pubmed/9493383
http://doi.org/10.1371/journal.pone.0084172
http://www.ncbi.nlm.nih.gov/pubmed/24358340
http://doi.org/10.1038/s41598-019-52675-8
http://www.ncbi.nlm.nih.gov/pubmed/31719545
http://doi.org/10.1046/j.1365-2672.1998.00336.x
http://doi.org/10.1074/jbc.R109.022848
http://www.ncbi.nlm.nih.gov/pubmed/19553672
http://doi.org/10.1128/JB.183.24.7224-7230.2001
http://www.ncbi.nlm.nih.gov/pubmed/11717282
http://doi.org/10.1128/mSphereDirect.00185-18
http://doi.org/10.1073/pnas.1406156111
http://doi.org/10.1111/j.1574-6941.2007.00314.x
http://doi.org/10.1186/s12864-016-2680-8
http://doi.org/10.1371/journal.pbio.1001221
http://www.ncbi.nlm.nih.gov/pubmed/22205877
http://doi.org/10.1038/srep40478
http://www.ncbi.nlm.nih.gov/pubmed/28091546
http://doi.org/10.1038/s41564-018-0258-8
http://www.ncbi.nlm.nih.gov/pubmed/30349080
http://doi.org/10.1128/mBio.02134-15
http://www.ncbi.nlm.nih.gov/pubmed/27118585
http://doi.org/10.1038/nature12907
http://doi.org/10.1074/jbc.RA118.007171
http://doi.org/10.1111/j.1365-2958.2010.07473.x
http://www.ncbi.nlm.nih.gov/pubmed/21219452


Int. J. Mol. Sci. 2021, 22, 3077 10 of 12

35. McNulty, N.P.; Wu, M.; Erickson, A.R.; Pan, C.; Erickson, B.K.; Martens, E.C.; Pudlo, N.A.; Muegge, B.D.; Henrissat, B.;
Hettich, R.L.; et al. Effects of diet on resource utilization by a model human gut microbiota containing Bacteroides cellulosilyticus
WH2, a symbiont with an extensive glycobiome. PLoS Biol. 2013, 11, e1001637. [CrossRef]

36. Bjursell, M.K.; Martens, E.C.; Gordon, J.I. Functional genomic and metabolic studies of the adaptations of a prominent adult
human gut symbiont, Bacteroides thetaiotaomicron, to the suckling period. J. Biol. Chem. 2006, 281, 36269–36279. [CrossRef]
[PubMed]

37. Xu, J.; Bjursell, M.K.; Himrod, J.; Deng, S.; Carmichael, L.K.; Chiang, H.C.; Hooper, L.V.; Gordon, J.I. A genomic view of the
human-Bacteroides thetaiotaomicron symbiosis. Science 2003, 299, 2074–2076. [CrossRef]

38. Hemsworth, G.R.; Dejean, G.; Davies, G.J.; Brumer, H. Learning from microbial strategies for polysaccharide degradation. Biochem.
Soc. Trans. 2016, 44, 94–108. [CrossRef]

39. Sonnenburg, E.D.; Zheng, H.; Joglekar, P.; Higginbottom, S.K.; Firbank, S.J.; Bolam, D.N.; Sonnenburg, J.L. Specificity of
polysaccharide use in intestinal bacteroides species determines diet-induced microbiota alterations. Cell 2010, 141, 1241–1252.
[CrossRef] [PubMed]

40. Kiarie, E.; Romero, L.F.; Nyachoti, C.M. The role of added feed enzymes in promoting gut health in swine and poultry. Nutr. Res.
Rev. 2013, 26, 71–88. [CrossRef]

41. Simon, O. The mode of action of NSP hydrolysing enzymes in the gastrointestinal tract. J. Anim. Feed Sci. 1998, 7, 115–123.
[CrossRef]

42. Castañón, J.I.R.; Flores, M.P.; Pettersson, D. Mode of degradation of non-starch polysaccharides by feed enzyme preparations.
Anim. Feed Sci. Technol. 1997, 68, 361–365. [CrossRef]

43. Veillon, A.; Zuber, A. Recherches sur quelques microbes strictement anaérobies et leur rôle en pathologie. Arch. Med. Exp. Anat.
Pathol. 1898, 10, 517–545.

