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Background: Bacteroidetes are the most common bacterial phylum in the mammalian
intestine and the effects of several Bacteroides spp. on multiple facets of host physiology
have been previously described. Of the Bacteroides spp., Bacteroides ovatus has
recently garnered attention due to its beneficial effects in the context of intestinal
inflammation. In this study, we aimed to examine model host intestinal physiological
conditions and dietary modifications to characterize their effects on B. ovatus growth.

Methods and Results: Using Biolog phenotypic microarrays, we evaluated 62 primary
carbon sources and determined that B. ovatus ATCC 8384 can use the following
carbohydrates as primary carbon sources: 10 disaccharides, 4 trisaccharides, 4
polysaccharides, 4 polymers, 3 L-linked sugars, 6 D-linked sugars, 5 amino-sugars,
6 alcohol sugars, and 15 organic acids. Proteomic profiling of B. ovatus bacteria
revealed that a significant portion of the B. ovatus proteome contains proteins important
for metabolism. Among the proteins, we found glycosyl hydrolase (GH) familes GH2,
GH5, GH20, GH 43, GH88, GH92, and GH95. We also identified multiple proteins with
antioxidant properties and reasoned that these proteins may support B. ovatus growth
in the GI tract. Upon further testing, we showed that B. ovatus grew robustly in various
pH, osmolarity, bile, ethanol, and H2O2 concentrations; indicating that B. ovatus is a
well-adapted gut microbe.

Conclusion: Taken together, we have demonstrated that key host and diet-derived
changes in the intestinal environment influence B. ovatus growth. These data provide
the framework for future work toward understanding how diet and lifestyle interventions
may promote a beneficial environment for B. ovatus growth.
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INTRODUCTION

The order Bacteroidales, in the phylum Bacteroidetes, is the most
abundant gram-negative bacteria in the human gut (Rios-Covian
et al., 2017), with an estimated density of 5–8 × 1010 CFU per
gram of feces (Zitomersky et al., 2011). Bacteroides and Prevotella
dominate the Bacteroidales order and Bacteroides, in particular,
has become a major focus as a gastrointestinal commensal
microbe (Wexler and Goodman, 2017). Bacteroides colonize
the gastrointestinal tracts of mammals, including humans, and
can establish stable, long-term synergistic relationships with
hosts, thereby conferring numerous health benefits (Mazmanian
et al., 2005; Hudcovic et al., 2009; Round and Mazmanian,
2010; Faith et al., 2013; Chiu et al., 2014; Wexler and
Goodman, 2017; Ihekweazu et al., 2019, 2021; Tan et al., 2019).
Since Bacteroides are major constituents of the human gut
microbiota and form a foundational part of the gastrointestinal
microbial food web, Bacteroides spp. are considered an ideal
model group for investigating the fundamental principles of
microbial colonization (Wexler and Goodman, 2017). One
mechanism of colonization implemented by Bacteroides spp. is
the ability to utilize a wide range of dietary polysaccharides
and intestinal mucins (Sonnenburg et al., 2005; Martens et al.,
2011). Bacteroides harbor multiple glycosyl hydrolases required
to degrade dietary and host-derived glycans, as well as the ability
to use amino acids (Smith and Macfarlane, 1998). For example,
B. thetaiotaomicron can metabolize more than a dozen plant-
and host-derived polysaccharides (Salyers et al., 1977; McNeil,
1984). To date, the majority of Bacteroides work has focused
on B. thetaiotaomicron, while fewer studies have examined the
dietary utilization of other Bacteroides spp. like B. fragilis, B.
vulgatus, or B. ovatus.

Human-derived B. ovatus is a candidate next-generation
probiotic because specific strains can suppress inflammation in
the GI tract (Hudcovic et al., 2009; Ihekweazu et al., 2019, 2021;
Tan et al., 2019). We have previously demonstrated that B. ovatus
ameliorates colitis in dextran sodium sulfate (DSS) (Ihekweazu
et al., 2019) and trinitrobenzene sulfonic acid (TNBS) (Ihekweazu
et al., 2021) mouse models. We need to better understand the
dietary and host-derived compounds that promote B. ovatus’
maintenance in the intestine in order to translate the beneficial
health effect observed with B. ovatus in model systems to patients.
In this study, we examined which carbohydrates, polysaccharides,
organic nitrogen sources, and other compounds could affect
the growth of B. ovatus using microbial phenotype microarray
technology, genome analysis, and proteomics. This work is
among the first to delineate the metabolic profile of B. ovatus
ATCC 8384. Our data suggest that B. ovatus utilizes a wide range
of physiologically abundant dietary nutrient sources.

MATERIALS AND METHODS

Bacterial Culture Conditions
Bacteroides ovatus ATCC 8384 (ATCC, American Type Culture
Collection) was grown in Brain-Heart-Infusion media (Difco)
supplemented with 2% yeast extract and 0.2% cysteine in

an anaerobic workstation (Anaerobe Systems AS-580) in a
mixture of 5% CO2, 5% H2, and 90% N2 at 37◦C overnight.
Bacterial growth was measured by optical density (OD600 nm)
using a spectrophotometer and adjusted to an optical density
(OD600 nm) = 0.01 in a chemically defined minimal media
(CDMM) (Karasawa et al., 1995), devoid of glucose. Then 100 µL
of the B. ovatus CDMM solution was added to each well of 96-well
Biolog microarray plates (PM1, PM2, PM5, PM9, and PM10),
which were promptly sealed. Growth was monitored by OD600 nm
readings at 15 min intervals for 24 h on a Cerillo plate reader
incubated anaerobically at 37◦C. Growth was assessed compared
to a negative control well lacking any carbon substrate (A1 of each
plate) and a value of OD600 nm ≥ 0.2 was considered as growth
(n = 2 independent biological replicates).

To mirror the gastrointestinal tract, CDMM containing
glucose was adjusted to pH 7, 6, 5, and 4 using 5 M HCl.
To create a range of osmolarities, 0.1, 0.5, or 1 M NaCl
(Sigma # S9888) was added to CDMM containing glucose.
Likewise, stressors bovine bile (Sigma #B3883), H202 (Sigma
# HX0636), and 200-proof ethanol (Sigma # EX0276) were
individually added to CDMM medium solutions that each
contained glucose. Overnight cultures of B. ovatus were adjusted
to an OD600nm = 0.01 in the CDMM containing glucose and
various stressors and a 100 µL volume of the B. ovatus CDMM
solution was added to each well of a 96-well plate (VWR #1081-
562). Growth was monitored after 24 h using the plate reader.

