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Human gut Bacteroides and Parabacteroides species play crucial roles in
human health and are known for their capacity to utilize diverse poly-
saccharides. Understanding how these bacteria utilize medicinal poly-
saccharides is foundational for developing polysaccharides-based prebiotics
and drugs. Here, we systematically mapped the utilization profiles of 20 dif-
ferent medicinal polysaccharides by 28 human gut Bacteroides and Para-
bacteroides species. The growth profiles exhibited substantial variation across
different bacterial species and medicinal polysaccharides. Ginseng poly-
saccharides promoted the growth of multiple Bacteroides and Parabacteroides
species; in contrast, Dendrobium polysaccharides selectively promoted the
growth of Bacteroides uniformis. This distinct utilization profile was associated
with genomic variation in carbohydrate-active enzymes, rather than mono-
saccharides composition variation among medicinal polysaccharides.
Through comparative transcriptomics and genetical manipulation, we vali-
dated that the polysaccharide utilization locus PUL34 _Bu enabled Bacteroides
uniformis to utilize Dendrobium polysaccharides (i.e. glucomannan). In addi-
tion, we found that the GH26 enzyme in PUL34_Bu allowed Bacteroides uni-
formis to utilize multiple plant-derived mannan. Overall, our results revealed
the selective utilization of medicinal polysaccharide by Bacteroides and Para-
bacteroides species and provided insights into the use of polysaccharides in
engineering the human gut microbiome.

Human gut Bacteroides and Parabacteroides, primary consumers of
polysaccharides, play critical roles in human health and disease, such
as the development™* and immunotherapy®* of cancer, colonization
resistance to pathogens’, etc. They utilize endogenous (host-derived)
and exogenous (e.g. plant-derived) oligo/polysaccharides, providing
nutrition and vitamins to the host and other intestinal microbes®”’.
Recent studies highlight that polysaccharides impact host health by
regulating the growth and metabolic profiles of Bacteroides®™.

Understanding how Bacteroides and Parabacteroides utilize these
polysaccharides is essential for developing novel polysaccharide-
based prebiotics and drugs to promote health.

Medicinal polysaccharides from herbs and mushrooms have
complex and diverse structures, comprising various glycosidic lin-
kages (e.g., a- or B- (1> 3)/(1~> 4)/(1~> 5)/(1 > 6)-glycosidic linkages) in
backbone or branched chains and including ten or more mono-
saccharides, sometimes with modifications like methylation and
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acetylation". Research shows that medicinal polysaccharides and
other plant-derived polysaccharides (e.g. from vegetables and fruits)
possess various biological activities”™, including anti-tumor, anti-
viral, anti-inflammatory, and immunomodulatory effects. Bacteroides
and Parabacteroides species can be promoted by multiple medicinal
polysaccharides. Ginseng polysaccharides (GPs) have been shown to
enrich both Bacteroides vulgatus and Parabacteroides distasonis,
thereby enhancing the response rate of PD-1/PD-L1 immunotherapy’.
Ophiocordyceps sinensis polysaccharides have been found to enrich
gut commensal Parabacteroides goldsteinii, leading to improvements
in obesity and metabolic disorders'®. Dendrobium officinale poly-
saccharide recall the diversity of gut microbiota, and increasing the
abundance of Bacteroides, having protective effect against dextran
sulfate sodium induced colitis in mice".

Despite the advancement in polysaccharides utilization of Bac-
teroides, how Bacteroides utilize medicinal polysaccharides is not clear.
Bacteroides and Parabacteroides are equipped with hundreds of
carbohydrate-active enzymes (CAZymes) responsible for degrading
polysaccharides®®". The CAZymes are typically organized in clusters
known as polysaccharide utilization loci (PULs), which are upregulated
by specific polysaccharides®*. Glycoside hydrolase (GH) are enzymes
responsible for the hydrolysis of glycosidic bonds. The genomes of
Bacteroides species usually harbor multiple PULs for utilizing different
polysaccharides. Some of the mechanisms have been elucidated, for
example, B. thetaiotaomicron VPI-5482 utilize starch using Sus
system”; Bacteroides spp. degrade complex O-glycans found in mucins
using sulfatase’’; B. plebeius utilize sulphated polysaccharide por-
phyran utilization using porphyranases’, etc.

In this study, we characterized the growth phenotypes of 28
human gut Bacteroides and Parabacteroides species using 20 medicinal
polysaccharides. We observed significant variations in growth profiles
among species and polysaccharides. Notably, Dendrobium poly-
saccharides (DPs, a type of glucomannan) specifically induced the
growth of B. uniformis DA183. Through transcriptomics and genetic
manipulations, we identified the key gene cluster PUL34_Bu and the
critical enzyme GH26_BuDAI183 involved in DPs utilization. In vitro
enzyme activity assays and molecular docking further elucidated the
molecular mechanism of GH26 catalysis. These results provide valu-
able insights into how human gut microbes utilize medicinal poly-
saccharides and offer important information for developing novel
polysaccharide-based drugs.

Results

Mapping the utilization profile of medicinal polysaccharides by
human gut Bacteroides and Parabacteroides species

To comprehensively analyze the utilization of medicinal poly-
saccharides by human gut Bacteroides and Parabacteroides, we devel-
oped anin vitro gut bacterial growth profile platform showed in Fig. 1A,
starting with testing three minimal media. Growth curves indicated
that modified Bacteroides minimal medium (mBMM), a synthetic
medium, generally supported the growth of Bacteroides and Para-
bacteroides species (Supplementary Fig. 1).

Bacteroides and Parabacteroides, which are highly prevalent and
abundant in the human gut microbiota, encode numerous PULs. The
platform includes 18 Bacteroides species, 6 Parabacteroides species,
and 4 Phocaeicola species (formerly Bacteroides spp.). Some strains
were chosen repetitively at the species level (e.g., B. fragilis DA486 and
DAS557) due to their different CAZyme profiles. To evaluate the pre-
valence and mean relative abundancreactivee of these Bacteroides
species in the human gut microbiota, we analyzed publicly available
16S rRNA gene amplicon datasets (n=16,282) from GMrepo®. We
found that 71.4% (20/28) of the Bacteroides species had a prevalence
greater than 30%, and 89.3% (25/28) had a mean relative abundance
greater than 0.1% (Fig. 1B, Supplementary Tables 1, 2). The coverage of
core human gut Bacteroides species (prevalence >30%, mean relative

abundance > 0.1%**) and CAZymes in Bacteroides (CAZy database®)
was 100% and 70.9%, respectively (Fig. 1C, D). These selected Bacter-
oides ensure a systematic and comprehensive analysis of poly-
saccharide utilization.

Bacteroides and Parabacteroides were reported as the target of
many medicinal polysaccharides in the intestine, but the mechanisms
of their utilization remain underexplored. To expand our under-
standing, we selected 20 phylogenetic different medicinal poly-
saccharides with distinct structure (i.e. sugar linkage and modification)
(Table 1). For instance, GPs from the Araliaceae family contained
starch-like glucans, arabinogalactans, a-(1->4)-GalA backbone
(homogalacturonan), rhamnogalacturonan-rich pectin®; Dendrobium
polysaccharides (DPs_1 and DPs_2, prepared using different methods)
feature backbones of >4)-B-D-Glcp-(1->, >4)-B-D-Manp-(1->, >4)-2-O-
acetyl-B-D-Manp-(1>, and ~>4)-3-O-acetyl-3-D-Manp-(1>?. These 20
medicinal polysaccharides exhibit multiple biological activities,
including anti-tumor, antioxidant, anti-inflammatory, and immune
regulation, while maintaining low toxicity and minimal side effects.
More details about other medicinal polysaccharides used in this study
can be found in Supplementary Table 3A and B.

We found that the bacterial growth data were consistent across
three technical replicates (R=0.96, p<2.2el6) (Supplementary
Fig. 2A-C) and between two independent experiments (R=0.91,
p<2.2el6) (Supplementary Fig. 2D), indicating that our method is
highly reproducible. Characterizing the growth phenotypes revealed
diverse growth profiles among different Bacteroides and medicinal
polysaccharides (Fig. 1E, Supplementary Fig. 3A-C). The statistical
analysis indicated that each strain can utilize an average of 4.79 types
of medicinal polysaccharides, among which some strains can utilize
up to 9 medicinal polysaccharides, while others cannot utilize any of
the 20 medicinal polysaccharides. Each type of medicinal poly-
saccharide can support the growth of an average of 6.8 strains. Some
polysaccharides, such as GPs, support the growth of multiple Bac-
teroides and Parabacteroides species, whereas others, like DPs_2,
support only a single Bacteroides species. We found that poly-
saccharides extracted from plants with close phylogeny resulted in
similar bacterial growth profiles (Supplementary Fig. 3D). This simi-
larity is likely due to comparable polysaccharide compositions and
structures, as seen in RNPs and PQPs, which both contain Ara, Gal,
GalA, Glc, GIcA, Man, and Rha, with 1~ 4 glycosidic linkages forming
their linear backbones™.

