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Ruminococcus torques is a keystone degrader of intestinal mucin 
glycoprotein, releasing oligosaccharides used by Bacteroides 
thetaiotaomicron
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ABSTRACT Symbiotic interactions between humans and our communities of resident 
gut microbes (microbiota) play many roles in health and disease. Some gut bacte
ria utilize mucus as a nutrient source and can under certain conditions damage 
the protective barrier it forms, increasing disease susceptibility. We investigated how 
Ruminococcus torques—a known mucin degrader that has been implicated in inflam
matory bowel diseases (IBDs)—degrades mucin glycoproteins or their component 
O-linked glycans to understand its effects on the availability of mucin-derived nutrients 
for other bacteria. We found that R. torques utilizes both mucin glycoproteins and 
released oligosaccharides from gastric and colonic mucins, degrading these substrates 
with a panoply of mostly constitutively expressed, secreted enzymes. Investigation 
of mucin oligosaccharide degradation by R. torques revealed strong α-L-fucosidase, 
sialidase and β1,4-galactosidase activities. There was a lack of detectable sulfatase and 
weak β1,3-galactosidase degradation, resulting in accumulation of glycans containing 
these structures on mucin polypeptides. While the Gram-negative symbiont, Bacteroides 
thetaiotaomicron grows poorly on mucin glycoproteins, we demonstrate a clear ability 
of R. torques to liberate products from mucins, making them accessible to B. thetaiotao
micron. This work underscores the diversity of mucin-degrading mechanisms in different 
bacterial species and the probability that some species are contingent on others for the 
ability to more fully access mucin-derived nutrients. The ability of R. torques to directly 
degrade a variety of mucin and mucin glycan structures and unlock released glycans for 
other species suggests that it is a keystone mucin degrader, which might contribute to its 
association with IBD.

IMPORTANCE An important facet of maintaining healthy symbiosis between host and 
intestinal microbes is the mucus layer, the first defense protecting the epithelium 
from lumenal bacteria. Some gut bacteria degrade the various components of intes
tinal mucins, but detailed mechanisms used by different species are still emerging. 
It is imperative to understand these mechanisms as they likely dictate interspecies 
interactions and may illuminate species associated with bacterial mucus damage and 
subsequent disease susceptibility. Ruminococcus torques is positively associated with IBD 
in multiple studies. We identified mucin glycan-degrading enzymes in R. torques and 
found that it shares mucin degradation products with another species of gut bacteria, 
Bacteroides thetaiotaomicron. Our findings underscore the importance of understanding 
mucin degradation mechanisms in different gut bacteria and their consequences on 
interspecies interactions, which may identify keystone bacteria that disproportionately 
affect mucus damage and could therefore be key players in effects that result from 
reductions in mucus integrity.
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M ammals have evolved a series of physical and immunological defenses to promote 
appropriate separation between the gut microbiota and intestinal tissue. Some 

bacteria—especially pathogens—can disrupt these defenses and promote disease (1). 
Secreted mucus is a critical component of the host defense in the colon and forms a 
physical barrier protecting epithelial cells. Previous studies have demonstrated the ability 
of some gut bacteria to affect mucus properties in vivo, particularly in the context of 
a fiberdeficient diet, leading to decreased mucus thickness observed in fixed tissues 
or increased mucus penetrability and decreased growth rate of the inner mucus layer 
in tissue explants (2–5). Some mucin degraders are prevalent in the human population 
and have known beneficial effects, including Akkermansia muciniphila, which notably 
supports metabolic health (6–8), and Bacteroides thetaiotaomicron, which degrades a 
multitude of dietary fibers and produces short-chain fatty acids (5, 9–11). However, 
increased abundance, activity, or presence of certain mucin-degrading bacteria has been 
associated with detrimental effects in some models, including increasing pathogen 
susceptibility (5, 12), development of spontaneous colitis like that which occurs in 
inflammatory bowel diseases (IBDs) (13), increased allergen sensitivity (14), and higher 
mortality due to carbapenem-associated graft vs. host disease (15).

Mammalian colonic mucus is predominantly composed of high-molecular weight 
(~2.5 MDa) mucin 2 (MUC2) monomers that are disulfide cross-linked to form a polymeric 
glycoprotein network (16). MUC2 harbors hundreds of structurally unique O-linked 
glycan structures (herein, O-glycans) attached to the MUC2 polypeptide at serine and 
threonine sequences, accounting for up to 80% of mucin total mass (16–18). Though 
composed of only five monosaccharides, the structural diversity and sterically hindered 
nature of these glycans attached to MUC2 create a complex and recalcitrant substrate 
requiring a large repertoire of enzymes to degrade (18). Adding to its complexity, 
O-glycan composition varies both between different segments of the gut and between 
individuals. Many O-glycans are decorated with capping residues, including fucose, 
sialic acid, and sulfate. In humans, fucosylated glycans decrease in abundance from the 
proximal to the distal gastrointestinal tract, while sialylated and sulfated glycans exhibit 
an opposite trend (19). As these residues are typically present at the non-reducing end, 
bacteria utilizing O-glycans as a nutrient source must be able to remove these capping 
residues or encode enzymes which tolerate their presence, in order to degrade the 
underlying O-glycan structure. Individual blood group status (A, B, AB, and H) is also 
reflected in O-glycans as terminal, non-reducing end sugar linkages (1).

Historically, readily available porcine gastric mucin (PGM) and PGM-derived substrates 
have been used to study mucin-degrading abilities of gut bacteria. Species known 
to degrade PGM to varying degrees include several species of Bacteroides (Bacter
oides fragilis, Bacteroides vulgatus, Bacteroides thetaiotaomicron, and Bacteroides caccae), 
Akkermansia muciniphila, Ruminococcus gnavus, Ruminococcus torques, Peptostreptococ
cus russellii, and multiple Clostridiales and Bifidobacterium species (20–23). However, 
some mucin degraders can only access certain mucin components. For example, total 
growth yield of B. thetaiotaomicron on PGM glycoprotein is poor (24, 25) but is greatly 
increased on O-glycans chemically released from PGM (26). Many bacterial carbohydrate 
active enzymes (CAZymes) active on mucins have been identified (20, 27), although 
a comprehensive list of bacteria and enzymes involved in mucin degradation is still 
needed. Few commensal bacterial proteases targeting mucin glycoproteins have been 
identified but include M60-like metalloproteases (28, 29). Studies investigating growth 
on diverse mucin substrates, especially highly sulfated mucins from the mammalian 
colon, remain limited (30–33) but may reveal different and more physiologically relevant 
mechanisms due to their structural differences from PGM.

Notably, a previous study found that R. torques, A. muciniphila, Bifidobacterium 
bifidum, and R. gnavus all degrade human colonic MUC2, and R. torques was the most 
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efficient of the species investigated (31). R. torques is more prevalent and abundant 
in people with IBDs (31) and is one of only two bacterial species positively correlated 
with anti-Saccharomyces cerevisiae antibodies, a marker of Crohn’s disease (34). A recent 
prospective study following firstdegree relatives of individuals with Crohn’s disease 
before diagnosis found that increased colonization with R. torques was the top microbial 
risk associated with developing Crohn’s disease (35). Previous work demonstrated that R. 
torques ferments PGM and degrades the blood group A and H antigen components of 
O-glycans and Lewis x and y antigens present in intestinal glycosphingolipids (36–38). 
Given the implication of R. torques as a mucin degrader associated with IBD (31, 35, 39), 
we aimed to characterize the mechanisms by which R. torques degrades both gastric and 
colonic mucin and the influence of this degradation on interspecies interactions.