44. Hungate, R.E. Studies oncellulose fermentation: I. The culture and physiology of an anaerobic cellulose-digesting bacterium.
J. Bacteriol. 1944, 48, 499–513. [CrossRef]

45. Bäckhed, F.; Ley, R.E.; Sonnenburg, J.L.; Peterson, D.A.; Gordon, J.I. Host-bacterial mutualism in the human intestine. Science
2005, 307, 1915–1920. [CrossRef] [PubMed]

46. Ivanov, I.I.; Frutos, R.L.; Manel, N.; Yoshinaga, K.; Rifkin, D.B.; Sartor, R.B.; Finlay, B.B.; Littman, D.R. Specific microbiota direct
the differentiation of IL-17-producing T-helper cells in the mucosa of the small intestine. Cell Host Microbe 2008, 4, 337–349.
[CrossRef] [PubMed]

47. Ley, R.E.; Bäckhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl.
Acad. Sci. USA 2005, 102, 11070–11075. [CrossRef] [PubMed]

48. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023.
[CrossRef]

49. Mazmanian, S.K.; Round, J.L.; Kasper, D.L. A microbial symbiosis factor prevents intestinal inflammatory disease. Nature 2008,
453, 620–625. [CrossRef] [PubMed]

50. Naas, A.E.; Mackenzie, A.K.; Mravec, J.; Schuckel, J.; Willats, W.G.; Eijsink, V.G.; Pope, P.B. Do rumen Bacteroidetes utilize an
alternative mechanism for cellulose degradation? mBio 2014, 5, e01401–e01414. [CrossRef] [PubMed]

51. Naas, A.E.; MacKenzie, A.K.; Dalhus, B.; Eijsink, V.G.H.; Pope, P.B. Structural features of a Bacteroidetes-affiliated cellulase linked
with a polysaccharide utilization locus. Sci. Rep. 2015, 5, 11666. [CrossRef]

52. Mackenzie, A.K.; Naas, A.E.; Kracun, S.K.; Schuckel, J.; Fangel, J.U.; Agger, J.W.; Willats, W.G.; Eijsink, V.G.; Pope, P.B.
A polysaccharide utilization locus from an uncultured Bacteroidetes phylotype suggests ecological adaptation and substrate
versatility. Appl. Environ. Microbiol. 2015, 81, 187–195. [CrossRef] [PubMed]

53. Pope, P.B.; Mackenzie, A.K.; Gregor, I.; Smith, W.; Sundset, M.A.; McHardy, A.C.; Morrison, M.; Eijsink, V.G. Metagenomics of the
Svalbard reindeer rumen microbiome reveals abundance of polysaccharide utilization loci. PLoS ONE 2012, 7, e38571. [CrossRef]
[PubMed]

54. Hess, M.; Sczyrba, A.; Egan, R.; Kim, T.W.; Chokhawala, H.; Schroth, G.; Luo, S.; Clark, D.S.; Chen, F.; Zhang, T.; et al.
Metagenomic discovery of biomass-degrading genes and genomes from cow rrumen. Science 2011, 331, 463–467. [CrossRef]

55. Mackenzie, A.K.; Pope, P.B.; Pedersen, H.L.; Gupta, R.; Morrison, M.; Willats, W.G.; Eijsink, V.G. Two SusD-like proteins encoded
within a polysaccharide utilization locus of an uncultured ruminant Bacteroidetes phylotype bind strongly to cellulose. Appl.
Environ. Microbiol. 2012, 78, 5935–5937. [CrossRef] [PubMed]

