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Members of the gut-dwelling Bacteroides genus have remarkable abilities
in degrading a diverse set of ﬁber polysaccharide structures, most of which are found in
the mammalian diet. As part of their metabolism, they convert these ﬁbers to organic
acids that can in turn provide energy to their host. While many studies have identiﬁed and
characterized the genes and corresponding proteins involved in polysaccharide degradation,
relatively little is known about Bacteroides genes involved in downstream metabolic pathways. Bacteroides thetaiotaomicron is one of the most studied species from the genus and
is representative of this group in producing multiple organic acids as part of its metabolism.
We focused here on several organic acid synthesis pathways in B. thetaiotaomicron, including those involved in formate, lactate, propionate, and acetate production. We identiﬁed
potential genes involved in each pathway and characterized these through gene deletions
coupled to growth assays and organic acid quantiﬁcation. In addition, we developed and
employed a Golden Gate-compatible plasmid system to simplify alteration of native gene
expression levels. Our work both validates and contradicts previous bioinformatic gene
annotations, and we develop a model on which to base future efforts. A clearer understanding of Bacteroides metabolic pathways can inform and facilitate efforts to employ
these bacteria for improved human health or other utilization strategies.
IMPORTANCE Both humans and animals host a large community of bacteria and other
microorganisms in their gastrointestinal tracts. This community breaks down dietary ﬁber
and produces organic acids that are used as an energy source by the body and can also
help the host resist infection by various pathogens. While the Bacteroides genus is one of
the most common in the gut microbiota, it is only distantly related to bacteria with wellcharacterized metabolic pathways and it is therefore unclear whether research insights on
organic acid production in those species can also be directly applied to the Bacteroides.
By investigating multiple genetic pathways for organic acid production in Bacteroides thetaiotaomicron, we provide a basis for deeper understanding of these pathways. The work
further enables greater understanding of Bacteroides–host relationships, as well as interspecies relationships in the microbiota, which are of importance for both human and animal gut health.
KEYWORDS Bacteroides, fermentation, genetics, metabolism, organic acid
Editor Fikri Y. Avci, University of Georgia

T

he gut microbiome of mammals is a dense and diverse community of organisms,
including various bacteria, fungi, archaea, and their associated viruses (1). This community
provides crucial nutrients to their hosts, including vitamins (1) and calories through intestinal cell absorption of microbial metabolites such as the organic acids (OAs) acetate, propionate, and butyrate (2). The gut microbiome also mediates resistance to colonization by
pathogenic microorganisms, in part through organic acid production (3, 4). Factors such as
host diet can inﬂuence the composition and the behavior of the community, leading to
changes in microbial metabolite production and thus altered effects on the human or animal
host (5).
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ABSTRACT

The Bacteroidetes phylum generally comprises a large proportion of the bacteria in the
gut microbiome in mammals, including humans. The Bacteroidetes, especially the intestinally dominant and intensively studied Bacteroides genus, are well known for the ability to
degrade various ﬁber polysaccharides found in the human diet (6). As a result of ﬁber degradation, they produce acetate, propionate, and succinate as major end products (7).
Bacteroides-generated OA proportions can vary depending on nutrients available in their
environment. For instance, heme (from hemin) and vitamin B12 are cofactors for metabolic
enzymes that lead to production of succinate and propionate, respectively; reduced concentrations of these components alters OA production accordingly (8, 9).
One of the main model organisms for the Bacteroides, B. thetaiotaomicron (Bt), was the
ﬁrst of this group to have its genome sequenced (10), which has enabled a multitude of
studies focusing on its extensive machinery for both the degradation and synthesis of polysaccharide structures (11–15). However, many of the downstream fermentative pathways
involved in producing OAs were described decades ago, before the genomic revolution
(16). Thus, few studies have correlated the described enzyme activities with gene identities,
prohibiting many followup genetic and biochemical studies of these enzymes and phenotypes. Large-scale efforts in automated and manual annotation of microbial genomes have
led to increased understanding of their diverse metabolic capabilities, but the characterized
genes/enzymes that the annotations are based on typically originate in model organisms
such as E. coli, which is only distantly related to the Bacteroides (17). Indeed, recent efforts
have produced genetic parts speciﬁcally for the Bacteroides because those from other organisms (e.g., E. coli) are not functional in this genus (18–20). In addition, the needs of the obligately anaerobic, polysaccharide-degrading Bacteroides in their native gut habitat likely differ
signiﬁcantly from better-studied model organisms and concomitantly affect both the available gene repertoire and possibly even enzyme function of homologous genes. Thus, annotations based on non-Bacteroidetes genes may be incorrect (21).
Recent studies have begun to focus on particular genes involved in various aspects of
anaerobic metabolism in Bacteroides species, including the anaerobic respiratory chain
(22), as well as various oxygen-sensitive enzymes (23, 24). In the present work, we expand
on these efforts by identifying and validating which genes are involved in the natural production of multiple OAs in Bt, through genetic modiﬁcations, growth studies, and determination of OA proﬁles. This investigation of key metabolic pathways in Bacteroides permits
greater understanding of how species from this genus behave in their native environment,
and how their growth and metabolism affects the health of their hosts.
RESULTS
Previous studies have reported production of a range of OAs by Bacteroides in various
ratios, but with signiﬁcant variation among strains and growth conditions (e.g., [24–26]). To
obtain a reliable starting point, we ﬁrst determined the OA production proﬁle of Bt (VPI5482 tdk- parent strain used for all subsequent work; wild-type, WT) using a standard minimal medium supplemented with glucose, from which samples taken for high-performance
liquid chromatography (HPLC) analysis of OA production over a period of 3 days. Multiple
OAs were readily detectable by 6 h postinoculation, with acetate being the most predominant OA by concentration (Fig. 1, Table S1 in the supplemental material). However, substantial quantities of other OAs were also produced at early time points, including formate, succinate, propionate, and malate. Only low levels of pyruvate and alpha-ketoglutarate were
detected (less than 0.3 mM and 0.05 mM, respectively), and neither butyrate, fumarate, nor
ethanol production were ever detected. We did not detect lactate until 12 h postinoculation
(at which time optical density at 600 nm (OD600) of the culture had reached maximum levels), and lactate levels peaked by 24 h. This corresponded with a reduction in glucose, which
by 12 h had dropped to ;25% of starting levels and by 24 h was undetectable (Table S1).
Later samples revealed only minor changes in OA concentrations.
As Bt produced multiple OAs, this provided an opportunity to conﬁrm the genes involved
in their production through a series of deletion mutants. We ﬁrst created a working model of
OA synthesis pathways (Fig. 2). We based our model on suggested pathways found previously
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FIG 1 Wild-type (WT) Bt production of organic acids (OAs) in minimal medium with glucose over time.
HPLC quantiﬁcation of various OAs in supernatant from WT Bt (n = 3). Butyrate and fumarate were also
assayed but not detected. Error bars show standard deviation.