RESULTS

R. torques grows on mucin substrates and isolated supernatants degrade 
mucin glycoproteins

R. torques was previously found to degrade PGM and human MUC2 using biochemical 
approaches (31, 37). However, direct growth measurements of R. torques on various 
mucin and non-mucin substrates have not been reported. We assessed the ability of 
three species of gut bacteria, including a human R. torques isolate [R. torques VIII-239 (37)] 
to degrade mucin glycoproteins from pig stomach (PGM) or colonic MUC2 (cMUC2) 
and their chemically released O-glycans [gastric mucin O-glycans (gMO) or colonic 
mucin O-glycans (cMO)]. Bacteroides thetaiotaomicron and Akkermansia muciniphila are 
also known to degrade components of gastric mucin (24, 26, 40). Interestingly, these 
species displayed partially opposing preferences for gastric and colonic mucins or 
their component O-glycans, with R. torques displaying the broadest mucin-degradation 
abilities. On the mucin glycoprotein substrates, A. muciniphila and R. torques grew to 
a higher maximum absorbance at 600 nm (A600) than B. thetaiotaomicron (Fig. 1A and 
B). In contrast, R. torques and B. thetaiotaomicron grew to a higher max absorbance on 
the mucin O-glycans substrates than A. muciniphila (Fig. 1C and D). All strains grew on 
positive control substrates selected based on previous growth profiles (5) (Fig. 1E and F).

Growth experiments using 46 other host- and plant-derived polysaccharides and their 
constituent monosaccharides (41) suggest that R. torques is a mucin specialist. Strong 
growth (≥0.7 average net A600 increase) was only observed on glucose, fructose, and 
three mucin monosaccharides: galactose, N-acetylgalactosamine, and N-acetylglucosa
mine (Fig. S1). R. torques grew modestly on glucosamine and keratan sulfate 
(~0.3 and ~0.15 average net A600 increases, respectively) but did not demonstrate 
growth (≥0.1 net A600) on other substrates, with the exception of variable growth on 
laminarin and pectic galactan from lupin (Fig. S1). Because of its broad ability to degrade 
mucins and O-glycans from different regions of the gastrointestinal tract, we sought to 
understand the enzyme repertoire R. torques uses to degrade these substrates.

We evaluated the ability of whole culture, containing cells and associated superna
tant, or cell-free supernatant, to degrade cMUC2 or PGM using a PAGE gel assay to 
visualize high-molecular weight MUC2 domains with periodic acidSchiff staining (Fig. 
2A). B. thetaiotaomicron and other mucin-degrading Bacteroides exhibit substrate
specific activation of genes involved in utilizing O-glycans and other polysaccharides (5, 
26, 42). Thus, we sought to understand whether R. torques’ prior growth substrates 
influence its cMUC2 degradation. Both whole culture and supernatant from R. torques 
grown on either glucose or gMO degraded cMUC2 (Fig. 2A through C; Fig. S2A and B). 
Notably, the glucose-grown supernatant samples degraded 72.0% of cMUC2 (Fig. 2C), 
suggesting R. torques constitutively produces and secretes sufficient mucin-degrading 
enzymes to reduce the molecular weight or glycosylation of the mucins tested, even 
when they were previously grown in the absence of mucins. Surprisingly, prior growth on 
gMO significantly decreased cMUC2 degradation compared to prior growth on glucose 
in both culture and supernatant samples (Fig. 2B and C). This suggests that growth on 
gMO suppresses the production or activity of critical mucin-degrading factors. 

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00039-24 3

https://doi.org/10.1128/mbio.00039-24


Degradation of cMUC2 was also inhibited by EDTA, suggesting that key mucin-degrading 
enzymes are metal dependent (Fig. 2D; Fig. S2C).

PGM was degraded similarly to cMUC2 by culture and supernatant samples. However, 
prior growth on gMO did not inhibit supernatant degradation of PGM (Fig. 2E and F; Fig. 
S2D). EDTA inhibited PGM degradation although less than with cMUC2 (48.9% PGM 
degraded vs. 6.4% cMUC2 degraded) (Fig. 2G; Fig. S2E). The variable effects of EDTA 
inhibition or prior gMO growth on cMUC2 and PGM degradation suggest that some 
shared enzymes target both substrates, but additional enzymes more critical for cMUC2 
degradation are more sensitive to these factors.

FIG 1 Variation in bacterial growth preferences for different mucin substrates. (A–F) Growth of three commensal gut bacterial 

species (Bacteroides thetaiotaomicron, Akkermansia muciniphila, and R. torques) measured anaerobically at 37°C by absorbance 

at 600 nm on porcine gastric mucin (PGM) (A; 10 mg/mL final, n = 3), mucin glycoprotein purified from porcine colonic mucosa 

(B; cMUC2, 2.5 mg/mL final, n = 3), released O-glycans from PGM (C; gMO, 10 mg/mL final, n = 3), and released O-glycans from 

cMUC2 (D; cMO, 5 mg/mL final, n = 2). Growths on glucose (E; 5 mg/mL final, B. thetaiotaomicron and R. torques, n = 3) and 

N-acetylglucosamine (F; GlcNAc, 5 mg/mL final, A. muciniphila, n = 3) were included as positive controls. Each point represents 

the average of the replicates, and error bars represent standard deviations. B. thetaiotaomicron was grown in Bacteroides 

minimal medium; A. muciniphila was grown in chopped meat medium; and R. torques was grown in yeast casitone fatty acid 

(YCFA) medium (see Materials and Methods for medium formula and references).
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Putative CAZymes in R. torques supernatant degrade mucin O-glycan link
ages

To explore the observed inhibition of cMUC2 degradation after growth on gMO, we 
measured gene expression changes in R. torques grown on glucose or gMO by RNA-Seq. 
Only 25 genes were upregulated and 35 genes were downregulated during growth in 
gMO relative to the glucose reference (≥5-fold change, P < 0.05) (Fig. 3A; Table S1). 

FIG 2 R. torques cultures and cell-free supernatants degrade gastric and colonic mucin glycoprotein. (A) Representative 

periodic acidSchiff stained gel of samples of R. torques culture or supernatant degradation of cMUC2 after growth on glucose. 

Neg Con contains cMUC2 and yeast casitone fatty acid medium. (B and C) Percent cMUC2 degraded after R. torques growth in 

glucose or gastric mucin O-glycans (gMOs). Culture samples (B) or cell-free supernatants (C) from these cultures were exposed 

to cMUC2 for 48 h. cMUC2 degradation was quantified by visualizing the R. torques-digested cMUC2 on a 4%–12% Bis-Tris 

gel, staining with periodic acidSchiff stain, and using densitometry to quantify the resulting bands using ImageJ. (D) Percent 

cMUC2 degraded by R. torques supernatants in the presence or absence of 10 mM EDTA. (E and F) Percent gastric mucin 

glycoprotein (PGM) degraded by R. torques culture (E) or cell-free supernatant (F) after previous growth on glucose or gMO. (G) 

Percent PGM degraded by R. torques supernatants in the presence or absence of 10 mM EDTA. Statistics were analyzed with 

unpaired, two-tailed t-tests. *P < 0.05, ***P < 0.001, ****P < 0.0001. ns, not significant.
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A single putative mucin-degrading CAZyme (rumtor8_01403, predicted GH2 β-galactosi
dase) was ~12-fold upregulated during growth in gMO. However, this putative β-galac
tosidase does not harbor a predicted signal peptide.The list of differentially regulated 
functions includes genes related to bacteriophage, sugar or amino acid transporters, and 
metabolism of ATP, amine/amino acids, nucleotides, and sugars (Table S1), some of which 
may be involved in mucin product import.