Proteomic Analysis
Chemicals and Chromatography
Proteomic analysis of B. ovatus ATCC 8384 was performed as
previously described (Engevik et al., 2021). For all experiments,
optima LC/MS-grade acetonitrile (ACN), formic acid (FA),
and PromegaTM porcine trypsin protease were all purchased
from Thermo Fisher Scientific, while ammonium bicarbonate
(BioUltra-grade) was purchased from Millipore-Sigma. Briefly,
B. ovatus was grown anaerobically overnight in CDMM, and
cultures were centrifuged at 7,000 × g for 5 min. B. ovatus
pellets were suspended in a 200-µL volume of water and samples
were sonicated in an ultrasonic bath for 30 min. The disrupted
bacteria were then centrifuged at 10,000 × g for 5 min. The
resulting cell-free supernatants containing bacterial proteins were
dried in a SpeedVac overnight. A 100-µL volume of a 10 µg/mL
solution of porcine trypsin in 25 mM ammonium bicarbonate
was added to the dried proteins and incubated at 37◦C for
8 h. Digested samples were chromatographically separated on a
Dionex Ultimate 3000 RSLC nano-system (Thermo Scientific)
using an Acclaim PepmapTM C-18 capillary column [75 µm
(ID) × 150 mm (L), Thermo Scientific] outfitted with an
Acclaim PepmapTM C18 trap column [100 µm (ID) × 20 mm
(L), Thermo Scientific]. Chromatography was performed as
previously described (Engevik et al., 2020, 2021).

Mass Spectrometric Analysis
Samples were analyzed as previously described (Engevik et al.,
2021) using an Orbitrap Fusion mass spectrometer (Thermo
Scientific) with a nanoionization source operated in positive ion
mode using source and global mass spectrometer settings are
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FIGURE 1 | Bacteroides grows on select dissacharides, trisacharides, polysaccharides and polymers in the absence of glucose. B. ovatus ATCC 8384 was grown
anaerobically at 37◦C in Biolog plates with a chemically-defined minimal media (CDMM) preparation that lacked glucose. Growth was monitored over 24 h by plate
reader in plates containing (A) D-glucose and no glucose controls, (B,C) dissaccharides, (D) trisaccharides, (E) polysaccharides, and (F) polymers. All data are
presented as mean ± stdev.

FIGURE 2 | Bacteroides ovatus grows on certain L-, D-, amino, and alcohol modified sugars. B. ovatus ATCC 8384 was grown anaerobically at 37◦C in Biolog
plates with a chemically-defined minimal media (CDMM) preparation that lacked glucose. Growth was monitored over 24 hrs by plate reader in plates containing (A)
L-linked sugars, (B,C) D-linked sugars, (D) amino sugars, (E) alcohol sugars, and (F) other sugars. All data are presented as mean ± stdev.
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previously described (Engevik et al., 2021). Resulting data were
compared to the Uniprot Bacteroides database (8 Aug 2020) and
analyzed using Proteome Discoverer (Thermo Scientific).

Statistics and Graphs
All graphs were generated using GraphPad Prism software
(version 9) (GraphPad Inc.). Statistical analysis was performed
with Repeated Measures ANOVA with the Holm–Sidak post-
hoc test. The data are presented as mean ± standard deviation,
with P < 0.05 (∗) considered statistically significant. See
Supplementary Table 1 for statistical analysis.

RESULTS

To identify dietary compounds capable of influencing B. ovatus
ATCC 8384 growth, we used Biolog phenotypic microarrays
and a CDMM prepared without glucose. B. ovatus exhibited
minimal growth in CDMM lacking glucose, reaching a maximal
optical density (OD600 nm) of 0.16 ± 0.04 at 3.75 h (Figure 1A
and Supplementary Figure 1A). In contrast, B. ovatus had
robust growth in the presence of D-glucose, reaching a maximal
OD600 nm of 0.75 ± 0.15 at 18.25 h. Disaccharides, trisaccharides,
polysaccharides and polymers are typical dietary components in
the intestine that can be enzymatically digested and taken up
by the gut microbiota. We monitored growth with 10 different

disaccharides to determine if B. ovatus was capable of utilizing
disaccharides for growth (Figures 1B,C). B. ovatus grew to an
OD600 nm > 0.2 (indicative of growth) with all disaccharides
(lactulose, maltose, palatinose, sucrose, turnanose, α-D-lactose,
D-cellobiose, D-melibiose, D-trehalose, and gentobiose; see stats
in Supplementary Table 1). The greatest growth was observed
with D-melibiose (OD600 nm 0.83 ± 0.09 at 11.75 h), sucrose
(OD600 nm 0.72 ± 0.15 at 12.75 h), and maltose (OD600 nm
0.66 ± 0.22 at 16 h). B. ovatus was also able to use the
trisaccharides D-raffinose and stachyose to support growth
(Figure 1D). B. ovatus was still able to grow to an OD600 nm > 0.2
with D-melezitose and maltotriose, but the growth was far
less than that observed with D-raffinose and stachyose. Of the
polysaccharides, B. ovatus could use glycogen, inulin, mannan,
and pectin, but was unable to use laminarin (Figure 1E). B. ovatus
also utilized the polymers α-, β-, and γ-cyclodextrin as well
as dextrin for growth (Figure 1F). As expected, we found that
B. ovatus used disaccharides and trisaccharides to support the
greatest growth, consistent with the notion that polysaccharides
and polymers require more enzymes and time for degradation.

Since B. ovatus was efficient at utilizing disaccharides and
trisaccharides for growth, we next examined the ability of
B. ovatus to use monosaccharides. Interestingly, B. ovatus
exhibited limited growth with L-linked sugars. B. ovatus was able
to use three L-linked sugars: L-arabinose, L-rhamnose, and L-
lyxose for growth (Figure 2A and Supplementary Figure 1B). In

FIGURE 3 | Bacteroides ovatus has nominal growth on amino acids in the absence of glucose. B. ovatus ATCC 8384 was grown anaerobically at 37◦C in Biolog
plates with a chemically-defined minimal media (CDMM) preparation that lacked glucose. Growth was monitored over 24 h by plate reader in plates containing (A,B)
L-linked amino acids, (C) D-linked amino acids, and (D) modified amino acids. All data are presented as mean ± stdev.
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contrast, B. ovatus grew with multiple D-linked sugars, including
D-ribose, D-xylose, D-fructose, D-arabinose, D-galactose, and D-
mannose (Figures 2B,C). Of the D-linked sugars, B. ovatus
used D-fructose (OD600 nm 0.85 ± 0.14 at 11.5 h) and D-
galactose (OD600 nm 0.70 ± 0.26 at 15 h) to generate the
greatest bacterial growth. In terms of amino-sugars, B. ovatus
utilized D-glucosamine, N-acetyl-D-glucosaminitol, N-acetyl-
D-galactosamine, N-acetyl-neuraminic acid, and N-acetyl-D-
glucosamine to drive replication (Figure 2D). B. ovatus also
consumed alcohol sugars like maltitol and to a lesser degree D-
arabitol, D-mannitol, lactitol, L-arabitol, and xylitol for growth
(Figure 2E). When we investigated the ability of B. ovatus to
use other sugars that occur in the gut, we observed that 3-
methyl-glucose supported growth, while other compounds such
as glucuronamide, sedoheptulosan, 2-deoxy-D-ribose, and 3-β-
D-galactopyranosyl-D-arabinose were unable to aid B. ovatus’
expansion (Figure 2F). These data indicate that B. ovatus
utilizes multiple monosaccharides, disaccharides, trisaccharides,

polysaccharides, and polymers to support its growth in the
intestinal milieu.