Growth profiles variation among medicinal polysaccharides may
be due to the differences in physicochemical properties of poly-
saccharides, such as monosaccharide composition, and poly-
saccharide structure. To determine whether polysaccharide
structure or monosaccharides composition causes variations in
growth profiles, we selected eight medicinal polysaccharides exhi-
biting different growth profile. First, we characterized the physical
and chemical properties of these polysaccharides (Supplementary
Fig. 4A-B, Supplementary Fig. 5A-D, and Supplementary Tables 5-7).
The monosaccharide composition analysis revealed that APs, GPs,
GLPs_1, and GLPs_2 were mainly composed of glucose (Glc) (92.8%,
93.1%, 72.2%, and 68.3%, respectively). DPs_1 and DPs_2 were mainly
composed of mannose (Man) (81.1% and 78.7%, respectively). LBPs_1
were mainly composed of 36.9% arabinose (Ara), 22.6% galactose,
and 23.4% galacturonic acid (GalA), while LBPs_2 were mainly com-
posed of 16.0% Glc, 33.5% Gal, and 39% GalA. The selected medicinal
polysaccharides showed differences in total sugar content, mole-
cular weight and distribution, and monosaccharide composition,
which indicated that the medicinal polysaccharides were diverse in
physicochemical properties. Notably, we found almost no correla-
tion between distance of monosaccharide composition and growth
profile, indicating that polysaccharides with similar monosaccharide
composition did not exhibit similar growth profiles (Supplementary
Fig. 4C). For instance, Astragalus polysaccharide (APs) and GPs,
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Fig. 1| The utilization profile of medicinal polysaccharides by human gut
Bacteroides and Parabacteroides species. A The flow chart showing the experi-
mental process of growth profile characterization for medicinal polysaccharides,
including i) extraction of medicinal polysaccharides using hot water/ethanol, ii)
isolation of the human gut Bacteroides species through culturomics, iii) growth
profiling of Bacteroides species with minimal medium supplemented with 0.5%
medicinal polysaccharides in an anaerobic chamber (85% N,, 10% H,, and 5% CO,).
Growth optical density (OD) was measured and recorded every 12 h using a
microplate reader. B The prevalence (bar chart) and relative abundance (point plot)
of Bacteroides species based on public human gut metagenome sequence data
(n=16282). The ‘n’ refers to the number of fecal samples collected from healthy
individuals in the GMrepo® database. Bacteroides species were colored by genus,
Bacteroides in blue, Parabacteroides in red, and Phocaeicola in green. Prevalence =
0.3 (red dotted line), Relative abundance = 0.1% (green dotted line). Relative
abundance data are expressed as mean values + standard deviation (SD). C The pie
chart showed the coverage of core human gut Bacteroides (prevalence>30%, mean
relative abundance> 0.1%, n =16,282). D The pie chart showed the coverage of
human gut Bacteroides carbohydrate active enzymes in CAZy database. E The heat
map showed the growth OD600 of 28 Bacteroides species at 48 h under 20

medicinal polysaccharides (n = 3 independent experiments). Statistical significance
was determined using a two-sided unpaired t-test between each experimental
group and the negative control group, with adjustments for multiple comparisons
made using the Bonferroni method. The P values are indicated as follows: * < 0.05;
** < 0.01; ** < 0.001; **** <0.0001. Each experiment was conducted in triplicate to
ensure reliability. The sub-graph in the right counts the number of medicinal
polysaccharides utilized by Bacteroidetes spp. The sub-graph at the bottom counts
the number of Bacteroidetes spp. utilizing medicinal polysaccharides. RNPs: Radix
Notoginseng Polysaccharides; GPs: Ginseng polysaccharides; PQPs: Panax Quin-
quefolium Polysaccharides; PSPs: Polygonatum sibiricum Polysaccharides; RAPs:
Rhizoma anemarrhenae Polysaccharides; CPPs: Codonopsis Pilosula Poly-
saccharides; AdPs: Adenophora Polysaccharides; PLPs: Pueraria lobata Poly-
saccharides; APs: Astragalus polysaccharide; DPs_1 and DPs_2: Dendrobium
polysaccharides; GLPs_1 and GLPs_2: Ganoderma lucidum polysaccharides; LBPs_1
and LBPs_2: Lycium barbarum polysaccharides; PPs: Poria Polysaccharides; RPPs:
Radix Pseudoxtellariae Polysaccharides; AnPs: Angelica Polysaccharides; HAPs:
Hovenia Acerba Polysaccharides; SPs: Scrophulariaceae Polysaccharide; PC: positive
control; NC: negative control.

despite having similar monosaccharide compositions, displayed
markedly different human gut bacteria growth profiles. It is worth
mentioning that APs consist of methylated GalAp and diverse side
chains®, differing from GPs. These findings suggest that poly-
saccharide structure, rather than monosaccharide composition,
drives growth profile variations.

The utilization profile of medicinal polysaccharides is associated
with genomic variation in carbohydrate-active enzymes

The characterization of the chemical structure of polysaccharides is a
recognized worldwide challenge. However, complex polysaccharides
have led to the evolution of numerous diverse carbohydrate-active
enzymes (CAZymes) families. In turn, the specificity of degrading
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Table 1| Medicinal polysaccharides list

Acronym Polysaccharides Source of extracted materials

RNPs Radix notoginseng polysaccharides f_Araliaceae; s_Radix notoginseng

GPs Ginseng polysaccharides f_ Araliaceae; s_ Panax ginseng

PQPs Panax quinquefolium polysaccharides f_ Araliaceae; s_ Panax quinquefolium

PSPs Polygonatum sibiricum polysaccharides f_ Liliaceae; s_ Polygonatum sibiricum

RAPs Anemarrhena asphodeloides polysaccharides f_ Liliaceae; s_ Anemarrhena asphodeloides
CPPs Codonopsis pilosula polysaccharides f_ Campanulaceae; s_ Codonopsis pilosula
AdPs Glehnia littoralis polysaccharides f_ Campanulaceae; s_ Glehnia littoralis

PLPs Pueraria lobata polysaccharides f_ Fabaceae; s_ Pueraria lobata

APs Astragalus polysaccharides f_ Fabaceae; s_ Astragalus membranaceus
DPs_1 Dendrobium officinale polysaccharides 1 f_Orchidaceae; s_ Dendrobium officinale
DPs_2 Dendrobium officinale polysaccharides 2 f_Orchidaceae; s_ Dendrobium officinale
LBPs_1 Lycium barbarum polysaccharides 1 f_Solanaceae; s_ Lycium barbarum

LBPs_2 Lycium barbarum polysaccharides 2 f_ Solanaceae; s_ Lycium barbarum

GLPs_1 Ganoderma lucidum polysaccharides 1 f_ Ganodermataceae; s_ Ganoderma lucidum
GLPs_2 Ganoderma lucidum polysaccharides 2 f_ Ganodermataceae; s_ Ganoderma lucidum
PPs Poria Polysaccharides f_ Polyporaceae; s_ Poria cocos

RPPs Radix Pseudoxtellariae Polysaccharides f_ Caryophyllaceae; s_ Pseudostellaria heterophylla
AnPs Angelica Polysaccharides f_Umbelliferae; s_Angelica sinensis

HAPs Hovenia Acerba Polysaccharides f_Rhamnaceae; s_ Hovenia acerba

SPs Scrophulariaceae Polysaccharide f_ Scrophulariaceae; s_ Scrophularia ningpoensis

Notes: f_means family; s_ means species

enzymes can provide information on the structure of the degraded
polysaccharides. The genes encoded by different gut bacteria can help
us understand the utilization profile. Bacteroides encode hundreds
CAZymes to utilize complex polysaccharides”. CAZymes involved in
carbohydrate degradation” include glycoside hydrolases (GHs) for
hydrolyzing glycosidic linkages, polysaccharide lyases (PLs) for
breaking down polysaccharides containing uronic acids,
carbohydrate-binding modules (CBMs) for binding carbohydrate
motifs, carbohydrate esterases (CEs) for de-esterification, and auxiliary
activity enzymes (AAs) for various redox transformations. Using
dbCAN (version 4.1.4)*° to analyze annotated CAZymes, we observed
variations in CAZyme distribution at the genus, species, and strain
levels among Bacteroides and Parabacteroides species (Fig. 2A). Clus-
tering the 28 Bacteroides based on the Euclidean distance of CAZymes
revealed that Bacteroides and Parabacteroides with similar taxonomy
share similar CAZyme distribution patterns (Fig. 2A). GHs were the
most widely encoded, whereas AAs were less common due to the gut’s
anaerobic environment limiting oxygen-dependent AAs®.

To explain the growth profile variations among different Bacter-
oides and Parabacteroides species, we clustered the 28 stains based on
the Euclidean distance of CAZymes (Fig. 2B), and growth profile dis-
tribution (Fig. 2C). We found that Bacteroides spp. with similar CAZyme
genes distribution had similar polysaccharide metabolic pattern. For
example, P. dorei DA26 and P. vulgatus DA57 exhibited similar CAZyme
gene distributions and polysaccharide metabolic patterns. A similar
phenomenon was observed among Parabacteroides spp. Additionally,
a significant correlation was observed between the distances of
CAZyme distribution and growth profiles, indicating that Bacteroides
and Parabacteroides with similar CAZyme distributions exhibit similar
growth profiles (Fig. 2D). These results suggest that CAZyme dis-
tribution drives growth profile differences.