56. Selvendran, R.R. The plant cell wall as a source of dietary fiber: Chemistry and structure. Am. J. Clin. Nutr. 1984, 39, 320–337.
[CrossRef]

57. Schopfer, P. Physiology and biochemistry of plant cell walls. Plant Sci. 1997, 123, 211. [CrossRef]
58. Allerdings, E.; Ralph, J.; Steinhart, H.; Bunzel, M. Isolation and structural identification of complex feruloylated heteroxylan

side-chains from maize bran. Phytochemistry 2006, 67, 1276–1286. [CrossRef]
59. Polizeli, M.L.T.M.; Rizzatti, A.C.S.; Monti, R.; Terenzi, H.F.; Jorge, J.A.; Amorim, D.S. Xylanases from fungi: Properties and

industrial applications. Appl. Microbiol. Biotechnol. 2005, 67, 577–591. [CrossRef]
60. Dodd, D.; Kocherginskaya, S.A.; Spies, M.A.; Beery, K.E.; Abbas, C.A.; Mackie, R.I.; Cann, I.K.O. Biochemical analysis of a

β-D-xylosidase and a bifunctional xylanase-ferulic acid esterase from a xylanolytic gene cluster in Prevotella ruminicola 23. J.
Bacteriol. 2009, 191, 3328–3338. [CrossRef]

http://doi.org/10.1371/journal.pbio.1001637
http://doi.org/10.1074/jbc.M606509200
http://www.ncbi.nlm.nih.gov/pubmed/16968696
http://doi.org/10.1126/science.1080029
http://doi.org/10.1042/BST20150180
http://doi.org/10.1016/j.cell.2010.05.005
http://www.ncbi.nlm.nih.gov/pubmed/20603004
http://doi.org/10.1017/S0954422413000048
http://doi.org/10.22358/jafs/69959/1998
http://doi.org/10.1016/S0377-8401(97)00046-1
http://doi.org/10.1128/JB.48.5.499-513.1944
http://doi.org/10.1126/science.1104816
http://www.ncbi.nlm.nih.gov/pubmed/15790844
http://doi.org/10.1016/j.chom.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18854238
http://doi.org/10.1073/pnas.0504978102
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://doi.org/10.1038/4441022a
http://doi.org/10.1038/nature07008
http://www.ncbi.nlm.nih.gov/pubmed/18509436
http://doi.org/10.1128/mBio.01401-14
http://www.ncbi.nlm.nih.gov/pubmed/25096880
http://doi.org/10.1038/srep11666
http://doi.org/10.1128/AEM.02858-14
http://www.ncbi.nlm.nih.gov/pubmed/25326301
http://doi.org/10.1371/journal.pone.0038571
http://www.ncbi.nlm.nih.gov/pubmed/22701672
http://doi.org/10.1126/science.1200387
http://doi.org/10.1128/AEM.01164-12
http://www.ncbi.nlm.nih.gov/pubmed/22685144
http://doi.org/10.1093/ajcn/39.2.320
http://doi.org/10.1016/S0168-9452(96)04565-7
http://doi.org/10.1016/j.phytochem.2006.04.018
http://doi.org/10.1007/s00253-005-1904-7
http://doi.org/10.1128/JB.01628-08


Int. J. Mol. Sci. 2021, 22, 3077 11 of 12

61. Salyers, A.A.; Vercellotti, J.R.; West, S.E.; Wilkins, T.D. Fermentation of mucin and plant polysaccharides by strains of Bacteroides
from the human colon. Appl. Environ. Microbiol. 1977, 33, 319–322. [CrossRef] [PubMed]

62. Hespell, R.B.; Whitehead, T.R. Physiology and genetics of xylan degradation by gastrointestinal tract bacteria. J. Dairy Sci. 1990,
73, 3013–3022. [CrossRef]