In the gastrointestinal tract, proteins can be hydrolyzed into
peptides and amino acids by bacterial- and host-derived proteases
and peptidases (Macfarlane et al., 1988, 1989; Neis et al., 2015).
The released amino acids can then be used by gut microbes. We
were interested in identifying amino acids that could support
B. ovatus ATCC 8384 growth in the absence of a carbon source
(D-glucose). Examination of growth with L- and D-amino acids
revealed that B. ovatus could use L-arginine, L-citrulline, L-
leucine, L-lysine (Figure 3A and Supplementary Figure 1C),
glycine (Figure 3C), hydroxy-L-proline, D,L-octopamine, and
sec-butylamine (Figure 3D) to reach an OD600 nm > 0.2, but
robust growth (OD600 nm > 0.5) was not observed for any of the
amino acids (Figures 3A–D).

Organic acids are commonly found in foods and can be
produced by various microbes. Therefore, we examined B. ovatus
growth in the presence of 48 different organic acids. Remarkably,

FIGURE 4 | Bacteroides ovatus grows on certain acids in the absence of glucose. B. ovatus ATCC 8384 was grown anaerobically at 37◦C in Biolog plates with a
chemically-defined minimal media (CDMM) preparation that lacked glucose. Growth was monitored over 24 h by plate reader in plate containing various acids (A–F).
All data are presented as mean ± stdev.
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B. ovatus was capable of using 2-hydroxy-benzoic acid,
α-keto-valeric acid, β-hydroxy-butyric acid (Figure 4A), acetic
acid, acetoacetic acid, β-methyl-D-glucuronic acid (Figure 4B
and Supplementary Figure 1D), caproic acid, caprylic acid,
citraconic acid (Figure 4C), γ-amino-valeric acid, D-galacturonic
acid (Figure 4D), D-malic acid (Figure 4E), glycolic acid,
glycoxylic acid, and L-malic acid (Figure 4F) for growth. Finally,
we examined phosphates, vitamins, diols, tweens, and other
compounds common to the intestinal environment (Figure 5
and Supplementary Figure 1E). B. ovatus was unable to use
phosphates (Figure 5A) or vitamins (Figure 5B) to support its
growth. However, B. ovatus was able to grow with the diols 2,3-
butanediol and ethylene glycol, as well as tween 80 (Figure 5C).

Additionally, B. ovatus was able to use chondroitin sulfate
C (Figure 5D), dihydroxy-acetone, and gelatin (Figure 5E),
indicating that B. ovatus is a highly versatile organism in terms
of nutrient utilization.

Next, we assessed the B. ovatus proteome. Using LC-MS/MS,
we identified that 15.4% of the B. ovatus ATCC 8384 proteome
was involved in metabolic pathways (Figure 6). These proteins
included α-glucan phosphorylase (storage of polysaccharides),
glucosamine-6-phosphate deaminase (generation of fructose
6-phosphate), galactokinase (phosphorylation of α-D-galactose),
and others. We also identified proteins related to the
metabolism of cysteine/methionine (5.1%), carbon (5.1%),
fructose/mannose (2.6%), fatty acids (2.6%), pyruvate (2.6%),

FIGURE 5 | Bacteroides ovatus uses select substrates to support its growth. B. ovatus ATCC 8384 was grown anaerobically at 37◦C in Biolog plates with a
chemically-defined minimal media (CDMM) preparation that lacked glucose. Growth was monitored over 24 h by plate reader in plates containing (A) phosphates,
(B) vitamins, (C) diols and tweens, and (D,E) other compounds. All data are presented as mean ± stdev.
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FIGURE 6 | Proteomic pathway analysis of B. ovatus by proteomic analysis. B. ovatus ATCC 8384 was examined using high-resolution liquid
chromatography-tandem mass spectrometry based proteomics. The functional classifications of these proteins are illustrated in the pie chart above.

pyrimidine (2.6%), and purine (2.6%). Consistent with the
ability to use diverse nutrient sources, we identified several
glycosyl hydrolase (GH) proteins, including GH2, GH5,
GH20, GH32, GH43, GH88, GH92, and GH95 (Table 1). We
observed that 5.1% of the B. ovatus proteome corresponded
with metabolism in diverse environments (Figure 6). We
found several oxidative stress related proteins like thioredoxin
reductase, antioxidant AhpC/TSA, thiamine pyrophosphate
enzyme, S-adenosylmethionine synthase, oxidoreductase, and
rubrerythrin. We predicted that the presence of these proteins
may help B. ovatus survive in the gastrointestinal tract, which
varies in terms of pH, osmolarity, bile, etc. To mirror stressors
found in the gastrointestinal tract, we grew B. ovatus in CDMM
containing glucose with varying pH, NaCl, bile, ethanol, and
hydrogen peroxide concentration (Figure 7). B. ovatus grew well
in CDMM at pH 7 and 6; similar to the intestinal pH range of
6–7 (Figure 7A). Varying NaCl concentrations were tested to
mimic osmolarity fluctuations and we found that concentrations
up to 0.1 M NaCl did not affect the ability of B. ovatus to grow
(Figure 7B). However, NaCl values of 0.5 M and 1 M, which are
outside the normal osmolarity range of the intestine, inhibited
B. ovatus growth. Interestingly, B. ovatus maintained growth in
0.5 and 1% bovine bile but exhibited reduced growth with 5%
bile (Figure 7C). Likewise, we found that B. ovatus tolerated 1
and 2.5% ethanol but was inhibited by 5% ethanol (Figure 7D).
Finally, we observed no changes in B. ovatus growth with 0.1%
H202 but decreasing levels of growth with 0.4 and 0.8% H202.
Collectively these data indicate that B. ovatus is well equipped to
sustain growth using diverse nutrient sources and represents a
well-adapted gut commensal.