To complement the transcriptomics, we precipitated proteins from R. torques 
supernatants after growth on glucose and analyzed them by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Due to an observation that filtered (0.22 µM) R. 
torques supernatants displayed variable defects in degradation of cMUC2 (Fig. S3), we 
hypothesized that filtration may remove critical enzymes necessary for cMUC2 degrada
tion. Comparing unfiltered, centrifuged samples to filtered samples, we first analyzed 
proteins containing a predicted signal peptide due to the observed mucin-degrading 
activity of R. torques supernatants (Fig. 2C and F) and to eliminate contaminants derived 
from lysed cells. We compiled a list of highly abundant proteins (>0.1% relative abun
dance) in at least two of the sample sets (Table S2). Interestingly, there was close 
similarity between the filtered samples and the unfiltered samples, suggesting that 
sample filtration did not remove a key enzyme but may disrupt protein structure or 
complexes. Thus, we compiled a list of proteins with a predicted signal peptide repre
senting >0.1% relative abundance in at least two of three sample groups, yielding 34 
putative mucin-targeting proteins, including 18 CAZymes and 2 proteases (Fig. 3B; Table 
S2).

To corroborate the proteomics results, we used our transcriptomic data to identify 
highly transcribed genes during R. torques growth on glucose. The top hits predicted to 
be secreted and representing >0.1% of all transcribed genes based on percentage of 
total RPKM included 31 genes: 14 CAZymes and 4 proteases (Fig. 3B). Importantly, 14 
CAZymes and two proteases were shared with the proteomic data set (Fig. 3C; Table S3). 
These enzymes and the four highly expressed CAZymes unique to the proteomics data 
set represent top candidates for secreted R. torques mucin-degrading enzymes.

While our results suggest a critical role for secreted enzymes in R. torques mucin 
degradation, we assessed all predicted CAZymes in the R. torques genome regardless of 
presence of a signal peptide. We identified two putative CAZymes lacking a predicted 
signal peptide but present >0.1% relative abundance in the proteomics data set and/or 
>0.1% of total RPKM during growth on glucose from the transcriptomics data set: a 
carbohydrate esterase family 9 (CE9, rumtor8_00521) and a glycoside hydrolase family 
112 (GH112, rumtor8_01112). The CE9 was detected >0.1% of the total relative abun
dance in all three proteomics samples and was just below the >0.1% of total RPKM 
threshold (0.096%). The GH112 was above this threshold in two of the three proteomics 
sample groups and represented 0.11% of the total RPKM. CE9 enzymes deacetylate N-
acetylglucosamine-6-phosphate, and GH112 enzymes are galacto-N-biose and lacto-N-
biose phosphorylases (43). These enzymes may be involved in R. torques mucin 
metabolism, and thus may contribute to increased cMUC2 degradation in whole culture 
samples compared to supernatant samples (Fig. 2A and B).

The 18 most highly expressed CAZymes from the transcriptomic and proteomics data 
belong to 12 different CAZy families (Fig. S4). Previously characterized enzymes from 
each of these families reflect expected catalytic roles in degrading mucin O-glycans: α-N-
acetylglucosaminidase (GH89), β-N-acetylglucosaminidase (GH20, GH73, GH84, GH123), 
α-N-acetylgalactosaminidases (GH101 and GH31_18, GH36_3), sialidase (GH33), β-
galactosidases (GH2), and α-L-fucosidases (GH29 and GH95) (43). Notably, 11 of 18 of 
these enzymes are predicted to contain at least one carbohydrate-binding module of 
family 32, which may play a critical role in mucin O-glycan binding (33). Many of these 
enzymes are also large, with 17 of 18 being >125 kDa, and 8 of 18 being >200 kDa (Table 
S3). Despite R. torques growth on and degradation of sulfated cMUC2 and cMO, there was 
a surprising lack of predicted sulfatase enzymes. Indeed, bioinformatic homology 
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searches against the SulfAtlas HMM library failed to identify candidate sulfatases in the R. 
torques genome.

Because of the large size of enzymes detected in R. torques supernatants and poorly 
successful attempts to express and purify recombinant forms of individual enzymes 
(not shown), we empirically assessed the collective catabolic abilities of the secretome. 
In accordance with a lack of predicted sulfatases, we did not observe activities of R. 
torques precipitated proteins on sulfated monosaccharides (Fig. S5). But, we did observe 
sulfatase activity in sonicated B. thetaiotaomicron cultures after exposure to keratan 
sulfate to induce these functions, including activities previously reported for this species 
(30) (Fig. S5). R. torques cleavage of the disaccharide N-acetyllactosamine (LacNAc), which 
presents a terminal, non-reducing β1,4-linked galactose, was observed (Fig. 4A; Fig. S6A). 
Interestingly, cleavage of lacto-N-biose (LNB), a disaccharide isomer of LacNAc with a 
β1,3 galactosidic linkage, was weaker, suggesting that R. torques is less proficient at 
removing terminal galactose when present as a β1,3 linkage (Fig. 4A; Fig. S6A, B, and H).

L-fucose was released efficiently from all four fucosylated substrates, including Lewis 
a, b, x, and y (Fig. 4B and C; Fig. S6C through F). Thus, R. torques enzymes have α-L-
fucosidase activities on all relevant mucin glycan linkages (fucose-α1,2-galactose, fucose-
α1,3-N-acetylglucosamine, fucose−α1,4-N-acetylglucosamine), with no apparent linkage 

FIG 3 Candidate secreted mucin-degrading enzymes identified in the transcriptome and proteome of R. torques. (A) Genes significantly differentially expressed 

(P < 0.05) using RNA-sequencing after growth of R. torques on glucose or gMO. Points in green indicate genes upregulated (>5-fold) on gMO vs. glucose; points 

in red indicate genes downregulated (>5-fold) on gMO vs. glucose. Green star indicates predicted β-galactosidase. FDR, false discovery rate. (B) Top highly 

abundant genes or proteins from the R. torques transcriptome [RNA-seq, genes with predicted signal peptide and >0.1% of total reads per kilobase millions 

(RPKM)] or proteome (liquid chromatography-tandem mass spectrometry, proteins with predicted signal peptide and >0.1% average relative abundance). Lines 

connecting hits from the transcriptome and proteome indicate genes/proteins present as top hits in both data sets. Green locus tags represent predicted 

CAZymes or carbohydrate-binding module-containing proteins; orange locus tags represent predicted proteases. Transcriptome data, n = 3; proteome data, n = 

6. (C) A Venn diagram showing combined top hits from transcriptome and proteome data sets.
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preference (Fig. 4B and C). Enhanced activity on galactose-β1,4-N-acetylglucosamine 
(type 2 chain) vs. galactose-β1,3-N-acetylglucosamine (type 1 chain) is also apparent with 
these substrates, as more galactose was released from Lewis x and Lewis y than Lewis a 
or Lewis b (Fig. 4B and C). We tested activity on two additional terminal O-glycan 
epitopes, blood groups A and B (44). Strong activity was observed on blood group A, but 
not on blood group B (Fig. 4D; Fig. S7A through D).