Transcriptomics analysis reveals that specific PULs are highly
up-regulated by medicinal polysaccharides

Differential gene expression aids in discovering enzymes and
pathways for utilizing specific carbon sources. First, we selected
Ginseng polysaccharides (GPs) that supported the growth of multiple

Bacteroides. We analyzed the transcriptome data of P. vulgatus DA57
and P. distasonis DA104 cultivated with GPs and glucose as the sole
carbon sources (Fig. 3A-F, Supplementary Fig. 6A-D, and Supple-
mentary Tables 8, and 9). Comparative transcriptome analysis
revealed that the top 10 upregulated carbohydrate metabolism
genes were located in PUL19 of P. vulgatus DA57 (PUL19_Pv) (Fig. 3A)
and PUL29 of P. distasonis DA104 (PUL29_Pd) (Fig. 3C) as annotated
by PULpy”’. We refined the PUL boundaries based on the expression
levels of upstream and downstream genes (Fig. 3C, E, I, and Sup-
plementary Fig. 7C) (see “Methods” for more details). Notably,
GH1310 and GHI1320, described as a-amylases by the CAZy
database®, were upregulated in both PUL19_Pv and PUL29_Pd. Given
that neutral polysaccharides, including amyloid mixtures®, are the
main components of GPs, these results suggest that GH13_10 and
GH13_20 are crucial for GPs utilization.

Next, we examined gene expression data of Bacteroides utilizing
Ganoderma lucidum polysaccharides (GLPs_1), which supported the
growth of a moderate number of Bacteroides. The top 10 upregulated
carbohydrate metabolism genes were located in PUL16, PUL25, and
PUL39 of B. uniformis DA183 (Supplementary Fig. 6E-F, Supplementary
Fig. 7A, and Supplementary Table 10). Analysis of gene cluster struc-
tures showed that these PULs encoded GHS5S (i.e., exo/endo-f-1,3-glu-
canase) in PUL16, GH9 (i.e., endo-$-1,4-glucanase) in PUL16&25, GH3
(i.e., endo-B-1,6-glucosidase) in PUL39, and GH16_3 and GHI158 (i.e.,
endo-f$-1,3-glucanase) in PUL39 (Supplementary Fig. 7B, C). The pre-
sence of multiple PULs responsible for the same polysaccharides aligns
with previous studies®. GLPs are composed of »6)--D-Glcp-(1-, >6)-
a-D-Galp-(1->, and -3)-8-D-Glcp-(1>*. These findings indicate that
PUL16, PUL25, and PUL39 are likely responsible for GLP utilization.

We also analyzed gene expression data for Bacteroides utilizing
DPs_2, which selectively promoted the growth of B. uniformis. Focusing
on B. uniformis DA183, we compared transcriptome data when culti-
vated with DPs and glucose as the sole carbon sources. The top 10
upregulated carbohydrate metabolism genes were located in PUL34 of
B. uniformis DA183 (PUL34 Bu) (Fig. 3G-l, Supplementary Fig. 6E-F,
Supplementary Table 11). DPs are mannose oligosaccharide with a
backbone consisted of > 4)--D-Glcp-(1~>, > 4)--D-Manp-(1~>, >4)-2-
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Fig. 2 | Genomic variation in carbohydrate-active enzymes determines the
distinct utilization profile of medicinal polysaccharides among Bacteroides
and Parabacteroides species. A The heat map showed the distribution of CAZyme
genes involved in carbohydrate degradation. Bacteroidetes spp. were clustered
based on the Euclidean distance of CAZyme genes. CAZymes genes clustered based
on the Euclidean distance of distribution in Bacteroides and Parabacteroides. Gly-
coside Hydrolases (GHs): hydrolysis and/or rearrangement of glycosidic bonds;
Polysaccharide Lyases (PLs): non-hydrolytic cleavage of glycosidic bonds;
Carbohydrate-Binding Modules (CBMs): adhesion to carbohydrates; Carbohydrate
Esterases (CEs): hydrolysis of carbohydrate esters; Auxiliary Activities (AAs): redox
enzymes that act in conjunction with CAZymes. B Bray curtis based principal
components analysis (PCA) shows the dimension reduction analysis of

carbohydrate active enzymes in Bacteroides. The dots on the graph are colored
according to genus of Bacteroidetes. C Euclidean distance based principal compo-
nents analysis (PCA) shows the dimension reduction analysis of polysaccharides
utilization at 48 h by Bacteroides. The dots on the graph are colored according to
genus of Bacteroidetes. D The point diagram displays the correlation between
growth profile distance and CAZymes distribution distance. The R and P values
refer to the most parsimonious model. Statistical significance was determined
using a two-sided Pearson correlation test (for R value) and an ordinary least
squares (OLS) regression analysis (for the linear fit). The figure also includes a
95% confidence interval around the best linear fit. Light green dots represented
high dot density and dark green dots represented low dot density.

O-acetyl-B-D-Manp-(1>, and -4)-3-O-acetyl-8-D-Manp-(1->%. The
measured monosaccharide composition of DPs confirms that man-
nose is the main component (Supplementary Fig. 4A, B). Two sig-
nificantly upregulated glycoside hydrolases (GHs) in PUL34_Bu, GH26
and GH5_7, are described as exo-f-1,4-mannobiose and endo-f-1,4-
mannanase by the CAZy database®.

PUL34_Bu gene cluster in B. uniformis is required for Den-
drobium polysaccharides utilization

To explore the genetic basis underlying the highly specific utilization
of Dendrobium polysaccharides (DPs) by B. uniformis, we utilized
CRISPR/Cas-based Bacteroides genome editing tool** to construct
PUL34 knock-out mutants (Methods). To ensure successful gene
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knockout, we targeted two regions in the gene cluster for
separate knockout (Fig. 4A). The first region (PUL34M_Bu) was a
moderately sized segment with significant upregulation at the tran-
scriptional level and genes transcribed in the same direction. The
second region (PUL34S Bu) contained three key enzymes which
were isozymes of three key enzymes involved in inulin
utilization®, including a SusD-like protein for polysaccharide binding

in the outer membrane, a SusC-like protein for polysaccharide
transport, and GH26 for glycosidic bond hydrolysis. Gel
electrophoresis and DNA sequencing confirmed the successful
knockout of the two regions (Fig. 4B, Supplementary Fig. 9A-D).
When grown in mBMM medium with DPs as the sole carbon source,
the wild-type strain grew, whereas the mutant strain did not (Fig. 4C,
and D).
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Fig. 3 | Up-regulation of specific polysaccharide utilization locus genes by
medicinal polysaccharides. A Volcano plot of P. vulgatus DAS7 gene expression
comparing minimal media supplemented with GPs to glucose, showing the fold-
change (log2, x-axis) versus the differential significance (-logl0 adjusted p-value, y-
axis). The top 10 up-regulated genes are highlighted in green. Differential expres-
sion analysis was performed using DESeq2, employing a two-sided Wald test.
Adjusted p-values were obtained after correcting for multiple hypothesis testing
using the Benjamini and Hochberg method to control the false discovery rate
(FDR). Genes with an adjusted p-value < 0.05 are considered statistically significant.
The x-axis represents the log2 fold change in gene expression, while the y-axis
shows the -logl0 of the adjusted p-value. Each experiment was conducted in tri-
plicate to ensure reliability. B The schematic diagram shows that PUL19 of P. vul-
gatus DA57 (PUL19_Pv) contains 8 genes, with a cluster size of 14,518 base pairs.
susC: susC-like TonB-dependent transporter; susD: susD-like cell-surface glycan-

binding protein; GH: glycoside hydrolyze; Unk: unknown functions. C Volcano plots
of P. distasonis DA104 gene expression comparing minimal media supplemented
with GPs to glucose. The statistical analysis is the same as in (A). D The schematic
diagram shows that PUL29 of P. distasonis DA104 (PUL29_Pd) contains 8 genes, with
a cluster size of 13,063 base pairs. E-F Bubble plot displays the differential
expression of the E) PUL19_Pv, and F) PUL29_Pd genes and its neighboring 3 genes,
utilizing GPs and glucose. G Volcano plots of B. uniformis DA183 gene expression
comparing minimal media supplemented with DPs to glucose. The statistical ana-
lysis is the same as in (A). H The schematic diagram shows that PUL34_Bu contains
22 genes, with a cluster size of 39,709 base pairs. CE: carbohydrate esterase.

1 Bubble plot displays the differential expression of the PUL34_Bu gene and its
neighboring 3 genes, utilizing DPs and glucose. The region between two vertical
cyan dotted lines indicates significantly upregulated genes with consistent tran-
scription direction.
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Fig. 4 | PUL34_Bu gene cluster in B. uniformis is required for Dendrobium
polysaccharides utilization. A The schematic diagram shows the two region of
PUL34_Bu genes knock out. PUL34M_Bu indicates significantly upregulated genes
with consistent transcription direction. PUL34S_Bu indicates the putative three key
genes. B Nucleic acid electrophoresis diagram shows the four DNA products:
products amplified with primers designed within a 1.5k region flanking the region of
PUL34M_Bu (P1 - P4), and genomic DNA of wild-type, and mutate strain; Products
amplified with primers designed within a 1.5k region flanking the region of
PUL34S_Bu (P2 - P3), and genomic DNA of wild-type, and mutate strain. If the
fragment is successfully deleted, a 3000 bp product will be amplified. In contrast, if
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the deletion is not successful, no product will be amplified due to the excessive
length of the target band. This representative image is from a single experiment.
C-D The point plot shows the growth density of C) wild-type and PUL34S knockout
strains, and D) wild-type and PUL34M knockout strains in mBMM medium with
DPs_2 as the sole carbon source. Data are presented as mean values + SD. Assays
were performed in technical triplicates (n =3). E The heatmap shows the correla-
tion between PUL34_Bu and growth density OD600. PUL34_Bu genes were identi-
fied by BLASTP (version 2.6.0)*® (coverage >50%, identify >30%). The species
carrying PUL34_Bu genes were colored in cyan, otherwise, in white. The species
utilizing DPs was colored gray, otherwise, in white.