DISCUSSION

We found that B. ovatus is a versatile gut microbe in terms of
nutrient utilization and management of environmental stressors.
We identified that B. ovatus ATCC 8384 can use 10 disaccharides,
4 trisaccharides, 4 polysaccharides, 4 polymers, 3 L-linked sugars,
6 D-linked sugars, 5 amino-sugars, 6 alcohol sugars, and 15
organic acids for growth (Figure 8). While not an exhaustive
list, this impressive number of nutrient sources represents a
wide range of options to support the growth of B. ovatus in an
environment that is ever changing like the GI tract. The ability to
use select nutrient sources was likewise reflected by the glycosyl
hydrolases present in the proteome of B. ovatus ATCC 8384.
Finally, we found that B. ovatus ATCC 8384 grew in conditions
that mirrored the intestine, highlighting its role as a commensal
gut microbe.

The gut microbiota contributes substantially to host health.
Commensal gut microbes are known to modulate the immune
system, enhance the epithelial barrier, prevent pathogen
colonization, and provide key nutrients (Engevik and Versalovic,
2017). The importance of these microbes is highlighted by
the fact that alterations in microbial community structure, or
dysbiosis, are associated with numerous diseases, including
inflammatory bowel, metabolic, cardiovascular, and neurological
diseases. As a result, controlling the composition of the intestinal
microbiota is an important factor in maintaining human health.
Studies in human subjects have revealed that diet plays a
significant role in shaping the microbiota and dietary alterations
can induce large microbial shifts within 24 h (Singh et al., 2017).
Bacteroides are a dominant bacterial genus in the healthy adult
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TABLE 1 | Glycosyl hydrolases identified in B. ovatus ATCC 8384 by proteomic analysis.

Family Accession Description Activities in Family Function

GH2 A0A515IYC1 Glycoside hydrolase
family 2 protein

β-galactosidase (EC 3.2.1.23); β-mannosidase (EC 3.2.1.25); β-glucuronidase
(EC 3.2.1.31); α-L-arabinofuranosidase (EC 3.2.1.55); mannosylglycoprotein
endo-β-mannosidase (EC 3.2.1.152); exo-β-glucosaminidase (EC 3.2.1.165);
α-L-arabinopyranosidase (EC 3.2.1.-); β-galacturonidase (EC 3.2.1.-);
β-xylosidase (EC 3.2.1.37); β-D-galactofuranosidase (EC 3.2.1.146);
β-glucosidase

Hydrolase activity, hydrolyzing
O-glycosyl compounds

GH5 A7LXR4 Cellulase (Glycosyl
hydrolase family 5)

Endo-β-1,4-glucanase/cellulase (EC 3.2.1.4); endo-β-1,4-xylanase (EC 3.2.1.8);
β-glucosidase (EC 3.2.1.21); β-mannosidase (EC 3.2.1.25);
β-glucosylceramidase (EC 3.2.1.45); glucan β-1,3-glucosidase (EC 3.2.1.58);
exo-β-1,4-glucanase/cellodextrinase (EC 3.2.1.74); glucan
endo-1,6-β-glucosidase (EC 3.2.1.75); mannan endo-β-1,4-mannosidase (EC
3.2.1.78); cellulose β-1,4-cellobiosidase (EC 3.2.1.91); steryl β-glucosidase (EC
3.2.1.104); endoglycoceramidase (EC 3.2.1.123); chitosanase (EC 3.2.1.132);
β-primeverosidase (EC 3.2.1.149); xyloglucan-specific endo-β-1,4-glucanase
(EC 3.2.1.151); endo-β-1,6-galactanase (EC 3.2.1.164); β-1,3-mannanase (EC
3.2.1.-); arabinoxylan-specific endo-β-1,4-xylanase (EC 3.2.1.-); mannan
transglycosylase (EC 2.4.1.-); lichenase/endo-β-1,3-1,4-glucanase (EC
3.2.1.73); β-glycosidase (EC 3.2.1.-); endo-β-1,3-glucanase/laminarinase (EC
3.2.1.39); β-N-acetylhexosaminidase (EC 3.2.1.52); chitosanase (EC
3.2.1.132); β-D-galactofuranosidase (EC 3.2.1.146); β-galactosylceramidase
(EC 3.2.1.46); β-rutinosidase /α-L-rhamnose-(1,6)-β-D-glucosidase (EC 3.2.1.-);
α-L-arabinofuranosidase (EC 3.2.1.55); glucomannan-specific
endo-Î2-1,4-glucanase

Hydrolase activity, hydrolyzing
O-glycosyl compounds

GH20 A0A5M5D8K1 Family 20
glycosylhydrolase

β-hexosaminidase (EC 3.2.1.52); lacto-N-biosidase (EC 3.2.1.140);
β-1,6-N-acetylglucosaminidase (EC 3.2.1.-); β-6-SO3-N-acetylglucosaminidase
(EC 3.2.1.-)

Hydrolysis of terminal non-reducing
N-acetyl-D-hexosamine residues in
N-acetyl-beta-D-hexosaminides

GH32 A0A413VC74 Glycoside hydrolase
family 32 protein

Invertase (EC 3.2.1.26); endo-inulinase (EC 3.2.1.7); β-2,6-fructan
6-levanbiohydrolase (EC 3.2.1.64); endo-levanase (EC 3.2.1.65); exo-inulinase
(EC 3.2.1.80); fructan β-(2,1)-fructosidase/1-exohydrolase (EC 3.2.1.153);
fructan β-(2,6)-fructosidase/6-exohydrolase (EC 3.2.1.154); sucrose:sucrose
1-fructosyltransferase (EC 2.4.1.99); fructan:fructan 1-fructosyltransferase (EC
2.4.1.100); sucrose:fructan 6-fructosyltransferase (EC 2.4.1.10); fructan:fructan
6G-fructosyltransferase (EC 2.4.1.243); levan fructosyltransferase (EC 2.4.1.-);
[retaining] sucrose:sucrose 6-fructosyltransferase (6-SST) (EC 2.4.1.-);
cycloinulo-oligosaccharide fructanotransferase (EC 2.4.1.-)

Hydrolase activity, hydrolyzing
O-glycosyl compounds

GH43 A0A515ITK9 Family 43 glycosyl
hydrolase

β-xylosidase (EC 3.2.1.37); α-L-arabinofuranosidase (EC 3.2.1.55); xylanase
(EC 3.2.1.8); α-1,2-L-arabinofuranosidase (EC 3.2.1.-);
exo-α-1,5-L-arabinofuranosidase (EC 3.2.1.-); [inverting]
exo-α-1,5-L-arabinanase (EC 3.2.1.-); β-1,3-xylosidase (EC 3.2.1.-); [inverting]
exo-α-1,5-L-arabinanase (EC 3.2.1.-); [inverting] endo-α-1,5-L-arabinanase (EC
3.2.1.99); exo-β-1,3-galactanase (EC 3.2.1.145); β-D-galactofuranosidase (EC
3.2.1.146)