We sought to understand whether monosaccharides were also released from the 
more complex mucin glycoproteins. Both L-fucose and galactose concentrations were 
significantly increased after 24-h incubation of R. torques supernatants with cMUC2 
and PGM (Fig. 4E and F). After normalizing monosaccharide concentrations to mucin 
glycoprotein concentrations, less L-fucose and galactose were released from cMUC2 
(L-fucose: 0.032 ± 0.005, galactose: 0.020 ± 0.002) than from PGM (L-fucose: 0.053 ± 
0.012, P = 0.0027; galactose: 0.075 ± 0.023, P = 0.0001). Glycans in cMUC2 are more 
sulfated than those in PGM (19), which may inhibit access of R. torques due to its 
observed lack of sulfatase activities (Fig. S5). Interestingly, R. torques supernatants from 
cultures previously grown on gMO also released L-fucose and galactose from cMUC2 
and PGM (Fig. S8A and B). This suggests that the previously observed decrease in mucin 
degradation (Fig. 2B, C, E, and F) from gMO-grown supernatants is not due to an inability 
to release these two monosaccharides. Collectively, we have demonstrated the presence 
of α-L-fucosidase and β-galactosidase activities in the R. torques secretome, active on free 
O-glycans and mucin glycoprotein domains.

FIG 4 R. torques supernatant enzymes exhibit linkage specificity on model mucin glycans and release monosaccharides from intact mucin glycoprotein 

substrates. (A–D) Quantification of monosaccharides released from lacto-N-biose (LNB) or N-acetyllactosamine (LacNAc) (5 mM concentration each, (A), Lewis 

a or Lewis x antigens (2 mM final concentration each, (B), Lewis b or Lewis y antigens (2 mM final concentration each, (C), and blood group A or blood 

group B (2 mM final concentration each, (D) by ammonium sulfate precipitated proteins from R. torques supernatants after growth on glucose, measured by 

high-performance anion exchange chromatography with pulsed amperometric detection. For LNB samples, the galactose concentration found in the negative 

control was subtracted from concentrations calculated for supernatant reactions due to the presence of a species with a similar retention time in the no-enzyme 

control reaction. For A–D, statistical analyses were performed with unpaired, two-tailed t-tests comparing release of each monosaccharide between substrates in 

each panel. ***P < 0.001, ****P < 0.0001. (E and F) Concentration of fucose or galactose released after 24-h incubation of R. torques supernatants with cMUC2 (2.5 

mg/mL final; (E) or PGM (10 mg/mL final; (F). For E–F, statistics were analyzed with paired, two-tailed t-tests comparing release of each monosaccharide between 

substrates in each panel. ***P < 0.001, ****P < 0.0001. ns, not significant. For A–F, concentration values were calculated from a standard curve and values resulting 

in a negative concentration are displayed as 0 and were recorded as 0 for statistical analyses.
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Digestion of mucin glycans during R. torques growth

We next sought to identify specific mucin glycan structures degraded during R. torques 
growth or structures recalcitrant to degradation, which could become available to other 
microbiota members. Residual glycoproteins were isolated from samples collected pre- 
and post-R. torques growth on cMUC2 or PGM, released from the polypeptide backbone 
by reductive β-elimination, and analyzed using LC-MS/MS. Because of the difficulty in 
separating free glycans from cultivated medium (data not shown), gMO and cMO were 
not analyzed. We first examined each glycan present pre- and/or post-growth, excluding 
peeling reaction products generated by reductive β-elimination (45), and measured the 
prevalence of three terminal capping features: sulfation, sialylation, and fucosylation 
(Fig. 5A). As expected (19), cMUC2 contained many sulfated and sialylated glycans (Fig. 
5A). We also measured the mass-to-charge ratio, deduced structure (when possible), 
and calculated relative abundance to determine whether individual glycans, including 
putative peeling reaction products (Fig. S9), were degraded or accumulated.

The sum relative abundance of most glycans containing sulfate increased significantly 
after R. torques growth on cMUC2 (Fig. 5B). Glycans that were sulfated and sialylated or 
sulfated and fucosylated did not change in abundance, though these represent minori
ties of the total glycan abundance (Fig. 5B). In contrast, non-sulfated glycans that were 
fucosylated and/or sialylated, or glycans lacking all capping features, decreased in 
abundance after R. torques growth (Fig. 5B). This suggests strong sialidase and fucosidase 
activities, the latter of which is concordant with our supernatant activity (Fig. 4B through 
F).

Examining glycans with significantly different relative abundances, we noted that 
most glycans containing sulfate were undetected before growth and increased in 
abundance after growth (Fig. 5C; Fig. S9A,B and G). Notably, many newly detected 
sulfated glycans after R. torques growth were large (>1 kDa); these glycans were likely 
present originally as components of larger glycans exceeding detectable mass that were 
then partially degraded by R. torques to detectable size (Table S4). The accumulation of 
sulfated glycans was quite remarkable, with one glycan undetectable before growth 
representing >9% average relative abundance after growth (Fig. 5C and D, structure #1). 
Indeed, the accumulation of sulfated glycans after R. torques growth further suggests a 
lack of sulfatase activity, leading to their retention on mucin polypeptides.

Evidenced by their loss, sialylated and fucosylated glycans were apparently more 
degraded by R. torques. The majority of glycans significantly different in relative abun
dance containing these features were present in pre-growth samples but decreased in 
abundance after growth (Fig. 5C, Figure S9F, H, and D). Putative structures from the most 
highly abundant sialylated glycans suggest an ability of R. torques to remove both N-
acetylneuraminic acid and N-glycolylneuraminic acid from select glycans (Fig. 5C and D, 
structures #2 and #3). The deduced structure of a highly abundant fucosylated glycan 
pre-growth that decreased in abundance post-growth suggests the presence of a 
fucose-α1,2-galactose activity (Fig. 5C and D, structure #7), which we previously 
observed on Lewis b and y (Fig. 4C).

Glycans lacking all three capping features overall decreased in abundance (Fig. 5B and 
C; Fig. S9C). Of note, the two most abundant glycans in this category post-growth 
present terminal galactose-β1,3-N-acetylglucosamine linkages (Fig. 5C and D, structures 
#4 and #5). This further supports a deficiency in R. torques enzymes that cleave this 
linkage, consistent with the weak activities noted above on Lewis a, Lewis b, and LNB 
(Fig. 4A through C). N-acetylgalactosamine-α1,3-N-acetylgalactosamine also accumula
ted, suggesting a lack of activity targeting this linkage (Fig. 5C and D, structure #6). This 
putative structure is known as core 5, a less commonly reported mucin core structure 
found in human meconium and intestinal cancer (46). It is also of note that 16 N-glycans 
were detected pre- and/or post-growth and were included in the above analyses (Table 
S4). Of these, only half were significantly different in abundance between pre-growth 
and post-growth samples. Overall, N-glycans decreased in abundance after growth, 
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representing ~12% relative abundance pre-growth and ~6% relative abundance post-
growth.