To investigate the distribution of PUL34_Bu in the genomes of 27
other Bacteroides and Parabacteroides species, we performed
sequence alignment with a sequence similarity threshold of 60% and a
coverage threshold of 70% (Methods). We found that only B. uniformis
encoded a complete PUL34 _Bu gene cluster (Fig. 4E). In summary, we
revealed that a complete PUL34_Bu gene cluster allowed for the highly
specific utilization of DPs by B. uniformis.

GH26 enzymes is necessary for plant-derived mannan utilization
in B. uniformis

We constructed a phylogenetic tree for the 89 characterized GH26
protein sequences deposited in the CAZy database” (Methods). B.
uniformis GH26 is clustered with other enzymes (including GH26
enzymes from B. ovatus ATCC8483) annotated as Mannan endo-1,4-3-
mannosidase (EC 3.2.1.78) (Fig. 5A). To explore the distribution of B.
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uniformis GH26 in human gut bacteria, we performed sequence align-
ments in UHGP database®® using DIAMOND methods®. We found that
the B. uniformis GH26 orthologs were mainly present in Bacteroides spp.
at the functional conserved alignments threshold (identity > 60%, cov-
erage> 70%), including 64/66 B. uniformis, 26/32 B. cellulosilyticus, 3/17 B.
ovatus, 2/2 B. stercorirosoris, and 2/2 P. dorei (Supplementary Fig. 10A, B).

To investigate the necessity of PUL34 Bu for the utilization of
plant-derived mannans by gut Bacteroides, we conducted growth pro-
filing for B. ovatus ATCC8483, B. uniformis DA183, B. uniformis
ATCC8492 (wild-type), and B. uniformis ATCC8492 APUL34S 1&2
(mutate) utilizing various plant-derived mannans, such as Dendrobium
officinale polysaccharide (DPs), konjac glucomannan®, guar gum
galactomannan®, carob galactomannan®, and ivory nut mannan*, We
found that wild type B. uniformis and B. ovatus strains were able to
utilize these multiple plant-derived mannan, while the PUL34S knock-
out mutants were not able to grow (Fig. 5B). These results indicated that
GH26 in B. uniformis hydrolyzes a wide range of mannan substrates.

To further understand the structural properties of B. uniformis
GH26, we predicted its structure using AlphaFold2*’ (pLDDT=93.04).
We found B. uniformis GH26 contained a signal peptide (residues 1 to
30), a bacterial Ig-like domain (residues 31 to 131), a GH26 domain
(residues 135 to 564), and galactose-binding lectin (residues 239 to
354) (Fig. 5C, D). The structure of GH26 enzyme from B. ovatus
ATCC8483 has been determined by crystallography (GenBank acces-
sion ALJ47537.1; PDB code 6HF4)**. Comparing with the structure of B.
ovatus GH26, we found that the structure of B. uniformis GH26 con-
tained two extra modules: 1) Ig-like domain which is related to the
stability of the enzyme** or serving as connector between two
domains®; 2) carbohydrate binding module***’. We found that the
active sites, the calcium-binding sites, and the substrate-binding sites
of B. uniformis GH26, and B. ovatus GH26 are conserved (TM-score =
0.91, RMSD =1.37 A) (Fig. 5E, and Supplementary Fig. 11).

The conserved residues of B. uniformis GH26 (W527 and Y528) and
B. ovatus GH26 (W314 and Y315) are responsible for binding mannose
by hydrogen bonds*, which indicates that the substrate of B. uniformis
GH26 contains mannose. However, residues K149 responsible for
binding galactose are not conserved between the two enzymes, which
indicated a different substrate-binding specificity. Indeed, the sub-
strate of B. ovatus GH26 is a galactomannan, which is structurally dif-
ferent from DPs (i.e. glucomannan).

We observed that DPs_1 also induced the growth of B. finegoldii
DA347, which encodes a GH26 gene in its genome (Fig. 4E). This
observation prompted us to perform sequence and structural align-
ments of the GH26 from B. finegoldii DA347. Sequence alignment
showed low similarity among GH26 from B. uniformis DA183, B. ovatus
ATCC8483, and B. finegoldii DA347. The sequence identity is 50.5%
(56.0% coverage) between B. uniformis DAI83 and B. ovatus
ATCC8483, 49.1% (52.0% coverage) between B. uniformis DA183 and B.
finegoldii DA347, and 48.3% (93.0% coverage) between B. ovatus
ATCC8483 and B. finegoldii DA347 (Supplementary Fig. 12A). Struc-
tural alignment showed that B. finegoldii DA347 encodes an enzyme
structurally similar to B. ovatus ATCC8483 GH26 (TM-score = 0.98,
RMSD =1.03 A) (Supplementary Fig. 12B-C). Moreover, the active sites
(E217 and E321), the calcium-binding sites (L109 and S112), and the
substrate-binding sites (W116, W353, and Y354) of GH26 from B. fine-
goldii DA347 (cyan stick models), and the active sites (E201 and E291),
the calcium-binding sites (L105 and S108), and the substrate-binding
sites (W112, W314, and Y315) of B. ovatus GH26 (gray stick models) are
conserved (Supplementary Fig. 12D). These results may explain its
ability to grow using DPs_1.

The enzymatic activity and specificity of Bacteroides

GH26 enzyme

To further characterize the enzyme activity and substrate specificity of
Bacteroides GH26, we expressed and purified the GH26 enzyme from B.

uniformis DA183 and B. ovatus ATCC8483 (Supplementary Fig. 13A, B)
and tested them with 13 substrates, including 6 mannans, 3 potential
substrates from structurally similar proteins or the same protein
family, and 4 well-defined substrates as potential negative controls
(Supplementary Table 3C). Reducing-end production was measured
using the standard 3,5-dinitrosalicylic acid (DNS) assay with mannose
as the standard (Methods). We found that both enzymes hydrolyzed
all six mannans, but not the other seven substrates (Fig. 6A, and Sup-
plementary Table 16A, B).

The putative catalytic residues are two Glu residues (E201 and
E291 in B. ovatus ATCC8483 and E415 and E504 in B. uniformis DA183),
which hydrolyze mannans via a double-displacement general acid
-base mechanism*®. We performed point mutations on the two cata-
lytic sites of B. uniformis GH26 (E415A and E504A) and found that
mutation of either Glu residue leads to loss of enzyme activity, indi-
cating that both catalytic sites are necessary for enzyme activity
(Fig. 6B, and Supplementary Table 17).

To investigate the structural basis of different substrate specifi-
city, we performed molecular docking simulations for 5 structurally
defined substrates (1 reactive substrate and 4 non-reactive substrates)
using AutoDock Vina (v1.2.0)*. We predicted their binding affinities
and ranked the docking poses of the enzyme-substrate complexes
using CSM-carbohydrate®. The predicted binding free energy of the
non-reactive substrates was only slightly higher than that of the reac-
tive galactosyl mannobiose, and the non-catalyzed trehalose even had
a lower binding free energy. This indicates that substrate specificity
cannot be solely explained by comparing the binding free energies of
the substrates. Notably, the catalytic residues were found in the
interactive residues of enzyme-reactive substrate complexes, but not
in those of enzyme-non-reactive substrate complexes, suggesting that
substrate reactivity depends on their ability to interact with catalytic
residues (Fig. 6C, D and Supplementary Fig. 14A-C).

Among the six reactive mannans, GH26 from B. uniformis
DA183 showed the highest activity toward glucomannan (e.g. konjac
mannan) (Fig. 6B), while GH26 from B. ovatus ATCC8483 had the
highest activity toward galactomannan (Supplementary Fig. 15A). To
investigate the role of differential substrate-binding sites in the activity
of GH26 from B. uniformis DA183 and B. ovatus ATCC8483, we iden-
tified the unique differential site (A363 in B. uniformis DA183 and K149
in B. ovatus ATCC8483) through structural alignment and inter-
changed the residues. Interestingly, the GH26 BoATCC8483 K149A
mutant showed significantly reduced activity toward guar gum galac-
tomannan and became most active toward konjac glucomannan
(Supplementary Fig. 15C). Unexpectedly, the enzymatic activity of the
GH26 BuDA183 A363K mutant showed a slight increase and did not
result in a significant change in substrate specificity, unlike the GH26
BoATCC8483 K149A mutant, suggesting that other unpredicted dif-
ferences in substrate-binding sites contribute to the distinct substrate
preferences of the two enzymes (Fig. 6G, and Supplementary Table 17).