63. Whitehead, T.R.; Hespell, R.B. Heterologous expression of the Bacteroides ruminicola xylanase gene in Bacteroides fragilis and
Bacteroides uniformis. FEMS Microbiol. Lett. 1990, 54, 61–65. [CrossRef] [PubMed]

64. Robert, C.; Chassard, C.; Lawson, P.A.; Bernalierdonadille, A. Bacteroides cellulosilyticus sp. nov., a cellulolytic bacterium from the
human gut microbial community. Int. J. Syst. Evol. Microbiol. 2007, 57, 1516–1520. [CrossRef] [PubMed]

65. Gustafsson, R.J.; Ohlsson, B.; Benoni, C.; Jeppsson, B.; Olsson, C. Mucosa-associated bacteria in two middle-aged women
diagnosed with collagenous colitis. World J. Gastroenterol. 2012, 18, 1628–1634. [CrossRef] [PubMed]

66. Mohammad, A.B.; Kitahara, M.; Sakamoto, M.; Matsumoto, M.; Benno, M. Bacteroides intestinalis sp. nov., isolated from human
faeces. Int. J. Syst. Evol. Microbiol. 2006, 56, 151–154. [CrossRef]

67. Weaver, J.; Whitehead, T.R.; Cotta, M.A.; Valentine, P.C.; Salyers, A.A. Genetic analysis of a locus on the Bacteroides ovatus
chromosome which contains xylan utilization genes. Appl. Environ. Microbiol. 1992, 58, 2764–2770. [CrossRef]

68. Rogowski, A.; Briggs, J.A.; Mortimer, J.C.; Tryfona, T.; Terrapon, N.; Lowe, E.C.; Baslé, A.; Morland, C.; Day, A.M.; Zheng, H.;
et al. Glycan complexity dictates microbial resource allocation in the large intestine. Nat. Commun. 2015, 6, 7481. [CrossRef]

69. Chassard, C.; Delmas, E.; Lawson, P.A.; Bernalier-Donadille, A. Bacteroides xylanisolvens sp. nov., a xylan-degrading bacterium
isolated from human faeces. Int. J. Syst. Evol. Microbiol. 2008, 58, 1008–1013. [CrossRef]

70. Dodd, D.; Kiyonari, S.; Mackie, R.I.; Cann, I.K.O. Functional diversity of four glycoside hydrolase family 3 enzymes from the
rumen bacterium Prevotella bryantii B14. J. Bacteriol. 2010, 192, 2335–2345. [CrossRef]

71. Miyazaki, K.; Martin, J.C.; Marinsek-Logar, R.; Flint, H.J. Degradation and utilization of xylans by the rumen anaerobe Prevotella
bryantii (formerly P. ruminicola subsp.brevis) B14. Anaerobe 1997, 3, 373–381. [CrossRef]

72. Rogowski, A.; Baslé, A.; Farinas, C.S.; Solovyova, A.; Mortimer, J.C.; Dupree, P.; Gilbert, H.J.; Bolam, D.N. Evidence that GH115
α-glucuronidase activity, which is required to degrade plant biomass, is dependent on conformational flexibility. J. Biol. Chem.
2014, 289, 53–64. [CrossRef] [PubMed]

73. Dodd, D.; Moon, Y.H.; Swaminathan, K.; Mackie, R.I.; Cann, I.K.O. Transcriptomic analyses of xylan degradation by Prevotella
bryantii and insights into energy acquisition by xylanolytic bacteroidetes. J. Biol. Chem. 2010, 285, 30261–30273. [CrossRef]
[PubMed]

74. Gasparic, A.; Martin, J.; Daniel, A.S.; Flint, H.J. A xylan hydrolase gene cluster in Prevotella ruminicola B14: Sequence relationships,
synergistic interactions, and oxygen sensitivity of a novel enzyme with exoxylanase and β-(1,4)-xylosidase activities. Appl.
Environ. Microbiol. 1995, 61, 2958–2964. [CrossRef] [PubMed]