The relative levels of sulfation, sialylation, and fucosylation were also as expected 
for PGM, including high prevalence of fucosylation (19) (Fig. S10A). Similar to cMUC2, 
the sum relative abundance of fucosylated and/or sialylated glycans decreased, while 
sulfated glycans and glycans lacking these features increased in abundance post-growth 
(Fig. S10B). One glycan predicted to contain an internal N-acetylglucosamine-6S linkage 
was undetected pre-growth but represented >4% relative abundance of all glycans 

FIG 5 Fucosylated and sialylated glycans are degraded after growth of R. torques on cMUC2, but sulfated glycans accumulate. (A) Number and percentage 

of total glycans detected in cMUC2 pre- and/or post-growth of R. torques displaying indicated structural features by LC-MS/MS. (B) Sum relative abundance of 

glycans and inferred peeling reaction products pre- or post-R. torques growth on cMUC2 with respective structural features. Statistical analysis was performed 

with paired, two-tailed t-tests between pre- and post-growth samples for each structural feature category. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Relative 

abundance of glycans detected that were retained on the mucin polypeptide backbone and were significantly different in pre- or post-growth samples of R. 

torques on cMUC2. Red lines indicate glycans that were not detected in any of the pre-growth samples but were detected in the post-growth samples. Each point 

represents the average relative abundance of three samples. (D) Putative structures of select detected glycans. Numbers refer to the corresponding plot in panel 

C. Structures generated with DrawGlycan (44). F, fucosylated; ns, not significant; S, sulfated; Y, sialylated.
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after growth (Fig. S10C and D, structure #1; Fig. S511D). Interestingly, a deduced 
structure lacking all three features decreased dramatically in abundance post-growth, 
suggesting an ability to release N-acetylglucosamine-α1,4-galactose from mucin glycans 
(Fig. S10C and D, structure#2; Fig. S11B). In contrast, galactose-β1,3-N-acetylgalactosa
mine (core 1) increased dramatically (from <1% to >20%) in abundance after growth, 
suggesting deficient activity against this structure (Fig. S10C and D, structure #3; 
Fig. S11B) in accordance with our data above (Fig. 4A). Most sialylated glycans were 
degraded, including one with a terminal N-acetylneuraminic acid-α2,6-N-acetylgalactos
amine linkage (Fig. S10C and D, structure #4; Fig. S11F). Additionally, 12 N-glycans were 
identified in pre- and/or post-growth samples, 8 of which were significantly different 
in abundance between pre- and post-growth samples. N-glycans increased in abun
dance overall from ~1.4% relative abundance pre-growth to ~6.8% relative abundance 
post-growth.

While most fucosylated glycans decreased in abundance post-growth, the predic
ted structure fucose-α1,2-galactose-β1,3-N-acetylgalactosamine increased in abundance 
post-growth (Fig. S10C and D, structure #5; Fig. S11A), opposite of the trend observed 
for this glycan in cMUC2 (Fig. 5C and D). Key enzymes involved in degrading this 
substrate may not be expressed or active during growth on PGM. Alternatively, variation 
in glycan location and distribution throughout the mucin polypeptide backbone in PGM 
vs. cMUC2 may alter access of enzymes to these glycans, which we are unable to assess 
using this approach. Collectively, our data indicate that R. torques efficiently degrades 
many fucosylated and sialylated mucin glycans but largely fails to degrade sulfated ones 
or sulfated regions of larger glycans.

R. torques enhances growth of B. thetaiotaomicron on porcine gastric mucin

Our data suggest that R. torques liberates monosaccharides and possibly longer O-glycan 
fragments from mucin glycans while leaving partially digested O-glycans bound to 
the mucin polypeptide backbone. We next sought to examine whether these prod
ucts become accessible to other mucin-degraders. B. thetaiotaomicron degrades mucin 
O-glycans but grows poorly or not at all on mucin glycoproteins (Fig. 1A and B) (5, 26). 
Given the latter observation, we sought to understand interspecies interactions between 
R. torques and B. thetaiotaomicron with respect to utilization of PGM, the more readily 
available mucin glycoprotein substrate. Fortuitously, R. torques grows robustly (max A600 
0.87 ± 0.01 in 48 h) in a partially defined medium (DM) when PGM is present as the major 
carbohydrate source (Fig. S12). This medium is also suitable for growth of B. thetaiotaomi
cron and other Bacteroides (47, 48). As B. thetaiotaomicron grows comparatively poorly 
(max A600 0.34 ± 0.01 in 48 h) by itself in DM-PGM medium (Fig. S12), we hypothesized 
that co-culture with R. torques would support enhanced B. thetaiotaomicron growth. 
While the total growth yield of R. torques is higher than B. thetaiotaomicron on PGM, 
B. thetaiotaomicron reaches its maximum growth faster (~9 h) than R. torques (~19 h), 
which may confer a competitive advantage for B. thetaiotaomicron accessing shared 
products in co-culture with R. torques. Furthermore, the exponential doubling time of B. 
thetaiotaomicron (1.07 h ± 0.04 h) on PGM was not significantly different than that of R. 
torques (1.07 h ± 0.15 h), suggesting that B. thetaiotaomicron efficiently utilizes the fewer 
components of PGM that it can access.

To test if R. torques supports B. thetaiotaomicron growth on PGM, both species were 
co-cultured in DM with glucose or PGM and were passaged daily for 5 days with 
a 1:20 dilution factor. Measured by relative abundance, B. thetaiotaomicron tdk−/− [a 
thymidine kinasedeficient parent strain in which allelic exchange mutants are gener
ated (49)] dominated in co-culture on glucose, representing >91% of the community 
(Fig. 6A). Surprisingly, B. thetaiotaomicron tdk−/− also dominated on PGM, consistently 
representing >76% relative abundance through day 5 (Fig. 6B). The dominance of B. 
thetaiotaomicron in co-culture with R. torques on PGM, despite its comparatively poor 
growth in monoculture, suggests that R. torques liberates products from PGM that B. 
thetaiotaomicron can access.

Research Article mBio

August 2024  Volume 15  Issue 8 10.1128/mbio.00039-2411

https://doi.org/10.1128/mbio.00039-24


B. thetaiotaomicron is genetically tractable, and many genes in this species have been 
associated with O-glycan degradation (26, 30, 50). Some previously generated mutant 
strains are deficient at using O-glycans in vitro or in vivo (15, 30). To test whether the 

FIG 6 R. torques generates monosaccharide and O-glycans products from PGM that Bacteroides thetaiotaomicron can utilize. 

(A and B) Relative abundance of R. torques and B. thetaiotaomicron tdk−/− or 11× mutant in co-culture grown in partially DM 

and glucose (A, 5 mg/mL) or PGM (B, 10 mg/mL) calculated by quantitative PCR. Statistics were analyzed with two-tailed, 

unpaired t-tests comparing relative abundance of R. torques vs. B. thetaiotaomicron tdk−/− co-culture to relative abundances in 

R. torques vs. B. thetaiotaomicron 11× mutant co-culture at each respective timepoint. *P < 0.05, ****P < 0.0001; n = 9. (C and 

D) Growth of B. thetaiotaomicron (tdk−/−, 11× mutant, C) and A. muciniphila (D) on PGM pre-digested by R. torques supernatant 

for 0 or 24 h. B. thetaiotaomicron was grown in Bacteroides minimal medium, and A. muciniphila was grown in chopped meat 

medium. n = 3; points represent mean ± standard deviation. (E) Relative abundance of A. muciniphila and B. thetaiotaomicron 

in co-culture grown in partiallydefined DM medium with PGM (5 mg/mL). (F) Relative abundance of B. thetaiotaomicron in 

each experiment shown in panel E. DM, defined medium; ns, not significant.
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consumption of released mucin O-glycans—as opposed to liberated monosaccharides—
was critical for B. thetaiotaomicron to be supported by R. torques on PGM, we co-cultured 
R. torques with a B. thetaiotaomicron mutant lacking 93 genes spanning 11 polysacchar
ide utilization loci (mutant called B. thetaiotaomicron “11×”) (15). This mutant has a large 
growth defect on gMOs and N-acetylgalactosamine but not on other mucin monosac
charides (Fig. S13A through F). Compared to co-cultures with the parent B. thetaiotaomi
cron tdk−/−, the 11× mutant strain has no defect in co-culture with R. torques on glucose 
but shows a significant defect on PGM (Fig. 6A and B). This suggests that B. thetaiotaomi
cron relies on its ability to utilize O-glycans and/or free N-acetylgalactosamine through 
the 11 missing systems to access some PGM products released by R. torques.