To evaluate the role of CBM domain in GH26 BuDA183, we firstly
compared the enzymatic activity of full-length wild type and CBM
truncated GH26. Interestingly, no significant difference in enzyme
activity was observed between wild type GH26 (Km=3.75 + 1.44 mg/mL,
Kcat = 678.23+101.54s") and CBM truncated GH26 (Km=3.81+
1.63 mg/mL, Kcat = 656.68+110.27s”) (Supplementary Fig. 13A-B,
Supplementary Fig. 16A-B, and Supplementary Table 18). Notably,
some studies have shown that CBM domain provided thermo-
protection for certain carbohydrate-hydrolyzing enzymes® % By
comparing the enzyme activities of wild-type GH26 and CBM-
truncated GH26 at different temperatures, we found that the CBM-
truncated GH26 became less thermostable. Specifically, the Tm values
were ~55°C for wild-type GH26 and 50°C for the CBM-truncated variant
(Supplementary Fig. 16C, and Supplementary Table 19). This indicates
that the possible function of the CBM domain of GH26 is related to
thermostability.

Nature Communications | (2025)16:638


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-55845-7

A

Tree scale: 1 ———

Paenibacillus paeoniae REK75131.1
Pseudocolwellia agarivorans WP 077338539.1

EC classification

C
565

GH26 domain

Signal peptide

Algibacter sp. MCL5130009.1
Cellulophaga sp. MCL5245529 1
Polaribacter sp. QVY64079.
Flammeovirga pacifica WP 052431 877.1
Flammeovirga pacifica WP 052432230 1
Thermotoga neapolitana ACM2279
Gilvimarinus xylanilyticus WP 253969254 1
Brevundimonas vesrcu/ans AIXB7981 1
Pseudomonas sp.
Gilvimarinus xylamlytlcus WP 253968372 1
Vibrio sp. BADSI
Vibrio sp. By
A/csllgenss sp. BA388993 1
Acetivibrio thermocellus 2 AAA23225.1
Acehvlbno thermocellus AAA23225.1
Cl im cellulovorans ADL53785.1
Caldalkallbamllus ‘mannanilyticus .
lla oxytoca AIT7
ant rans ACN302
acillus am) uefaciens A|200503 il
acillus sp. AIZ00502.1
acillus subtilis AAZ95239.1
acillus sp. BAA21553.1
acillus subtilis BAAO7178.1
liallia circulans AEO19987.1
illus licheniformis AAU39670.1
acillus sp. AlY24429.1
sp. BAA31711.1
acillus sp. K
acillus subtilis AAK16706.1
acillus subtilis AFS64032.1
acillus subtilis ABC73065.1
acillus pumilus AG116498.1
3711

[ Endo-1,3-g-xylanase (EC 3.2.1

[ Licheninase (3.2.1.73)

i
i

acilus subtls ABCO Ig-like domain
acillus AVG4545
acillus sul
acillus sul
acillus

s BAA19712.1
s ACH41133.1
AAV84100.1
acillus AAT27435.1
acillus sp. ANG59296.1
acillus subtil sADZS4787 1

juricauda sp. WP
Roseburia lnlestlnalls VCV20359 1
Csleno  japonicus ACE82849.1

bacterit ma is BAF39811.1
Bs illus sp. BAE

E8
Cellulomonas fimi AAD42774.1
Cellvibrio japonicus ACE84009.1
‘Sphingomonas sp. AFE82293.1
Sphingobacterium sp. AGC01502.1
Symbiolcprolst BANSTS13 1
uncultured Bacteroidetes bacterium AIT97142.1
Bacteroides avalus ALJ47536.1
Bacteroides fraglhs CAH06517.1
Muricauda sp. WP 036379595.1
Rhodothermus marinus ACY46925.1

lostridium ae/lulgv:\orans ADL53780.1

Symbiotic protist BAL68133.
Bacteroides finegoldii DA347 in this study
Bacteroides ovatus ALJ47537.1
Bacteroides umlorm!s DA183 in this study
uncultured bacterium ADA62505.1
incultured bamnum ABBAGZOO |

Acetivibrio
Acetivibrio mermocellus BAB19050 1
Acetivibrio thermocellus ABN5401
Ruminococcus champanellensis CEL1B146 1
Metagenome

llus ABN51273.1

Acetivibrio thermocell
Clostridium cellulovorans ADL52314.1
Ruminococcus champanellensis CBL17621.1
Themmanaembac?enum aotearoense Q1Z03395.1
Thermoclostridium stercorarium AGCSB130 1
Caldicellulosiruptor sp. AAC44232.
Cellvibrio japonicus ACE85176.1
Fibroba c'tsrsuocmugsnss ACX74337 il

Piromyces sp.
Piromyces sp CAABSOG! 1
Piromyces si
Paenil 7aclllus sp ACSQZ711 1
Psem :»ac:llus po/ymyxa

Paenibacillu:
chlyaglomus lhsnm:phl!um AAB82454.1

red Dictyoglomus sp. QRN45345. 1

Wssterdykslla sp. AXG24385.1
Podospora anserina CAPS1906 1
Aspergillus niger CAK42663.
Yunnania penicillata AYU65281 1
Aspergillus nidulans EAA61784.1

s

g
=

D Mannan endo-1,4-B-mannosidase (EC 3.2.1.78)
32)
[ Mannan 1,4-mannobiosidase (EC 3.2.1.100)

TM-score =0.91
RMSD=1.37A

Galactose-
binding
domain

Ig-like
domain

12135 142 145 559

242 323

D Unknown glycoside hydrolase 26 (EC 3.2.1.-)

GH26 domain

Carbohydrate-binding
domain

E201
E504
Calcium-

binding site

4

Active site

Y148
Y362

B. uniformis DA183
B. ovatus ATCC8483
Galactosyl-mannotetraose

B @ Bo ATCC8483 BuDA183 @ Bu ATCC8492 Bu ATCC8492 APUL34S_1 BuATCC8492 APUL34S_2
Glucose Dendrobium officinale Polysaccharides Konjac glucomannan
1.2
20000 1 © | 06 | . N §
. e 06 1 0. .08
0.9 egee 8 .
° 04 1 "?,x ¢ A 600000 !
0.6 o H $ ; H L 1 I 04 1 o ©
@ 0.2 1 (X4 1
0.3 - ® i °® ; 0.2 o,
" See 8.0
oole 8 eeefent? Joqt 0T V] oole ® Befersess 0 e
o 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
o
a Guar gum galactomannan Carob galactomannan Ivory nut mannan
O o6 ~TT 0.8 5 l
333 . 3| o6 "tagee . B o L : b
0.4 H 1] ] @ i ® ]
> o " o4l 0.10 ¢ ; o
© N o
02 . 02 ] 0.05 4 e
8. o060 ?
O.O_a'ioz?unf” . ¢ ,'0_0_?.1“;"....:.. . . . 0_00_?’X:x L . . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (h)

Fig. 5 | Utilization of plant-derived mannan by Bacteroides GH26 enzymes.

A Phylogenetic tree of GH26 protein sequences, including 89 characterized GH26
and B. uniformis GH26 in this study. Organism names are indicated to the species
level, next to the GenBank accession number of the GH33 protein analyzed. The
tree was generated using the Maximum likelihood method. The tree label was
colored by EC classification. B. uniformis GH26 in this study was marked with a red
five-pointed star. The crystallized GH26 of B. ovatus was marked with a gray five-
pointed star. B The point plot shows the growth density of B. ovatus ATCC8483
(blue), B. uniformis DA183 (gray), B. uniformis ATCC8492 (red), mutant strain of B.
uniformis ATCC8492 deleted PUL34S (green) and another mutant strain of B. uni-
formis ATCC8492 deleted PUL34S (orange) utilizing 6 carbon source, such as glu-
cose, Dendrobium officinale polysaccharide (DPs), konjac glucomannan, guar gum

galactomannan, carob galactomannan, and ivory nut mannan. Data are presented
as mean values + SD. Assays were performed in technical triplicates (n=3).

C Domain structure of B. uniformis GH26. D Overall structure of B. uniformis GH26
was predicted by AlphaFold2 based on the protein sequence. The Ig-like domain is
colored in in green, GH26 domain in red, galactose-binding lectin in purple,
respectively. E The structure of B. uniformis GH26 (red) domain is superimposed on
that of B. ovatus GH26 (gray) (PDB code 6HF4) (TM-score = 0.91, RMSD =137 A).
F The active sites (E415 and E504), the calcium-binding sites (L198 and S201), and
the substrate-binding sites (V170, A200, W207, Y342, W527, and Y528) of B. uni-
formis GH26 (red stick models), and the active sites (E201 and E291), the calcium-
binding sites (L105 and S108), and the substrate-binding sites (V77, A107, W112,
Y148, W314, and Y315) of B. ovatus GH26 (gray stick models) is conserved.
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Fig. 6 | The enzymatic activity and specificity of B. uniformis GH26 enzyme.