75. Flint, H.; Martin, J.; Gasparic, A. Interrupted catalytic domain structures in xylanases from two distantly elated strains of Prevotella
ruminicola. Biochim. Biophys. Acta 1997, 1337, 161–165. [CrossRef]

76. Miyazaki, K.; Miyamoto, H.; Mercer, D.K.; Hirase, T.; Martin, J.C.; Kojima, Y.; Flint, H.J. Involvement of the multidomain
regulatory protein XynR in positive control of xylanase gene expression in the ruminal anaerobe Prevotella bryantii B14. J. Bacteriol.
2003, 185, 2219–2226. [CrossRef] [PubMed]

77. Singh, S.; Singh, G.; Arya, S.K. Mannans: An overview of properties and application in food products. Int. J. Biol. Macromol. 2018,
119, 79–95. [CrossRef]

78. Prajapati, V.D.; Jani, G.K.; Moradiya, N.G.; Randeria, N.P.; Nagar, B.J.; Naikwadi, N.N.; Variya, B.C. Galactomannan: A versatile
biodegradable seed polysaccharide. Int. J. Biol. Macromol. 2013, 60, 83–92. [CrossRef] [PubMed]

79. Cerqueira, M.A.; Bourbon, A.I.; Pinheiro, A.C.; Martins, J.T.; Souza, B.W.S.; Teixeira, J.A.; Vicente, A.A. Galactomannans use in
the development of edible films/coatings for food applications. Trends Food Sci. Technol. 2011, 22, 662–671. [CrossRef]

80. Reddy, S.K.; Bagenholm, V.; Pudlo, N.A.; Bouraoui, H.; Koropatkin, N.M.; Martens, E.C.; Stalbrand, H. A β-mannan utilization
locus in Bacteroides ovatus involves a GH36 α-galactosidase active on galactomannans. FEBS Lett. 2016, 590, 2106–2118. [CrossRef]

81. Bagenholm, V.; Reddy, S.K.; Bouraoui, H.; Morrill, J.; Kulcinskaja, E.; Bahr, C.M.; Aurelius, O.; Rogers, T.; Xiao, Y.; Logan, D.T.;
et al. Galactomannan catabolism conferred by a polysaccharide utilization locus of Bacteroides ovatus: Enzyme synergy and crystal
structure of a β-mannanase. J. Biol. Chem. 2017, 292, 229–243. [CrossRef]

82. Caffall, K.H.; Mohnen, D. The structure, function, and biosynthesis of plant cell wall pectic polysaccharides. Carbohydr. Res. 2009,
344, 1879–1900. [CrossRef] [PubMed]

83. Vincken, J.P.; Schols, H.A.; Oomen, R.J.F.J.; McCann, M.C.; Ulvskov, P.; Voragen, A.G.J.; Visser, R.G.F. If homogalacturonan were
a side chain of rhamnogalacturonan I. Implications for cell wall architecture. Plant. Physiol. 2003, 132, 1781–1789. [CrossRef]
[PubMed]

84. Khodaei, N.; Karboune, S. Extraction and structural characterisation of rhamnogalacturonan I-type pectic polysaccharides from
potato cell wall. Food Chem. 2013, 139, 617–623. [CrossRef]

85. Luis, A.S.; Briggs, J.; Zhang, X.; Farnell, B.; Ndeh, D.; Labourel, A.; Baslé, A.; Cartmell, A.; Terrapon, N.; Stott, K.; et al. Dietary
pectic glycans are degraded by coordinated enzyme pathways in human colonic Bacteroides. Nat. Microbiol. 2018, 3, 210–219.
[CrossRef]