To further assess the contribution of O-glycan utilization to B. thetaiotaomicron 
persistence in co-culture with R. torques on PGM, we incubated PGM with R. torques 
supernatants. These substrates were treated, including dialysis (1 kDa cutoff) to remove 
monosaccharides (Fig. S13G and H), and used as a growth substrate for B. thetaiotaomi
cron. In a medium supplemented with the 0-h control digest, B. thetaiotaomicron grew 
(max A600 0.160 ± 0.004 in 48 h) similar to untreated PGM (max A600 0.212 ± 0.008 in 
48 h) (Fig. 1A and 6C). Total B. thetaiotaomicron growth increased dramatically on the 
R. torques supernatant 24-h digested PGM (Fig. 6C). This further suggests that R. torques 
releases products from PGM that B. thetaiotaomicron can use for growth but cannot 
access alone. Since this substrate was dialyzed to remove monosaccharides, R. torques 
supernatants must release some O-glycan fragments in addition to free monosacchar
ides. While the growth of the B. thetaiotaomicron 11× mutant increased on the 24-h R. 
torques PGM digest relative to the 0-h control digest, the average maximum absorbance 
values of the B. thetaiotaomicron 11× mutant after growth on the 24-h digest (0.247 
± 0.008) were only 50.3% of the average maximum absorbances of B. thetaiotaomicron 
tdk−/− (0.492 ± 0.013) (Fig. 6C). This further suggests that the products released by R. 
torques from PGM include O-glycans, as the 11× mutant has a strong growth defect on 
gMO (Fig. S13A).

While our results support a model of cross-feeding between R. torques and B. 
thetaiotaomicron, they suggest a different relationship exists between R. torques and 
A. muciniphila. Like R. torques, A. muciniphila grows well on undigested PGM (Fig. 1). 
However, A. muciniphila displayed decreased total growth on R. torques digested PGM 
compared to undigested PGM (Fig. 6D), suggesting R. torques products released from 
PGM are an insufficient growth substrate for A. muciniphila. This suggests that each 
species uses different mechanisms to release unique products and that the products 
released from PGM by R. torques are not an optimal nutrient source for A. muciniphila, 
consistent with its weaker growth on chemically released mucin glycans compared to 
their parent glycoproteins (Fig. 1A through D). Despite the inability of A. muciniphila to 
benefit from R. torques mucin degradation, A. muciniphila supported B. thetaiotaomicron 
in co-culture on PGM (Fig. 6E). Interestingly, while B. thetaiotaomicron persisted in all 
co-culture experiments, representing at least 30% relative abundance, in five of nine 
co-cultures, B. thetaiotaomicron was very dominant (>95% relative abundance) at day 
5 (Fig. 6F). These results further suggest that like R. torques, A. muciniphila is likely a 
keystone mucin degrader, though there are likely key mechanistic differences in how 
these two species degrade mucins that prevent nutrient sharing between them.

DISCUSSION

Previous reports have connected the activity of mucin-degrading bacteria to mucus 
defects in vivo and subsequent disease development (5, 12–15). Thus, it is important 
to define bacterial mucin-degrading mechanisms and investigate their impacts on the 
microbiota and host health. Here, we advance the understanding of the mucin-degrad
ing mechanisms deployed by R. torques. Of note, R. torques utilizes mucin glycoprotein 
domains and released O-glycans from the stomach and the colon, degrades these 
substrates with largely constitutively secreted enzymes, and releases products from 
intact gastric mucins that become available to B. thetaiotaomicron. The ability of R. 
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torques to cross-feed products released from intact mucin glycoproteins to B. thetaio
taomicron supports the hypothesis that R. torques is a keystone mucin degrader. This 
definition is in line with similarly defined roles for other gastrointestinal Ruminococci 
(51) [R. bromii (52) and R. flavefaciens (53)] that degrade resistant starch and cellulose, 
respectively.

We identified features of the R. torques mucin-degrading mechanism that foster 
understanding of its role within the gut community. Recent studies have investigated 
bacterial degradation of colonic mucins (30–33), while previous studies predominantly 
examined gastric mucin. The data we present here underscore the importance of using 
multiple sources (gastric vs. colonic) and forms (intact mucin domains or released, free 
O-glycans) of mucins to enhance knowledge of how bacteria access nutrition from these 
complex substrates. The broad range of mucin substrates utilized by R. torques led us to 
hypothesize it would have a strong ability to influence the gut community.

The general lack of transcriptional activation of putative CAZymes in response to 
O-glycans by R. torques differs from what has been observed in B. thetaiotaomicron 
and other Bacteroides spp. (5, 26, 42, 54, 55). However, the repression of R. torques 
mucin degradation in the presence of gMO suggests a potential negative feedback 
loop in which released glycans from mucin glycoproteins suppress these systems in R. 
torques through post-transcriptional mechanisms. Such a system in R. torques may be 
fortuitously protective for the host by preventing excessive mucus erosion when free 
O-glycans are in excess, which may be disrupted in cases of disease. Our findings also 
suggest that these enzymes are constitutively expressed by R. torques during growth in 
non-mucin substrates. Like A. muciniphila (5), the growth profile of R. torques is predomi
nantly limited to mucin components. Thus, constitutive expression of mucin-degrading 
enzymes may promote R. torques fitness despite the high energetic cost because they are 
almost always required to access its narrow mucin nutrient niche.

The predominantly extracellular R. torques mucin degradation is similar to that 
observed in other species (23) including Bifidobacterium bifidum (56–58) and R. gnavus 
(59), suggesting this may be a common feature of Gram-positive mucin degraders. In 
contrast, Gram-negative mucin degraders, including A. muciniphila (40) and B. thetaio
taomicron (30), are thought to import mucin glycoproteins or their fragments and 
degrade them in the periplasm. It has been previously proposed that the location of 
mucin degradation has significant implications for the effects of these activities on 
the community. Indeed, our experiments suggest that R. torques releases monosacchar
ides and oligosaccharides from intact mucin glycoprotein but leaves the majority of 
sulfated glycans attached to the polypeptide backbone, and that these products become 
available for other species less equipped to access intact mucin. However, the ability of 
A. muciniphila to support B. thetaiotaomicron in co-culture on PGM suggests that mucin 
degraders with intracellular degradation mechanisms can still support other species, 
further underscoring the importance of in vitro characterization of interactions between 
different species.

Understanding the role of R. torques and other keystone degraders within the gut 
community may provide insight into the impairment of the colonic mucus layer as 
a potential first step in the progression of spontaneous inflammation in the colon. 
Causal roles for mucin-degrading bacteria are emerging in IBD models (13, 60, 61). 
These roles may be filled by multiple different species, including keystone mucin-degrad
ing bacteria and corresponding secondary degraders, that perform interchangeable 
functional roles and possibly work synergistically (e.g., if B. thetaiotaomicron consumes 
O-glycan fragments that might inhibit R. torques degradative enzymes). Here, R. torques 
and B. thetaiotaomicron are demonstrated to be one pair of species engaging in primary 
mucin degradation and cross-feeding in vitro. Further studies are needed to assess 
whether this relationship exists in vivo, whether the presence of these two species 
together contributes to worsened disease in susceptible hosts, and if the activity of 
this bacteria pair further influences other members of the gut bacterial community. 
Identifying additional keystone mucin degraders and their benefactors may illuminate 
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novel diagnostic approaches to detect aberrant communities and interspecies interac
tions which, in a susceptible host, may promote disease. Further characterization of 
molecular mechanisms of identified keystone mucin degraders may also open potential 
avenues for development of novel therapeutic targets to block IBD development.