Hydrolase activity, hydrolyzing
O-glycosyl compounds

GH43 A0A5M5M352 Family 43
glycosylhydrolase

β-xylosidase (EC 3.2.1.37); α-L-arabinofuranosidase (EC 3.2.1.55); xylanase
(EC 3.2.1.8); α-1,2-L-arabinofuranosidase (EC 3.2.1.-);
exo-α-1,5-L-arabinofuranosidase (EC 3.2.1.-); [inverting]
exo-α-1,5-L-arabinanase (EC 3.2.1.-); β-1,3-xylosidase (EC 3.2.1.-); [inverting]
exo-α-1,5-L-arabinanase (EC 3.2.1.-); [inverting] endo-α-1,5-L-arabinanase (EC
3.2.1.99); exo-β-1,3-galactanase (EC 3.2.1.145); β-D-galactofuranosidase (EC
3.2.1.146)

Hydrolase activity, hydrolyzing
O-glycosyl compounds

GH88 A0A5M5NKV7 Glycosyl hydrolase
family 88

D-4,5-unsaturated β-glucuronyl hydrolase (EC 3.2.1.-) hydrolase activity

GH88 A0A5M5EPT8 Glucuronyl hydrolase D-4,5-unsaturated β-glucuronyl hydrolase (EC 3.2.1.-) hydrolase activity

GH92 A0A641WAJ0 Glycoside hydrolase
family 92 protein

Mannosyl-oligosaccharide α-1,2-mannosidase (EC 3.2.1.113);
mannosyl-oligosaccharide α-1,3-mannosidase (EC 3.2.1.-);
mannosyl-oligosaccharide α-1,6-mannosidase (EC 3.2.1.-); α-mannosidase (EC
3.2.1.24); α-1,2-mannosidase (EC 3.2.1.-); α-1,3-mannosidase (EC 3.2.1.-);
α-1,4-mannosidase (EC 3.2.1.-); mannosyl-1-phosphodiester
α-1,P-mannosidase (EC 3.2.1.-)

Hydrolase activity

GH92 A0A5M5N3X7 Glycoside hydrolase
family 92 protein

Mannosyl-oligosaccharide α-1,2-mannosidase (EC 3.2.1.113);
mannosyl-oligosaccharide α-1,3-mannosidase (EC 3.2.1.-);
mannosyl-oligosaccharide α-1,6-mannosidase (EC 3.2.1.-); α-mannosidase (EC
3.2.1.24); α-1,2-mannosidase (EC 3.2.1.-); α-1,3-mannosidase (EC 3.2.1.-);
α-1,4-mannosidase (EC 3.2.1.-); mannosyl-1-phosphodiester
α-1,P-mannosidase (EC 3.2.1.-)

Hydrolase activity

GH95 A0A641QB35 Glycoside hydrolase
family 95 protein

α-L-fucosidase (EC 3.2.1.51); α-1,2-L-fucosidase (EC 3.2.1.63);
α-L-galactosidase (EC 3.2.1.-)

Alpha-L-fucosidase activity
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FIGURE 7 | Bacteroides ovatus grows in conditions resembling the intestine. B. ovatus ATCC 8384 was grown anaerobically at 37◦C in a chemically-defined
minimal media (CDMM) preparation containing glucose and various (A) pHs, (B) NaCl concentrations (M), (C) bovine bile (%), (D) ethanol (%), and (E) hydrogen
peroxide (%). All data are presented as mean ± stdev at the 24 h time point. *P < 0.05.

microbiota. Of the members of genus Bacteroides, B. ovatus
has recently garnered attention for its anti-inflammatory and
health-promoting properties (Hudcovic et al., 2009; Ihekweazu
et al., 2019, 2021; Tan et al., 2019). The potential to shape the
composition of Bacteroides, particularly B. ovatus, within the
human gastrointestinal tract with specific combinations of
dietary nutrients merits further study.

Our data revealed that B. ovatus ATCC 8384 could use
multiple L- and D-linked sugars as growth substrates. However,
the majority of dietary monosaccharides are absorbed in the
small intestine and are unlikely to be found in the colon;
the primary site of B. ovatus colonization. In the colon,
B. ovatus likely encounters complex polysaccharides which
are not host digestible. These likely include plant cell wall
polysaccharides (dietary fiber), animal polysaccharides, plant and
animal glycoproteins, natural and derivatized polysaccharides
used as food rheology modifiers, and oligosaccharides. Our
data also shows that B. ovatus can use multiple trisaccharides,
polysaccharides, and polymers. For example, we found that

B. ovatus can use inulin for growth. Inulin is a naturally
occurring polysaccharide mixture produced by several plants
and commonly found in industrialized foods as a fat substitute.
Inulin is also considered a prebiotic or non-digestible food
ingredient (Abed et al., 2016). Other groups have noted the
utilization of inulin by Bacteroides spp. including B. ovatus
(Sonnenburg et al., 2010). Rakoff-Nahoum et al. (2016) found
that digestion of inulin in vitro and in vivo increased the
fitness of B. ovatus due to reciprocal cross-feeding with
another species B. vulgatus. Additionally, in a randomized
controlled trial, patients consuming inulin and oligofructose had
a significant increase in fecal B. ovatus levels (Birkeland et al.,
2020); indicating that diet can significantly influence B. ovatus
in vivo.

We also found that B. ovatus grew well with another prebiotic
fiber, pectin. Consistent with our work, Chung et al. (2016) found
that the addition of inulin and pectin to human gut microbial
communities cultured in anaerobic continuous flow fermenters
increased Bacteroides abundance, and specifically B. ovatus. In
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FIGURE 8 | Our data suggest that B. ovatus consumes a variety of dietary sources and we speculate that these features contribute to the ability of B. ovatus to
colonize the intestine.

another study using in vitro fermenters, Larsen et al. observed
that B. ovatus increased in concentrations with diverse pectins
(Larsen et al., 2019). Using a defined microbial community of
five species, another group found that B. ovatus increased in
growth with pectin (Liu et al., 2020). Work by Pudlo et al. (2021)
identified that multiple B. ovatus strains could use pectins, starch,
fructans, and glycosaminoglycans. These findings, as well as our
own, indicate that the addition of polysaccharides like inulin and
pectin to the diet could promote B. ovatus growth and potentially
increase B. ovatus levels in the colon.