http://doi.org/10.1128/AEM.33.2.319-322.1977
http://www.ncbi.nlm.nih.gov/pubmed/848954
http://doi.org/10.3168/jds.S0022-0302(90)78988-6
http://doi.org/10.1111/j.1574-6968.1990.tb03973.x
http://www.ncbi.nlm.nih.gov/pubmed/2323546
http://doi.org/10.1099/ijs.0.64998-0
http://www.ncbi.nlm.nih.gov/pubmed/17625186
http://doi.org/10.3748/wjg.v18.i14.1628
http://www.ncbi.nlm.nih.gov/pubmed/22529692
http://doi.org/10.1099/ijs.0.63914-0
http://doi.org/10.1128/AEM.58.9.2764-2770.1992
http://doi.org/10.1038/ncomms8481
http://doi.org/10.1099/ijs.0.65504-0
http://doi.org/10.1128/JB.01654-09
http://doi.org/10.1006/anae.1997.0125
http://doi.org/10.1074/jbc.M113.525295
http://www.ncbi.nlm.nih.gov/pubmed/24214982
http://doi.org/10.1074/jbc.M110.141788
http://www.ncbi.nlm.nih.gov/pubmed/20622018
http://doi.org/10.1128/AEM.61.8.2958-2964.1995
http://www.ncbi.nlm.nih.gov/pubmed/7487028
http://doi.org/10.1016/S0167-4838(96)00213-0
http://doi.org/10.1128/JB.185.7.2219-2226.2003
http://www.ncbi.nlm.nih.gov/pubmed/12644492
http://doi.org/10.1016/j.ijbiomac.2018.07.130
http://doi.org/10.1016/j.ijbiomac.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23707734
http://doi.org/10.1016/j.tifs.2011.07.002
http://doi.org/10.1002/1873-3468.12250
http://doi.org/10.1074/jbc.M116.746438
http://doi.org/10.1016/j.carres.2009.05.021
http://www.ncbi.nlm.nih.gov/pubmed/19616198
http://doi.org/10.1104/pp.103.022350
http://www.ncbi.nlm.nih.gov/pubmed/12913136
http://doi.org/10.1016/j.foodchem.2013.01.110
http://doi.org/10.1038/s41564-017-0079-1


Int. J. Mol. Sci. 2021, 22, 3077 12 of 12

86. Cartmell, A.; McKee, L.S.; Peña, M.J.; Larsbrink, J.; Brumer, H.; Kaneko, S.; Ichinose, H.; Lewis, R.J.; Viksø-Nielsen, A.; Gilbert, H.J.;
et al. The structure and function of an arabinan-specific α-1,2-arabinofuranosidase identified from screening the activities of
bacterial GH43 glycoside hydrolases. J. Biol. Chem. 2011, 286, 15483–15495. [CrossRef]

87. Lau, J.; McNeil, M.; Darvill, A.; Albersheim, P. Treatment of rhamnogalacturonan I with lithium in ethylenediamine. Carbohydr.
Res. 1987, 168, 245–274. [CrossRef]

88. Sengkhamparn, N.; Bakx, E.J.; Verhoef, R.; Schols, H.A.; Sajjaanantakul, T.; Voragen, A.G.J. Okra pectin contains an unusual
substitution of its rhamnosyl residues with acetyl and alpha-linked galactosyl groups. Carbohydr. Res. 2009, 344, 1842–1851.
[CrossRef]

89. Grondin, J.M.; Tamura, K.; Déjean, G.; Abbott, D.W.; Brumer, H. Polysaccharide utilization loci: Fueling microbial communities. J.
Bacteriol. 2017, 199, e00860-16. [CrossRef] [PubMed]

90. Cuskin, F.; Lowe, E.C.; Temple, M.J.; Zhu, Y.; Cameron, E.A.; Pudlo, N.A.; Porter, N.T.; Urs, K.; Thompson, A.J.; Cartmell, A.; et al.
Human gut Bacteroidetes can utilize yeast mannan through a selfish mechanism. Nature 2015, 517, 165–169. [CrossRef] [PubMed]

91. Rakoff-Nahoum, S.; Foster, K.R.; Comstock, L.E. The evolution of cooperation within the gut microbiota. Nature 2016, 533,
255–259. [CrossRef] [PubMed]