A The bar chart shows the reducing-end mannose produced by GH26 BuDA183
(cyan) and GH26 BoATCC8483 (gray) using 13 mannan substrates. The enzyme
concentration was 1.25 mg/mL, substrate concentration was 5 mg/mL, reaction
temperature was 37 °C, and reaction time was 30 min. The reducing end is the
terminus of a carbohydrate chain that has a free aldehyde or ketone group capable
of reducing copper ions in the DNS assay. Data are presented as mean values + SD.
Assays were performed in technical triplicates (n=3). B-D The dot plot shows the
reducing-end production over time for six substrates hydrolyzed by GH26 BuDA183
(Wild type), GH26 BuDA183 E415A, and E504A (Catalytic site mutation). The sub-
strates are: konjac glucomannan (yellow), Dendrobium officinale polysaccharides

Conventional Hydrogen Bond

3D Visualization 2D Visualization

Carbon Hydrogen Bond Pi-Alkyl

(red), galactosyl mannabiose (green), carob galactomannan (blue), guar gum
galactomannan (pink), and ivory nut mannan (purple). The enzyme concentration
was 125 nM, substrate concentration was 5 mg/mL, reaction temperature was 37 °C,
and reaction time was 10, 20, 30, 60, 120 min. Data are presented as mean

values + SD. Assays were performed in technical triplicates (n = 3). E-F Interactions
of GH26 BuDA183 (Wild type) with galactosyl mannabiose, and 1-kestose are
visualized in 3D (left) and 2D (right). Substrates are shown as green sticks or circle,
interacting residues as gray sticks or circle, and catalytic sites as cyan sticks or
circle. Interaction forces are displayed as dotted lines. G The reaction system is the
same as in Panel (B-D), except the enzyme is GH26 BuDA183 A363K (Different
residues interchanges).

Discussion

Manipulating the gut microbiome with polysaccharides is a promising
therapeutic strategy for various human diseases® . Understanding
how gut bacteria utilize medicinal polysaccharides will guide the
selection of polysaccharides for microbiome manipulation. However,
knowledge in this area is still limited. To address this gap, we sys-
tematically mapped the utilization profiles of 20 different medicinal
polysaccharides by 28 human gut Bacteroides and Parabacteroides
species. We found that different Bacteroides and Parabacteroides
species showed distinct utilization profiles of medical polysaccharides,
which was associated with genomic variation in carbohydrate-active
enzymes. Through comparative transcriptomics and genetical
manipulation, we validated that the polysaccharide utilization locus
PUL34 _Bu enabled B. uniformis to utilize Dendrobium polysaccharides.

We discovered that the GH26 enzyme in B. uniformis and B. ovatus,
annotated as a mannosidase, was essential for the utilization of mul-
tiple plant-derived mannans (e.g. Dendrobium polysaccharides).
Overall, our study provides a general framework to profile the utili-
zation of plant-derived polysaccharides by human gut bacteria and to
understand the underlying molecular mechanisms. The highly specific
utilization of some medicinal polysaccharide (e.g. Dendrobium poly-
saccharides) also highlight the potential of glycan-based prebiotics
and drugs for targeted modulation of the human gut microbiome.

B. uniformis is a prominent member of the human gut microbiota
and plays a crucial role in maintaining gut health. Specifically, strain
CECT 7771 ameliorates metabolic and immunological dysfunction in
mice with high-fat-diet-induced obesity*® and enhances metabolic and
immune benefits when combined with fiber in obese mice”.
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Additionally, B. uniformis and its preferred substrate, a-cyclodextrin,
improve endurance exercise performance in both mice and human
males™. Strain JCM5828 regulates colon NF-kB and MAPK signaling
pathways by inhibiting IL-17 signaling, thereby ameliorating colitis
development®. Strain F18-22 alleviates intestinal inflammation by
improving gut dysbiosis®>. Moreover, B. uniformis produces
3-succinylated cholic acid (3-sucCA), which alleviates metabolic
dysfunction-associated steatohepatitis (MASH)®.. Engineering B. uni-
formis to enhance its probiotic properties holds significant promise for
therapeutic applications. By modifying B. uniformis to more efficiently
degrade specific polysaccharides or produce beneficial metabolites,
such as 3-sucCA, we can potentially improve its ability to colonize the
gut and exert positive health effects. Engineered strains could also be
designed to deliver therapeutic molecules directly to the gut, offering
a targeted approach to treating gastrointestinal disorders.

Growth profile variations reflect differences in polysaccharide
structure, suggesting the potential for developing quality control
markers for medicinal polysaccharides by comparing growth profiles.
Quality control in polysaccharide drug manufacturing is challenging
due to their complexity, chemical diversity, and batch-to-batch
variations®>. Current methods have been employed for characteriz-
ing medicinal polysaccharides, such as 1) quantifying the sugar content
based on colorimetry, 2) determining the molecular weight and dis-
tribution based on high-performance liquid chromatography (HPLC),
and 3) measuring monosaccharide composition based on HPLC.
However, such methods do not capture the high-dimensional struc-
ture of polysaccharides, which is closely related to their bioactivities.
Growth profiles can provide valuable insights into the structural
characteristics of polysaccharides.

In this study, it was observed that a polysaccharide can simulta-
neously up-regulate multiple PULs, and partial gene upregulation in
other PULs was also noted, similar to B. dorei’s response to human milk
oligosaccharides®. These phenomena are potentially due to the func-
tional redundancy of PULs. For example, both PUL72 and PUL16 in B.
thetaiotaomicron are involved in processing high-mannose N-
glycans®*®*, Knockout of six PULs up-regulated by pectin intervention
revealed that none were absolutely necessary for complete degrada-
tion of the specific pectin preparation®’. Moreover, B. thetaiotaomicron
expresses multiple PULSs to respond to host mucin O-glycans, ensuring
its survival and metabolism even when some PULs are inactive; for
instance, deletion of ECF-o gene BT1053 or insertion in susC-like gene
BT1042 did not significantly affect growth on neutral O-glycans®.

Notably, several B. uniformis strains, including B. uniformis DA183,
contain two GH26 enzymes in their genomes, located in different PULs.
These enzymes may have evolved to target different substrates or
function under different conditions. For example, in B. ovatus
ATCC8483, the PUL encodes two GH26 -mannanases, BoMan26A and
BoMan26B, with distinct activities: BoMan26A primarily forms man-
nobiose, while BoMan26B, which is surface-exposed, degrades galac-
tomannan into a diverse mixture of oligosaccharides®’. This functional
redundancy and specialization ensure efficient degradation and utili-
zation of complex galactomannans.

Future research should explore strain-levels variations in glycan
utilization, as seen with B. ovatus using mucin® %, With decreasing
sequencing cost, synthetic communities (SynComs) are being con-
sidered for growth profile characterization due to their well-defined
compositions and reproducibility®®’®. As demonstrated in this study,
differences in growth profiles and CAZyme distribution can reflect
variations in polysaccharide structures. Therefore, novel growth pro-
files may aid in identifying polysaccharides with potential novel
structures. Additionally, analyzing the proteins that degrade these
polysaccharides provides valuable insights into their complex sugar
chain architectures”. Advances in CAZyme functional prediction may
improve our understanding of medicinal polysaccharide structures
through PUL transcriptome analysis. Finally, identified PULs can serve

as markers for the genetic engineering of gut bacteria (e.g. PULs for
inulin utilization®), and tools for enhancing probiotic colonization
(e.g. PULs for porphyrin polysaccharide utilization”).

Methods

Collection and preservation of human stool samples

In this study, all 119 human participants provided informed consent,
with approval from the Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences (SIAT-IRB-200315-H0438). Freshly col-
lected stool samples from healthy donors were promptly transferred
to an anaerobic chamber (Vinyl Anaerobic Chambers, Coylab, USA).
Each sample (3 g) was resuspended in 15 mL of 20% glycerol (v/v, in
sterile phosphate-buffered saline, with 0.1% L-cysteine hydrochloride),
vortexed for homogenization, and filtered through sterile nylon mesh
to remove large particles. Aliquots of the processed suspensions were
stored in sterile cryovials at —80°C for long-term preservation, ready
for subsequent isolation of gut Bacteroides and Parabacteroides.

Isolation and cultivation of gut Bacteroides and Parabacteroides
Bacteroides uniformis ATCC 8492 and Bacteroides ovatus ATCC 8483
were purchased from ATCC. The 28 human gut Bacteroides and
Parabacteroides used in this study were isolated from the feces sam-
ples of SIAT cohort. Fecal samples thawed from -80°C were diluted and
spread onto modified Yeast Casitone Fatty Acids (mYCFA) agar plates
(Supplementary Table 12). The plates were incubated anaerobically at
37°C for 2-3 days in an atmosphere of 85% N,, 5% CO,, and 10% H,.
Single colonies were picked up, streaked onto fresh plates, and further
incubated anaerobically at 37°C for another 2-3 days. This purification
process was repeated once to obtain pure strains. Isolated strains were
then transferred into liquid medium and incubated at 37°C for 2 days.
We then amplified and sequenced the full-length 16S rRNA genes using
the PCR primer pair (27 F 5-AGAGTTTGATCMTGGCTCAG-3 ; 1492R
5-GGTTACCTTGTTACGACTT-3). Strains that produced double peaks
in their sequences were either discarded or subjected to another round
of purification. All purified strains were stored at -80°C in a glycerol
suspension (20%, v/v) containing 0.1% cysteine. Taxonomic classifica-
tion of isolates was determined by comparing their full-length 16S
rRNA gene sequences to those present in the Genome Taxonomy
Database (GTDB release 207)” (Supplementary Table S1A). For culture
purposes, the Bacteroides species were cultivated in brain heart infu-
sion medium (BHIS) supplemented with 5 mg/L hemin, 0.5 mg/L vita-
min K3, and 1g/L L-cysteine (Supplementary Table 12). The cultivation
was carried out in an anaerobic chamber with a gas composition of 85%
N,, 10% H,, and 5% CO,, maintained at a temperature of 37 °C.