To degrade complex substrates, gut microbes can encode
a vast array of carbohydrate-active enzymes (CAZymes) and
associated proteins to forage nutrients in the gut. In our
proteome analysis, we observed multiple glycosyl hydrolases
involved in the metabolism of dietary substances. B. ovatus
ATCC 8384 possessed GH2, GH5 and GH92; families which
harbor α- and β-mannosidases. In our growth analysis, we
found that B. ovatus was able to use mannan to support its
growth (Figure 1E) and we speculate that this might be due
to GH2, GH5 or GH92 mannosidases. GH2 and GH5 also
contain β-glucosidases, which may help explain the ability of
B. ovatus to use cellobiose as a substrate (Figure 1C). The
B. ovatus genome contains multiple gene copies of GH43
(β-xylosidases) and we observed the presence of a GH43 protein
in our proteomic analysis. β-xylosidases hydrolyze xyloglucan,
a component of plant cell wall polysaccharides, into single
xylose units. Although xyloglucan was not included in our
microarrays, previous groups have shown that B. ovatus possesses
a cell-surface endo-glucanase, which coordinates xyloglucan
uptake, and a xyloglucan utilization locus (XyGUL; comprising

α-xylosidase, a β-glucosidase, and two α-l-arabinofuranosidases),
which promotes the growth of B. ovatus on xyloglucan and
xylooligosaccharides (Hemsworth et al., 2016; Tauzin et al., 2016;
Mendis et al., 2018; Foley et al., 2019). Another study found
that B. ovatus was the only Bacteroides spp. that could grow
in minimal medium containing arabinoxylan as the sole carbon
source (Wu et al., 2015). Importantly, B. ovatus ATCC 8483 has
been shown to grow on xylan isolated from a variety of plants
(Centanni et al., 2017), highlighting once again the importance of
diet in the manipulation of B. ovatus levels.

While the use of polysaccharides and carbohydrates by the
gut microbiota have been well documented, the digestive fate
of amino acids and other dietary organic acids are less well
understood. Our data indicate that B. ovatus can only nominally
use amino acids for growth, indicating that a carbon source
is necessary for proper growth. Interestingly, we found that
several organic acids could promote growth to OD600 nm > 0.4.
For example, we found that B. ovatus could use capric acid, a
medium-chain fatty acid found in saturated fats, coconut oil,
palm kernel oil, cow’s milk, and goat’s milk. We also observed
that B. ovatus could grow with malic acid; a dicarboxylic acid
that contributes to the sour taste of fruits and is commonly used
as a food additive. These substrates may represent unexplored
nutrient niches for commensal microbes and therefore help
mediate colonization. By using a minimal fully defined media,
we were able to identify novel compounds, such as organic acids,
which stimulated B. ovatus growth. However, it is possible that
some compounds work in synergy. Future studies using richer
media would help define the interplay between nutrient sources
in B. ovatus.
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In summary, our data provides a deeper, more comprehensive
profile of nutrient utilization by the commensal microbe
B. ovatus ATCC 8384. We hope that our characterization will be
incorporated into existing metabolic models for B. ovatus. Our
data demonstrate that B. ovatus is extremely versatile in terms
of nutrient utilization and commonly used prebiotics, as well as
potentially unique dietary sources such as food-related organic
acids. With this information, we envision designing specific diets
based on nutrient components targeted at modulating B. ovatus
levels in the gut. Further experiments using animal models will be
necessary to confirm the ability of B. ovatus to use these dietary
sources to drive colonization, but in the future, we think it might
be possible to stimulate B. ovatus growth to promote long-lasting
health effects in the host.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://massive.ucsd.ed
u/ProteoSAFe/private-dataset.jsp?task=9e9343b12d3540e7bc8c4
70f2de719d3, MSV000086294.

AUTHOR CONTRIBUTIONS

RF, SB, and ME: concept and design. RF, TT, FI, TH, SH, KH,
MB, JS, AH, SB, and ME: intellectual contribution. RF, TT, FI,
TH, SH, and KH: data acquisition. RF, TT, FI, TH, SH, KH, MB,
JS, AH, SB, and ME: data analysis, statistics, and interpretation.

RF and ME: drafting manuscript. RF, TT, FI, TH, SH, KH, MB,
JS, AH, SB, and ME: editing manuscript. AH, SB, and ME:
funding. All authors: contributed to the article and approved the
submitted version.

FUNDING

This work was supported by grants from the National Institute
of Diabetes and Digestive and Kidney Diseases T32DK00766428
(FI), Brain & Behavior Research Foundation (NARSAD Young
Investigator Grant 28298) (SB), K01DK12319501 (ME), and
T32DK124191-01A1 (TT).

ACKNOWLEDGMENTS

The Texas Children’s Hospital Department of Pathology and
Immunology provides salary support to Texas Children’s
Microbiome Center-Metabolomics and Proteomics Mass
Spectrometry Lab staff, and purchased all of the reagents,
consumables and durable supplies, and the LC-MS/MS
equipment described.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.745469/full#supplementary-material

REFERENCES
Abed, S. M., Ali, A. H., Noman, A., SobiaNiazi, Al-FargaAmmar, and Bakry, A.

(2016). Inulin as prebiotics and its applications in food industry and human
health; a review. Int. J. Agric. Innov. Res. 5:2319.

Birkeland, E., Gharagozlian, S., Birkeland, K. I., Valeur, J., Mage, I., Rud, I., et al.
(2020). Prebiotic effect of inulin-type fructans on faecal microbiota and short-
chain fatty acids in type 2 diabetes: a randomised controlled trial. Eur. J. Nutr.
59, 3325–3338. doi: 10.1007/s00394-020-02282-5

Centanni, M., Hutchison, J. C., Carnachan, S. M., Daines, A. M., Kelly, W. J.,
Tannock, G. W., et al. (2017). Differential growth of bowel commensal
Bacteroides species on plant xylans of differing structural complexity.
Carbohydr. Polym. 157, 1374–1382. doi: 10.1016/j.carbpol.2016.11.017

Chiu, C. C., Ching, Y. H., Wang, Y. C., Liu, J. Y., Li, Y. P., Huang, Y. T., et al. (2014).
Monocolonization of germ-free mice with Bacteroides fragilis protects against
dextran sulfate sodium-induced acute colitis. Biomed. Res. Int. 2014:675786.
doi: 10.1155/2014/675786

Chung, W. S., Walker, A. W., Louis, P., Parkhill, J., Vermeiren, J., Bosscher, D., et al.
(2016). Modulation of the human gut microbiota by dietary fibres occurs at the
species level. BMC Biol. 14:3. doi: 10.1186/s12915-015-0224-3

Engevik, M. A., and Versalovic, J. (2017). Biochemical features of beneficial
microbes: foundations for therapeutic Microbiology. Microbiol. Spectr.
5:10.1128/microbiolspec.BAD-0012-2016. doi: 10.1128/microbiolspec.BAD-
0012-2016

Engevik, M. A., Danhof, H. A., Hall, A., Engevik, K. A., Horvath, T. D., Haidacher,
S. J., et al. (2021). The metabolic profile of Bifidobacterium dentium reflects
its status as a human gut commensal. BMC Microbiol. 21:154. doi: 10.1186/
s12866-021-02166-6

Engevik, M. A., Luck, B., Visuthranukul, C., Ihekweazu, F. D., Engevik, A. C.,
Shi, Z., et al. (2020). Human-derived Bifidobacterium dentium modulates the
mammalian serotonergic system and gut-brain axis. Cell Mol. Gastroenterol.
Hepatol. 11, 221–248. doi: 10.1016/j.jcmgh.2020.08.002

Faith, J. J., Guruge, J. L., Charbonneau, M., Subramanian, S., Seedorf, H., Goodman,
A. L., et al. (2013). The long-term stability of the human gut microbiota. Science
341:1237439.