MATERIALS AND METHODS

Preparation of mucin substrates

PGM (American Laboratories) was purified as previously described using ethanol 
precipitation (22). Gastric mucin O-glycans (gMO) were generated from porcine gastric 
mucin (type III, Sigma), using a previously described method (62). Colonic mucin 
glycoprotein (cMUC2) was purified from porcine colons (anus through ~2 feet into 
the colon) obtained from the Michigan State University Meat Laboratory. cMUC2 was 
purified using previously reported procedures (30, 63). cMO were purified from cMUC2 
using the same method used to generate gMO, except they were not subjected to 
diethylaminoethyl anion exchange chromatography due to the high abundance of 
sulfated glycans in colonic mucus. Final stocks of cMUC2 and PGM were resuspended 
in phosphatebuffered saline (PBS) pH 7.4 to improve solubility.

Bacterial strains and mucin growth curves

All bacterial cultures were grown in an anaerobic chamber (Coy Labs; 85% N2, 10% 
H2, 5% CO2) at 37°C. R. torques VIII-239 was grown overnight in a previously described 
modified YCFA medium (37, 52). B. thetaiotaomicron tdk−/− strain [a thymidine kinasedefi
cient mutant in B. thetaiotaomicron VPI-5482 used to generate allelic exchange mutants 
(49)] was used throughout this study and was grown overnight in tryptone yeast extract 
glucose (TYG) medium (64). A. muciniphila DMS 22959 was grown overnight in a custom 
chopped meat medium (48). For growth curves, cells from rich medium culture were 
pelleted, washed in carbohydrate-free media [R. torques: YCFA no glucose, A. muciniphila: 
chopped meat no sugars; B. thetaiotaomicron: Bacteroides minimal media no glucose 
(26)], and diluted (1:40), and 100 µL of washed cells was added to 100 µL of growth 
substrates in 96-well plates (Costar). Growth substrates were tested at the following final 
concentrations: glucose/N-acetylglucosamine (5 mg/mL), mucin O-glycans (gMO, 10 mg/
mL), PGM (10 mg/mL), colonic O-glycans (cMO, 5 mg/mL), and cMUC2 (2.5 mg/mL). 
Growth was measured by optical density at 600 nm (OD600) at ~10-min intervals using a 
microplate stacker (BioTek BioStack) and microplate reader (BioTek PowerWave). Growth 
curve OD600 values were normalized by subtracting average baseline readings (from 
the first three OD readings) from all readings to correct for the background OD600 of 
substrates.

Gel electrophoresis and periodic acid-Schiff staining

R. torques cultures were grown overnight in YCFA with glucose (5 mg/mL) or gMO 
(10 mg/mL). Culture samples were added directly to reaction mixtures, and supernatants 
were collected by centrifugation for 2 min at 8,000 rpm and added 1:1 to cMUC2 
(2.5 mg/mL) or PGM (10 mg/mL) and incubated anaerobically for 2 days. Samples were 
collected, diluted 1:4 in Laemmli sample buffer (Bio-Rad), and heated for 10 min at 
98°C. Samples were loaded onto 4%–12% Bis-Tris gradient gels (Thermo Fisher) unless 
otherwise noted and run for 60 min at 180 V. Gels were stained with periodic acidSchiff 
stain as previously described (65) and imaged using Bio-Rad GelDoc Imaging System. 
The intensity of mucin bands was quantified by densitometry with ImageJ, and intensity 
from a blank lane in each gel was subtracted from all other lanes in the respective 
gel to control for background staining across gels. The percent degradation in various 
conditions was calculated relative to controls lacking R. torques culture or supernatant.
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RNA sequencing of R. torques on glucose vs. gMO

R. torques was grown in 5 mg/mL glucose or 10 mg/mL gMO using the protocols above 
for growth curves. Washed cells from each overnight replicate were added to the plate 
in 12 replicate wells to increase biomass. Cultures were collected during mid-log phase 
(OD600 ~0.7 to 0.9), pooling the 12 replicate wells per sample. RNA was extracted as 
previously described for stool or cecal contents, except samples were precipitated with 
isopropanol and the DNase source (NEB) (66). rRNA was depleted from the samples using 
the MICROBExpress Bacterial mRNA Enrichment Kit (Thermo Fisher). RNA was submitted 
to the University of Michigan Advanced Genomics Core for library preparation and 
RNA-sequencing (Illumina NovaSeq platform, 150-bp read length, paired end).

Reads were analyzed using previously reported methodology (47). Briefly, Trimmo
matic v.0.39 was used to filter reads for quality. Reads were aligned to the R. torques 
genome using BowTie2 v.2.3.5.1. Reads mapping to gene features were counted using 
htseq-count (release_0.11.1). Differential expression analysis was performed with the 
edgeR v.3.34.0 package in R v.4.0.2 (with the aid of Rstudio v.1.3.1093). Library normaliza
tion was performed using the trimmed mean of M values method. Integrated Genome 
Viewer was used to visualize coverage data.

Proteomics

R. torques overnight cultures in YCFA with glucose were grown and centrifuged at 
7,830 rpm for 2 min. Samples were filtered where noted using a 0.22 µM polyvinyli
dene difluoride (PVDF) syringe filter. Proteins were precipitated using a pyrogallol red 
methanol molybdate (PRMM) solution. PRMM was made with 20% methanol, 0.05 mM 
pyrogallol red, 0.16 mM sodium molybdate, 1 mM sodium oxalate, 50 mM succinic acid, 
and adjusted to pH 2. PRMM was added 1:1 with isolated supernatants, and pH was 
adjusted to pH of 3. Samples were incubated for 2 h at room temperature and then 
overnight at 4°C. Samples were then centrifuged for 60 min at 10,000 × g at 4°C, and 
pellets were washed with cold acetone. Centrifugation and washing were repeated once, 
and pellets were dried and resuspended in 8 M urea with 50 mM HEPES at pH 8.

Samples were submitted to the Proteomics Resource Facility (PRF) and were analyzed 
using high-resolution LC-MS/MS analysis per the protocol optimized by the PRF and 
previously described (47). The following modifications were made from the previous 
protocol: cysteines were alkylated with 65 mM 2-chloroacetamide; trypsin digestion 
was performed after diluting urea to <1.2 M and using 0.5 µg trypsin (Promega); and 
processed peptides were dissolved in 20 µL of buffer A. Peptides were resolved over a 
period of 90 min (2%–25% buffer B in 45 min, 25%–40% in 5 min, and 40%–90% in 5 min, 
then held at 90% buffer B for 5 min and equilibration with buffer A for 30 min). Proteins 
were identified by searching the generated tandem mass spectrometry data against a 
database of all protein sequences present in R. torques VIII-239. Parameters used were 
the same as mentioned previously, except for the use of a 0.1-kDa fragment tolerance. 
Relative abundance of proteins was calculated based on MS1 abundances.