Minimal medium test

To determine a minimal medium suitable for the growth of Bacteroides
species, we tested three minimal media: modified Bacteroides minimal
medium (mBMM)’?, modified Yeast Casitone Fatty Acids (mYCFA)
medium”®, and modified M9 minimal (mM9) medium’”, all supple-
mented with 0.5% glucose (Supplementary Table 12). Using an anae-
robic workstation with a gas mixture of 85% N,, 10% H,, and 5% CO,, the
modified basic medium was dispensed into a 96-well plate. The bac-
terial cultures were washed twice with anaerobic PBS, and the optical
density at 600 nm (OD600) of the bacterial solution was adjusted to
0.1. Growth curves indicated that both mBMM and mYCFA generally
supported the growth of Bacteroides species (Supplementary Fig. 1).
Compared to mYCFA, mBMM, being a synthetic medium with a clear
composition, provided more stable measurements of polysaccharide
utilization.

Prevalence and abundance of Bacteroides species

The abundance and prevalence of the strains chosen in our study was
counted. We screened 16282 healthy human metagenome from pub-
licly available metagenomic data by search with defined filter
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conditions (experiment_type = ‘Metagenomics’ AND QCStatus = ‘Good
runs’ AND host age >5 AND Country=is not null AND Recent Anti-
biotics Use = ‘No’ AND Phenotype = ‘Health’) in GMrepo to represented
the global health human gut microbiota. Species with equally weighted
average frequency of occurrence prevalence>30% and mean relative
abundance > 0.1% (n=16282) was defined as core species.

Measurement of bacterial growth profiles

The mBMM medium was added to a 96-well plate in an anaerobic
workstation (85% N,, 10% H,, and 5% CO,). The medium was supple-
mented with 0.5% ddH,O (negative control), 0.5% glucose (positive
control), or 0.5% medicinal polysaccharides (treatment). Next, the
bacteria were washed twice with anaerobic PBS, and the 0D600 of the
bacteria solution was adjusted to 0.1. The bacteria were then inocu-
lated at a 1:10 ratio into the 96-well plate and cultured at 37 °C. The
growth OD was measured and recorded every 12 h using a microplate
reader.

Extraction of medicinal polysaccharides

Seventeen herbs were purchased from Bozhou city (Anhui, China) and
authenticated by and identified by one of authors, Dr. Ji Yang. The
voucher specimens were deposited at Faculty of Health Sciences
(FHS), University of Macau. The more detailed information about
herbs see Supplementary Table 3A. Among various extraction meth-
ods (e.g., hot water/ethanol, alkaline, enzymatic), hot water extraction
is the most widely used due to its ease of operation, high solubility in
hot water, and minimal damage to the polysaccharides™?. Extraction
of polysaccharides was performed by soaking the medicinal pieces in
10 times their volume of deionized water for 30 minutes, followed by
boiling at high heat (500 W) and simmering at low heat (250 W) for
30 minutes. The hot liquid was then filtered through a 200-mesh cloth,
discarding the residue. This process was repeated with another 10
times the volume of deionized water, boiling at high heat (500 W) and
simmering at low heat (250 W) for 25 minutes, and filtering again while
hot. Both filtrates were combined and reduced to a low temperature
(60°C) using vacuum pressure. After cooling, three times the volume
of anhydrous ethanol was added to precipitate the polysaccharides
while constantly stirring, and the mixture was left to stand overnight at
4°C. The precipitate was separated from the liquid using a vacuum
pump filter, washed three times with anhydrous ethanol, and vacuum-
dried at 60°C to obtain the final product. For medicinal poly-
saccharides_2 (e.g., DPs_2), the extraction process was similar to that of
medicinal polysaccharides_1 (e.g., DPs_1), with the additional step of
dialysis to remove molecules smaller than 3.5 kDa.

Determination of total sugar content

Total sugar content was measured using the protocol’®”’® as follows.
Specifically, glucose (Mw 180 Da) obtained from Sigma (St. Louis, MO,
USA) were used to establish the calibration curve. Glucose standard
solution with a concentration of 0.1 g/L was prepared. For each poly-
saccharide sample, medicinal polysaccharides solution with a con-
centration of 0.6 g/L were prepared. The mixture was heated to
facilitate dissolution and then was filtered using a 0.22 pm filter ele-
ment until the solution became clear. 6% phenol solution was added to
glucose standard and medicinal polysaccharides solution. The mixture
was thoroughly shaken to ensure proper mixing and stand for
30 minutes. The spectrophotometer at a wavelength of 490 nm (using
an LED light source and CMOS photosensitive element) was preheated.
The preheating process is typically completed by the end of the
reaction, and the meter reading becomes stable. The zero-point cali-
bration was performed with phenol solution without glucose added,
and the one-point calibration with a black baffle (Supplementary
Table S3). Then, the absorption rate of each sample was measured
three times. The standard curve was calculated using linear regression
with the data of glucose standard sample measured above. The total

sugar content was calculated by substituting the absorption rate of
medicinal polysaccharides. In this experiment, with a sample con-
centration of 0.06 g/L, the sugar content of a sample can be calculated
using the formula:

x= w% (€}
ac

When the sugar concentration is x, the absorption rate is y, the
standard curve is y=ax+b, and the sample concentration is ¢ (0.06 g/L
in this experiment).

Determination of molecular weight and distribution

Molecular weight and distribution were measured according to the
method”~** as follows. Specifically, dextran standards with different
molecular weights (Mw 1kDa, 5kDa,25kDa, 50 kDa, 80 kDa,670 kDa)
obtained from Sigma (St. Louis, MO, USA) were used to establish the
calibration curve. Based on the gel column chromatography principle,
there is an exponential relationship between the molecular weight
(Mw) and the retention time (t) of a compound. A mathematical model
with the expression is established to represent this relationship:

M, =Ce" @)

In this study, the molecular weight distribution of polysaccharide
samples was analyzed using an HPLC system with the following para-
meters: Mobile phase: NaCl solution (0.2 mol/L), Flow rate: 0.6 mL/min,
Single sampling amount: 20 uL, Sample solution concentration: 5g/L,
Chromatographic column: TSK-gel G3000PWXL (7.8 x 300 mm) col-
umn, Column temperature: 40°C, Detector: Refractive index (RI)
detector. The standard sugar samples with known molecular weights
and medicinal polysaccharides samples were dissolved water with final
concentration of 5mg/mL, and filtered using a 0.22 um filter element
until they are clear. The retention time of each sample was recorded.
The standard curve was calculated using exponential regression with the
data from the standard samples. Substituting the peak retention
time of medicinal polysaccharides samples, molecular weight was
calculated.

Determination of monosaccharide composition

Monosaccharide composition was measured according to the
method®**®, as detailed below. Specifically, the monosaccharide
composition of polysaccharides samples was analyzed using HPLC with
the following parameters: mobile phase: acetonitrile supplemented with
0.1 mol/L phosphate buffer solution, flow rate: 0.6 mL/min, single sam-
pling amount: 20 L, chromatographic column: Cosmosil 5C18-PAQ
(4.6 x 250 mm), column temperature: 40 °C, detector: Ultraviolet (UV)
detector. Each monosaccharide (Man, Glc, Gal, Rha, Fuc, Xyl, Ara, GalA,
GlcA) obtained from Sigma (St. Louis, MO, USA) was mixed at a
concentration of 10 mM. We prepared a series of monosaccharide
standard solutions and calibrated the liquid chromatography system
using these standards. The medicinal polysaccharides samples were
completely hydrolyzed and performed pre-column derivatization with
1-phenyl-3-methyl-5-pyrazolinone. The retention time was compared
with the standard monosaccharide samples to determine the
types of monosaccharides present in the polysaccharide sample.
Through measuring peak area ratio of each monosaccharide, the
proportion of each monosaccharide in the polysaccharide sample was
calculated.

Transcriptome sequencing and analysis

Bacteroides species were cultured in BHIS medium supplemented with
5mg/L hemin, 0.5 mg/L vitamin K3, and 1g/L cysteine in an anaerobic
chamber (Coy; 85% N,, 10% H,, and 5% CO,) at 37 °C. The bacteria were
washed three times with anaerobic PBS, and the optical density at
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600 nm (0OD600) of the bacterial solution was adjusted to 0.1. The
bacteria were then inoculated at a 1:10 ratio into a 96-well plate and
cultured at 37°C. The OD600 was measured and recorded every
15 minutes using a microplate reader. After reaching the logarithmic
growth phase (Supplementary Fig. 6A-C), the bacteria were collected
by centrifugation at 5000 x g for 2 minutes. The collected bacteria in
the logarithmic growth period were stored at -80°C before transcript
sequencing.

Total RNA was extracted from the sample using the Trizol
method, including DNase treatment to remove genomic DNA, and
assessed for quality using the NanoDrop One (Thermo, A30221) and
Agilent 4200 TapeStation (Agilent, G2991AA). Ribosomal RNA was
removed using the Ribo-Zero rRNA Removal Kit (Epicenter, 15066012)
designed for bacteria. For library construction, the NEBNext Ultra Il
Directional RNA Library Prep Kit (NEB, e7760) for Illumina was
employed: mRNA was fragmented into short segments, single-
stranded cDNA was synthesized using random hexamers, double-
stranded cDNA was generated with dUTP substitution, purified using
AMPure XP beads (Beckman, A63880), and the U-containing second
strand was digested using USER enzyme (NEB, M5508). End repair, A-
tailing, and adapter ligation were performed on the purified cDNA,
followed by fragment size selection using AMPure XP beads. PCR
amplification was conducted, and PCR products were purified with
AMPure XP beads to obtain the final library. Libraries were inspected
using the Agilent 4200 TapeStation, and only qualified libraries were
sequenced on the Illumina platform (Illumina, HiSeq 2000). Key
improvements included ensuring DNase treatment during RNA
extraction, using a bacterial-specific rRNA removal kit, generating
strand-specific libraries, verifying adapter compatibility with prokar-
yotic RNA, and adjusting fragment size selection for prokaryotic
transcript lengths.