Foley, M. H., Dejean, G., Hemsworth, G. R., Davies, G. J., Brumer, H., and
Koropatkin, N. M. (2019). A cell-surface GH9 endo-glucanase coordinates
with surface glycan-binding proteins to mediate xyloglucan uptake in the gut
symbiont Bacteroides ovatus. J. Mol. Biol. 431, 981–995. doi: 10.1016/j.jmb.
2019.01.008

Hemsworth, G. R., Thompson, A. J., Stepper, J., Sobala, L. F., Coyle, T., Larsbrink,
J., et al. (2016). Structural dissection of a complex Bacteroides ovatus gene locus
conferring xyloglucan metabolism in the human gut. Open. Biol. 6:160142.
doi: 10.1098/rsob.160142

Hudcovic, T., Kozakova, H., Kolinska, J., Stepankova, R., Hrncir, T., and
Tlaskalova-Hogenova, H. (2009). Monocolonization with Bacteroides ovatus
protects immunodeficient SCID mice from mortality in chronic intestinal
inflammation caused by long-lasting dextran sodium sulfate treatment. Physiol.
Res. 58, 101–110. doi: 10.33549/physiolres.931340

Ihekweazu, F. D., Engevik, M. A., Ruan, W., Shi, Z., Fultz, R., Engevik, K. A.,
et al. (2021). Bacteroides ovatus promotes IL-22 production and reduces
trinitrobenzene sulfonic acid-driven colonic inflammation. Am. J. Pathol. 191,
704–719. doi: 10.1016/j.ajpath.2021.01.009

Ihekweazu, F. D., Fofanova, T. Y., Queliza, K., Nagy-Szakal, D., Stewart, C. J.,
Engevik, M. A., et al. (2019). Bacteroides ovatus ATCC 8483 monotherapy is
superior to traditional fecal transplant and multi-strain bacteriotherapy in a

Frontiers in Microbiology | www.frontiersin.org 11 November 2021 | Volume 12 | Article 745469

https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=9e9343b12d3540e7bc8c470f2de719d3
https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=9e9343b12d3540e7bc8c470f2de719d3
https://massive.ucsd.edu/ProteoSAFe/private-dataset.jsp?task=9e9343b12d3540e7bc8c470f2de719d3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.745469/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.745469/full#supplementary-material
https://doi.org/10.1007/s00394-020-02282-5
https://doi.org/10.1016/j.carbpol.2016.11.017
https://doi.org/10.1155/2014/675786
https://doi.org/10.1186/s12915-015-0224-3
https://doi.org/10.1128/microbiolspec.BAD-0012-2016
https://doi.org/10.1128/microbiolspec.BAD-0012-2016
https://doi.org/10.1186/s12866-021-02166-6
https://doi.org/10.1186/s12866-021-02166-6
https://doi.org/10.1016/j.jcmgh.2020.08.002
https://doi.org/10.1016/j.jmb.2019.01.008
https://doi.org/10.1016/j.jmb.2019.01.008
https://doi.org/10.1098/rsob.160142
https://doi.org/10.33549/physiolres.931340
https://doi.org/10.1016/j.ajpath.2021.01.009
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-745469 November 20, 2021 Time: 19:37 # 12

Fultz et al. Bacteroides ovatus’ Metabolic Requirements

murine colitis model. Gut. Microbes 10, 504–520. doi: 10.1080/19490976.2018.
1560753

Karasawa, T., Ikoma, S., Yamakawa, K., and Nakamura, S. (1995). A defined growth
medium for Clostridium difficile. Microbiology 141, 371–375. doi: 10.1099/
13500872-141-2-371

Larsen, N., Bussolo de Souza, C., Krych, L., Barbosa Cahu, T., Wiese, M., Kot, W.,
et al. (2019). Potential of pectins to beneficially modulate the gut microbiota
depends on their structural properties. Front. Microbiol. 10:223. doi: 10.3389/
fmicb.2019.00223

Liu, Y., Heath, A. L., Galland, B., Rehrer, N., Drummond, L., Wu, X. Y., et al. (2020).
Substrate use prioritization by a coculture of five species of gut bacteria fed
mixtures of arabinoxylan, xyloglucan, beta-glucan, and pectin. Appl. Environ.
Microbiol. 86:e01905-19. doi: 10.1128/AEM.01905-19

Macfarlane, G. T., Allison, C., Gibson, S. A., and Cummings, J. H. (1988).
Contribution of the microflora to proteolysis in the human large intestine.
J. Appl. Bacteriol. 64, 37–46. doi: 10.1111/j.1365-2672.1988.tb02427.x

Macfarlane, G. T., Cummings, J. H., Macfarlane, S., and Gibson, G. R. (1989).
Influence of retention time on degradation of pancreatic enzymes by human
colonic bacteria grown in a 3-stage continuous culture system. J. Appl. Bacteriol.
67, 520–527.

Martens, E. C., Lowe, E. C., Chiang, H., Pudlo, N. A., Wu, M., McNulty, N. P.,
et al. (2011). Recognition and degradation of plant cell wall polysaccharides by
two human gut symbionts. PLoS Biol. 9:e1001221. doi: 10.1371/journal.pbio.
1001221

Mazmanian, S. K., Liu, C. H., Tzianabos, A. O., and Kasper, D. L. (2005). An
immunomodulatory molecule of symbiotic bacteria directs maturation of the
host immune system. Cell 122, 107–118. doi: 10.1016/j.cell.2005.05.007

McNeil, N. I. (1984). The contribution of the large intestine to energy supplies in
man. Am. J. Clin. Nutr. 39, 338–342. doi: 10.1093/ajcn/39.2.338

Mendis, M., Martens, E. C., and Simsek, S. (2018). How fine structural differences
of xylooligosaccharides and arabinoxylooligosaccharides regulate differential
growth of Bacteroides Species. J. Agric. Food Chem. 66, 8398–8405. doi: 10.1021/
acs.jafc.8b01263