92. Elhenawy, W.; Debelyy, M.O.; Feldman, M.F. Preferential packing of acidic glycosidases and proteases into Bacteroides outer
membrane vesicles. mBio 2014, 5, e00909-14. [CrossRef] [PubMed]

93. Rakoff-Nahoum, S.; Coyne, M.J.; Comstock, L.E. An ecological network of polysaccharide utilization among human intestinal
symbionts. Curr. Biol. 2014, 24, 40–49. [CrossRef] [PubMed]

94. Rogers, T.E.; Pudlo, N.A.; Koropatkin, N.M.; Bell, J.S.K.; Moya Balasch, M.; Jasker, K.; Martens, E.C. Dynamic responses of
Bacteroides thetaiotaomicron during growth on glycan mixtures. Mol. Microbiol. 2013, 88, 876–890. [CrossRef]

95. Pudlo, N.A.; Urs, K.; Kumar, S.S.; German, J.B.; Mills, D.A.; Martens, E.C. Symbiotic human gut bacteria with variable metabolic
priorities for host mucosal glycans. mBio 2015, 6, e01282-15. [CrossRef]

96. Schwalm, N.D.; Groisman, E.A. Navigating the gut buffet: Control of polysaccharide utilization in Bacteroides spp. Trends Microbiol.
2017, 25, 1005–1015. [CrossRef]

97. Qiao, S.; Bao, L.; Wang, K.; Sun, S.; Liao, M.; Liu, C.; Zhou, N.; Ma, K.; Zhang, Y.; Chen, Y.; et al. Activation of a specific gut
Bacteroides-folate-liver axis benefits for the alleviation of nonalcoholic hepatic steatosis. Cell Rep. 2020, 32, 108005. [CrossRef]
[PubMed]

98. Ze, X.; Duncan, S.H.; Louis, P.; Flint, H.J. Ruminococcus bromii is a keystone species for the degradation of resistant starch in the
human colon. ISME J. 2012, 6, 1535–1543. [CrossRef]

99. Flint, H.J.; Scott, K.P.; Duncan, S.H.; Louis, P.; Forano, E. Microbial degradation of complex carbohydrates in the gut. Gut Microbes
2012, 3, 289–306. [CrossRef]

http://doi.org/10.1074/jbc.M110.215962
http://doi.org/10.1016/0008-6215(87)80029-0
http://doi.org/10.1016/j.carres.2008.11.022
http://doi.org/10.1128/JB.00860-16
http://www.ncbi.nlm.nih.gov/pubmed/28138099
http://doi.org/10.1038/nature13995
http://www.ncbi.nlm.nih.gov/pubmed/25567280
http://doi.org/10.1038/nature17626
http://www.ncbi.nlm.nih.gov/pubmed/27111508
http://doi.org/10.1128/mBio.00909-14
http://www.ncbi.nlm.nih.gov/pubmed/24618254
http://doi.org/10.1016/j.cub.2013.10.077
http://www.ncbi.nlm.nih.gov/pubmed/24332541
http://doi.org/10.1111/mmi.12228
http://doi.org/10.1128/mBio.01282-15
http://doi.org/10.1016/j.tim.2017.06.009
http://doi.org/10.1016/j.celrep.2020.108005
http://www.ncbi.nlm.nih.gov/pubmed/32783933
http://doi.org/10.1038/ismej.2012.4
http://doi.org/10.4161/gmic.19897

	Introduction 
	The Bacteroidetes in the Gut 
	PUL-Mediated Plant Cell Wall Polysaccharides Degradation 
	Cellulose Utilization System (Cellulose-PUL) 
	Xylan Utilization System (Xylan-PUL) 
	Mannan Utilization System (Mannan-PUL) 
	Pectin Utilization System (Pectin-PUL) 

	PULs Are Associated with Two Common Strategies for Bacteroidetes to Utilize PCWP 
	Conclusions 
	References