After obtaining the sequencing data for each sample, it is impor-
tant to assess the quality of the data and remove any low-quality reads
to ensure the reliability of subsequent analyzes. The software used for
quality control is fastp®, and the following quality control criteria are
applied: 1) Minimum base quality score of 15; 2) Sliding window size of
4 with an average base quality score greater than 20; 3) Minimum read
length of 75 bp; 4) Default values for other parameters. The sequencing
data, after quality control, is aligned to the ribosomal RNA sequences
in the Rfam database using Bowtie2®® to remove rRNA reads. The
remaining reads are then aligned to the reference genome using
Bowtie2, resulting in a BAM file containing the alignment results. The
alignment results are further processed to generate read counts using
RSEMY. For gene expression analysis, we utilize the read counts® to
identify differentially expressed genes among multiple sample groups.

Genomic annotation of Polysaccharide Utilization Locus (PUL)
PULSs of Bacteroides were annotated by PULpy®.. It is worth noting that
different species of B. uniformis can have varying numbers and archi-
tectures of PULs, and these differences can also be observed between
different annotated methods, such as PULpy” and PUL prediction
algorithm® used by PULDB. The boundaries of the PUL were further
recorrected based on gene expression differences. Specifically, by
using a comparative transcriptomic analysis of Bacteroides spp. cul-
tured in minimal medium supplemented with polysaccharides or glu-
cose, the PULs with the highest upregulation was identified. Then, the
transcriptomes of the upstream and downstream genes of this PULs
were compared. Genes that were consistently upregulated within and
outside the predicted PULs were defined as recorrected PULs.

Construction of B. uniformis knockout mutants

Due to the difficulty of genetic manipulation in wild Bacteroides strains,
we performed PUL34 Bu knockout in the type strain B. uniformis
ATCC8492 (Supplementary Fig. 8). Recipient B. uniformis ATCC8492
for conjugation were cultured in BHIS medium in an anaerobic

chamber (Coy; 85% N,, 10% H,, and 5% CO,) at 37 °C. Donor Escherichia
coli S17-1 (Apir) were cultured in Luria-Bertani (LB) medium at 37 °C.
The DNA fragments (Supplementary Table 13A) of sgRNA or sgRNA-
homologous arms (1 kb repair templates) were cloned into the plasmid
backbone by NEBuilder HiFi DNA assembly master mix (NEB, E2621S).
The primers (Supplementary Table 13B) used to amplify plasmid ske-
leton, sgRNA, repair template and mutant detection were synthetized
by Sangon Biotech. The knock out plasmids conjugated into B. uni-
formis ATCC8492. And then the Bacteroides strains were diluted 1:100
in BHI medium with aTc induced for 24 h (aTc final concentration
100 ng/ml). Cultures were diluted by 10°1010? and 10*fold and
spread onto BHI-aTc agar plate and incubated at 37 °C for 40h.
Colonies were identified by PCR and sequencing.

Sequence and structure alignment

The phylogenetic tree of enzymes from the GH26 family was con-
structed with MUSLE’® and constructed a phylogenetic tree using the
Maximum likelihood method® for the 89 characterized GH26 protein
sequences deposited in the CAZy database”. The GH26 protein 3D
structure of our B. uniformis DA183 were predicted using AlphaFold2*~.
The predicted local distance difference test value (pLDDT) was calcu-
lated using AlphaFold2. The catalytic domain of B. uniformis DA183
GH26 was aligned to its phylogenetic neighboring GH26 in B. ovatus
ATCC8483* (GenBank accession ALJ47537.1; PDB code 6HF4) using
US-align® to compute the TM-score and RMSD.

Bacteroides GH26 enzyme expression and purification
Sequences coding for full-length wild-type, point mutant, and CBM-
truncated Bacteroides GH26 proteins (Supplementary Table 14) were
optimized for expression in E. coli, chemically synthesized (Tsingke
Biotechnology Co., Ltd.), and cloned into the pET28a plasmid with a
C-terminal 6x His-tag between the Ndel and Xhol sites. The plasmids
were transformed into £. coli BL21(DE3). The signal peptide boundary
was predicted using SignalP (version 6.0)**. The signal peptide was
removed to ensure soluble expression. The CBM domain boundary
was predicted using Chainsaw’*. E. coli BL21(DE3) cells containing the
pET28a plasmid were grown in 500 mL of LB medium with 50 pg/mL
kanamycin at 37°C, 200 rpm until OD600 = 0.6. Expression was
induced by adding 0.2 mM IPTG, and the culture was continued for
20h at 16°C, 150 rpm. Cells were lysed in 50 mL of lysis buffer
(50 mM NaH,P04, 300 mM NaCl, 10 mM imidazole, pH 7.4) using a
high-pressure cell crusher. The lysate was centrifuged at 4°C,
10,000 x g for1h, and the supernatant was incubated with 5 mL of Ni-
NTA agarose resin (Yeasen, 20502ES50) for 1 h at 4°C with head-over-
tail rotation. The resin was poured into a gravity flow column and
washed three times with 50 mL of wash buffer (50 mM NaH,PO4,
300 mM NaCl, 20 mM imidazole, pH 7.4). The protein was eluted with
elution buffer (50 mM NaH,PO4, 300 mM NaCl, 250 mM imida-
zole, pH 7.4).

Bacteroides GH26 enzyme activity assay

Konjac glucomannan, guar gum galactomannan, carob galacto-
mannan, ivory nut mannan, barley glucan, tamarind xyloglucan was
from Megazyme (Bray, Ireland). Corn cob xylan, 1,1-Kestotetraose, and
1-Kestose was from TCI. Galactosyl mannobiose was from ACMEC;
Raffinose was from HUICH. Trehalose was from Huhui (Shanghai)
Biotechnology Co., Ltd. The specific activity was measured using the
standard DNS-reducing sugar assay*® using 1.25mg/ml GH26
BuDA183 and GH26 BoATCC8483 and 5mg/mL 13 substrates (Sup-
plementary Table 3C) in 50 mM potassium phosphate buffer, pH 6.5.
The incubation time was 30 min at 37 °C. The enzyme activity for point
mutant and CBM truncated GH26 was measured in the same way as the
standard DNS assay using 125nM GH26 enzyme and 5mg/mL six
reactive substrates (Fig. 6A) in 50 mM potassium phosphate buffer, pH
6.5,at10, 20, 30, 60, 120 min. The incubation time was 30 min at 37 °C.
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Mannose was used to obtain a concentration standard curve (Sup-
plementary Table 15).

Enzyme Kinetics

Michaelis-Menten kinetics was measured for 125nM full-length wild
type, CBM truncated, and the variants A363K in triplicate using the
DNS activity assay*>*° but varying time and substrate concentration. All
reactions had a total volume of 50 pL and contained 1 mM CaCl, and
konjac glucomannan (1.25, 2.5, 3.75, 5, 6.25, 7.5, 8.75, and 10 mg/L). The
reaction was stopped by heat to 100°C for 1 min. The obtained initial
rates were used to generate Michaelis-Menten curves via nls’® function
in R from which Km and Kcat values were estimated.

Molecular docking and visualizations

The oligosaccharide substrates were modeled using GLYCAM-Web
website®® (Complex Carbohydrate Research Center, University of
Georgia, Athens, GA (http://www.glycam.com)) or derived from the
RCSB Protein Data Bank (PDB). Ligand docking was performed using
AutoDock Vina (v1.2.0)*° employing standard parameters. The active-
site of GH26 was derived from the Bo GH26 structure (PDB, 6HF4)* by
structural superposition with US-align®>. The produced nine different
ligand conformations for each docking complex were analyzed with
CSM-carbohydrate, out of which the conformation with the lowest
delta-G (binding energy) value was selected for further studying the
ligand-receptor interactions by Discovery studio visualizer”.

Statistics & reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyzes. Statistical significance for growth
profile assays in Fig. 1E and Supplementary Fig. 3A was determined
using a two-sided unpaired t-test between each experimental group
and the negative control, with multiple comparisons adjusted using
the Bonferroni method; each experiment was conducted in triplicate
to ensure reliability. For comparative transcriptome analysis, differ-
ential expression was assessed using DESeq2 with a two-sided Wald
test, and adjusted p-values were calculated using the Benjamini and
Hochberg method to control the false discovery rate (FDR); genes with
an adjusted p-value<0.05 were considered statistically significant.
Representative images from single experiments are shown for nucleic
acid gel electrophoresis and protein SDS-PAGE, while data for in vitro
enzyme activity characterization are presented as mean values + SD,
with assays performed in technical triplicates (n=3) to ensure
reliability.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequencing data generated in this study have been submitted to the
ENA BioProject database (https://www.ebi.ac.uk/ena/browser/search)
under accession number PRJEB75723. Other data are available in the
Supplementary information and Supplementary Data. Source data are
provided with this paper.
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