Neis, E. P., Dejong, C. H., and Rensen, S. S. (2015). The role of microbial amino
acid metabolism in host metabolism. Nutrients 7, 2930–2946. doi: 10.3390/
nu7042930

Pudlo, N. A., Urs, K., Crawford, R., Pirani, A., Atherly, T., Jimenez, R., et al. (2021).
Phenotypic and genomic diversification in complex carbohydrate degrading
human gut bacteria. bioRxiv [preprint]. doi: 10.1101/2021.07.15.452266

Rakoff-Nahoum, S., Foster, K. R., and Comstock, L. E. (2016). The evolution of
cooperation within the gut microbiota. Nature 533, 255–259. doi: 10.1038/
nature17626

Rios-Covian, D., Salazar, N., Gueimonde, M., and de Los Reyes-Gavilan, C. G.
(2017). Shaping the metabolism of intestinal Bacteroides population through
diet to improve human health. Front. Microbiol. 8:376. doi: 10.3389/fmicb.2017.
00376

Round, J. L., and Mazmanian, S. K. (2010). Inducible foxp3+ regulatory T-cell
development by a commensal bacterium of the intestinal microbiota. Proc. Natl.
Acad. Sci. U.S.A. 107, 12204–12209. doi: 10.1073/pnas.0909122107

Salyers, A. A., Vercellotti, J. R., West, S. E., and Wilkins, T. D. (1977). Fermentation
of mucin and plant polysaccharides by strains of Bacteroides from the human
colon. Appl. Environ. Microbiol. 33, 319–322. doi: 10.1128/aem.33.2.319-322.
1977

Singh, R. K., Chang, H. W., Yan, D., Lee, K. M., Ucmak, D., Wong, K., et al. (2017).
Influence of diet on the gut microbiome and implications for human health.
J. Transl. Med. 15:73.

Smith, E. A., and Macfarlane, G. T. (1998). Enumeration of amino acid fermenting
bacteria in the human large intestine: effects of pH and starch on peptide
metabolism and dissimilation of amino acids. FEMS Microbiol. Ecol. 25, 355–
368. doi: 10.1111/j.1574-6941.1998.tb00487.x

Sonnenburg, E. D., Zheng, H., Joglekar, P., Higginbottom, S. K., Firbank, S. J.,
Bolam, D. N., et al. (2010). Specificity of polysaccharide use in intestinal
Bacteroides species determines diet-induced microbiota alterations. Cell 141,
1241–1252. doi: 10.1016/j.cell.2010.05.005

Sonnenburg, J. L., Xu, J., Leip, D. D., Chen, C. H., Westover, B. P., Weatherford, J.,
et al. (2005). Glycan foraging in vivo by an intestine-adapted bacterial symbiont.
Science 307, 1955–1959. doi: 10.1126/science.1109051

Tan, H., Zhao, J., Zhang, H., Zhai, Q., and Chen, W. (2019). Novel strains
of Bacteroides fragilis and Bacteroides ovatus alleviate the LPS-induced
inflammation in mice. Appl. Microbiol. Biotechnol. 103, 2353–2365. doi: 10.
1007/s00253-019-09617-1

Tauzin, A. S., Kwiatkowski, K. J., Orlovsky, N. I., Smith, C. J., Creagh, A. L.,
Haynes, C. A., et al. (2016). Molecular dissection of xyloglucan recognition in
a prominent human gut symbiont. mBio 7:e02134-15. doi: 10.1128/mBio.021
34-15

Wexler, A. G., and Goodman, A. L. (2017). An insider’s perspective: Bacteroides as
a window into the microbiome. Nat. Microbiol. 2:17026.

Wu, M., McNulty, N. P., Rodionov, D. A., Khoroshkin, M. S., Griffin, N. W., Cheng,
J., et al. (2015). Genetic determinants of in vivo fitness and diet responsiveness
in multiple human gut Bacteroides. Science 350:aac5992. doi: 10.1126/science.
aac5992

Zitomersky, N. L., Coyne, M. J., and Comstock, L. E. (2011). Longitudinal analysis
of the prevalence, maintenance, and IgA response to species of the order
bacteroidales in the human gut. Infect. Immun. 79, 2012–2020. doi: 10.1128/
IAI.01348-10

Conflict of Interest: JS receives unrestricted research support from Biogaia, AB.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Fultz, Ticer, Ihekweazu, Horvath, Haidacher, Hoch, Bajaj,
Spinler, Haag, Buffington and Engevik. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org 12 November 2021 | Volume 12 | Article 745469

https://doi.org/10.1080/19490976.2018.1560753
https://doi.org/10.1080/19490976.2018.1560753
https://doi.org/10.1099/13500872-141-2-371
https://doi.org/10.1099/13500872-141-2-371
https://doi.org/10.3389/fmicb.2019.00223
https://doi.org/10.3389/fmicb.2019.00223
https://doi.org/10.1128/AEM.01905-19
https://doi.org/10.1111/j.1365-2672.1988.tb02427.x
https://doi.org/10.1371/journal.pbio.1001221
https://doi.org/10.1371/journal.pbio.1001221
https://doi.org/10.1016/j.cell.2005.05.007
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1021/acs.jafc.8b01263
https://doi.org/10.1021/acs.jafc.8b01263
https://doi.org/10.3390/nu7042930
https://doi.org/10.3390/nu7042930
https://doi.org/10.1101/2021.07.15.452266
https://doi.org/10.1038/nature17626
https://doi.org/10.1038/nature17626
https://doi.org/10.3389/fmicb.2017.00376
https://doi.org/10.3389/fmicb.2017.00376
https://doi.org/10.1073/pnas.0909122107
https://doi.org/10.1128/aem.33.2.319-322.1977
https://doi.org/10.1128/aem.33.2.319-322.1977
https://doi.org/10.1111/j.1574-6941.1998.tb00487.x
https://doi.org/10.1016/j.cell.2010.05.005
https://doi.org/10.1126/science.1109051
https://doi.org/10.1007/s00253-019-09617-1
https://doi.org/10.1007/s00253-019-09617-1
https://doi.org/10.1128/mBio.02134-15
https://doi.org/10.1128/mBio.02134-15
https://doi.org/10.1126/science.aac5992
https://doi.org/10.1126/science.aac5992
https://doi.org/10.1128/IAI.01348-10
https://doi.org/10.1128/IAI.01348-10
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Unraveling the Metabolic Requirements of the Gut Commensal Bacteroides ovatus
	Introduction
	Materials and Methods
	Bacterial Culture Conditions
	Proteomic Analysis
	Chemicals and Chromatography
	Mass Spectrometric Analysis

	Statistics and Graphs

	Results
	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