R. torques supernatant enzyme activity assays on model glycans

R. torques cultures (40 mL) were spun at 7,200 × g for 10 min, repeated as necessary 
to pellet cells, and 60 mL of 4 M ammonium sulfate was added to the supernatant. 
Samples were incubated for 30 min at room temperature and centrifuged at 18,000 × g 
for 30 min at 4°C, and the precipitate was resuspended in 1 mL of PBS. Samples were 
dialyzed overnight into PBS in 3.5-kDa cutoff dialysis tubing at 4°C. Reaction mixtures 
contained 2 mM [Lewis a, b, x, and y (Dextra); blood groups A and B (Elicityl)] or 5 mM 
[LacNAc and LNB (CarboSynth/Biosynth)] substrate; 50 mM phosphate buffer, pH 7; and 
10 µL precipitated protein solution. Sulfated sugar (Dextra) reactions contained 10 mM 
2-(N-morpholino)ethanesulfonic acid (MES) buffer with 5 mM CaCl2, pH 6.5. B. thetaio
taomicron was grown overnight in Bacteroides minimal medium with 5 mg/mL final 
concentration of glucose; cells were collected, washed, and resuspended in Bacteroides 
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minimal medium with 5 mg/mL keratan sulfate and incubated for 1 h prior to sonication 
(30% amplitude; 1 s on, 9 s off; 30-s total). A 10 μL sample of this preparation was added 
to the same reaction composition as a positive control for sulfatase activity. Reactions 
were incubated overnight at 37°C and stored at −20°C until analysis.

Samples were diluted 1:10 in water and were analyzed by high performance anion 
exchange chromatography with pulsed amperometric detection (Dionex ICS-6000 HPIC 
System, Thermo Scientific) using a CarboPac PA100 column (Thermo Scientific). The 
following buffers were used: buffer A (100 mM NaOH), buffer B (100 mM NaOH and 500 
mM sodium acetate), and buffer C (water). The following method sequence was utilized 
for all samples with a constant flow rate of 1 mL/min: 15 min pre-equilibration with 
90% buffer C and 10% buffer A; 20 min with 90% buffer C and 10% buffer A; 20 min 
gradient from 90% buffer C, 10% buffer A to 100% buffer A; 20 min gradient from 100% 
buffer A to 100% buffer B; 10 min with 100% buffer B; 10 min with 90% buffer C and 
10% buffer A. Chromatograms were analyzed and peaks were quantified in Chromeleon 
Chromatography Data System Software (Thermo Fisher) using the basic quantification 
method. Standard curves were created to calculate concentrations of respective sugars 
from peak areas.

Sulfated glycan reactions were analyzed using thin-layer chromatography (TLC). Each 
reaction was spotted (3 µL) onto a silica plate (TLC silica gel 60, MilliporeSigma), placed 
in 100 mL of running buffer of butanol:water:acetic acid (2:1:1), and run to the end of the 
plate. The plate was dried and submerged in developer (2 g diphenylamine, 100 mL ethyl 
acetate, 2 mL aniline, 10 mL 85% H3PO3, and 1 mL 37.5% HCl) for ~30 s and dried again. 
Sugars were visualized by heating the plate over a flame.

Analysis of released monosaccharides from mucin glycoprotein substrates

R. torques cultures were grown overnight in YCFA with glucose, and aliquots were 
removed and centrifuged at 8,000 rpm for 2 min. Supernatants were isolated and 
incubated with mucin substrates PGM (10 mg/mL final concentration) or cMUC2 (2.5 
mg/mL final concentration) 1:1 by volume. Samples were incubated anaerobically at 37°C 
and were stored immediately (0-h control) or incubated for 24 h. Samples were analyzed 
using the L-Arabinose/D-Galactose Assay Kit (Megazyme) and the L-Fucose Assay Kit 
(Megazyme) per kit protocols for the microplate assay format. Baseline absorbance 
for each sample and the absorbance from the corresponding negative control were 
subtracted from sample absorbance readings, and concentrations were calculated from a 
standard curve for each corresponding monosaccharide.

Bioinformatic analysis of putative mucin-degrading enzymes

The presence of potential signal sequences to indicate secreted proteins in R. torques 
for transcriptomic/proteomic analyses was identified using SignalP v.5.0 (DTU Health 
Tech). Proteins identified as top hits from transcriptomic or proteomic data sets lacking 
a functional annotation (i.e., annotated as hypothetical proteins) were analyzed for 
putative functions using National Center for Biotechnology Information Protein BLAST. 
Domain analysis of putative mucus-degrading enzymes was performed using CAZy 
(43). Graphics representing domain architecture were generated using Illustrator for 
Biological Sequences (67). R. torques VIII-239 amino acid sequences were analyzed using 
SulfAtlas HMM using default settings and cutoffs (high prediction: score >300, low 
prediction: 200 < score <300 and coverage >80%, probable fragment: 100 < score 
<300 and coverage <80%) (68).

LC-MS/MS analysis of mucin glycans before and after R. torques growth

R. torques was grown on cMUC2 and PGM using the same growth methods descri
bed above, and samples were collected immediately after inoculating cultures (pre-
growth) and after cultures reached stationary phase (post-growth). Glycans from the 
samples were isolated by dot blot using a PVDF membrane and were analyzed using 
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carbon-column liquid chromatograph-electrospray ionization tandem mass spectrome
try, as previously described (32, 69).

Growth of bacterial strains on R. torques supernatant digests of PGM

R. torques was grown overnight in YCFA with glucose and was centrifuged for 10 min at 
7,197 g. The supernatant was collected and added 1:1 by volume to 20 mg/mL PGM. A 
sample was collected immediately as a control (0 h), and another sample was incubated 
anaerobically at 37°C for 24 h. Upon collection, samples were boiled for 10 min, then 
centrifuged at 7,197 × g for 10 min. The supernatant was collected and dialyzed (1-kDa 
cutoff) against 4 L water, changing the water three times. Samples were then lyophilized, 
resuspended at 20 mg/mL in PBS, and autoclaved with a 5 min sterilization cycle time. 
Growth experiments were performed as previously described, except strains were grown 
in partially DM (47, 48).

Co-culture of R. torques and B. thetaiotaomicron on PGM

Overnight cultures of R. torques (YCFA with glucose), B. thetaiotaomicron (TYG), or A. 
muciniphila (chopped meat) were grown. One milliliter was taken from each culture, 
centrifuged for 2 min at 8,000 rpm, and washed in 2× DM. Centrifugation was repeated 
and cultures were resuspended in 2× DM. Respective cultures were added in a 1:1 vol 
ratio (10 µL of each species into each two strain co-culture), except in one triplicate set 
of R. torques and B. thetaiotaomicron co-cultures which were added in a 3:1 ratio (15 
µL R. torques and 5 µL B. thetaiotaomicron) to a 96-well plate with 80 µL of 2× DM and 
100 µL of substrate (5 mg/mL final glucose or 10 mg/mL final PGM). Co-cultures were 
grown anaerobically at 37°C and were passaged every 24 h. Samples were collected and 
frozen at −20°C until DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) 
according to the following protocol: pre-treatment for Gram-positive bacteria, followed 
by the following protocol: purification of total DNA from animal tissues spin-column as 
described. DNA was quantified using a NanoDrop spectrophotometer (Thermo Scientific) 
and diluted to 5 ng/µL. Quantitative PCR (qPCR) reactions were performed as previously 
described (47), using B. thetaiotaomicron (BT1927F: 5-TCGCCTTTTTCAGATCAGTAGTTGG-3 
and BT1927R: 5-ACGAAAATGGAGTTGAATGGAATAAGTT-3)

r R. torques (RT1159F: 5-CCGTTCCTGACAACATTAG-3; RT1159R: 5-GCCGATTCTCTTTCC
TATATC-3) primers for R. torques and B. thetaiotaomicron co-cultures or previously 
generated qPCR primers (5) for A. muciniphila and B. thetaiotaomicron co-cultures. 
Corresponding standard curves were generated from purified genomic DNA from each 
respective species.
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