FIG 2 Model of Bt VPI-5482 OA production. Production of metabolites such as ATP is shown with
blue font, whereas consumption of the same compounds is shown in gold. Glycolysis is inferred between
glucose and PEP. PEP: Phospho-enol-pyruvate. OAA: Oxaloacetate. CoA: Coenzyme A. E.T.C.: Electron
transport chain. MM-CoA: Methylmalonyl-CoA. Fe: Ferredoxin/ﬂavodoxin.
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in the literature for Bacteroides (16) and searched for relevant annotated genes and pathways
in the Bt type strain in multiple online databases—Biocyc (27), IMG (28), Uniprot (29), and
KEGG (30). While not all potential OA pathways are included in our model (e.g., branched
chain fatty acids such as isovalerate detected in some studies) (31), the model encompasses
central metabolism and includes all OAs detectable in our hands. A list of genes putatively
involved in the identiﬁed metabolic pathways is included as Table S2 in the supplemental material. Some of these genes have been shown to be essential in large transposon screens (32,
33) (e.g., BT3692-3, putatively involved in acetate production). We chose to focus on deletion
of a selection of genes annotated as involved in formate, lactate, propionate, or acetate production (shown in Fig. S1). As concentrations remained relatively stable at later time points in
our initial WT strain time course experiment, samples from the generated mutant strains were
collected at 48 h.
Genes involved in formate production. Bt carries two genes predicted to encode
a pyruvate formate-lyase (PFL; also called formate acetyltransferase): BT2955 and BT4738. Each
is located adjacent to a pyruvate formate-lyase activating enzyme (BT2956 and BT4737,
respectively), which in E. coli is involved in post-translational regulation of PFL activity. The
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activated form of PFL carries out the CoA-mediated conversion of pyruvate to formate and
acetyl-CoA. As we have identiﬁed no other genes annotated to carry out formate production, deletion of one or both of BT2955/BT4738 should eliminate formate in vitro. We grew
each strain in a minimal medium with glucose as the sole carbon source and analyzed OA
content in culture supernatant as mentioned earlier. Whereas the DBT2955 strain revealed
no substantial difference in formate production from the WT strain (Fig. 3B), the DBT4738
and DBT2955/DBT4738 strains produced no formate, supporting the role of BT4738 as a
PFL. This annotation was also recently conﬁrmed by others (34). Interestingly, deletion of
BT4738 also resulted in reduced lactate formation, as well as increased production of propionate and succinate (Table 1). Deletion of BT4738 resulted in only a slight growth defect
when grown in minimal medium with glucose, perhaps because redox balance and ATP
production are not directly affected (Fig. 3A, Table S3). To further conﬁrm the PFL role of
BT4738, we restored formate production by providing BT4738 in trans (Table S4, Fig. 3C).
Interestingly, the DBT4738 strain exhibited lower but not abolished formate production in
this repeat experiment. The DBT4738 strain did not produce formate in additional experiments in our hands (data not shown), nor did this occur in work by others (34). We speculate
that BT2955, which is normally off in vitro, may somewhat compensate for the lack of the
normally abundantly expressed BT4738 (35) (see also WT expression levels in Table S2).
Genes involved in lactate production. D-lactate dehydrogenase converts pyruvate
to D-lactate while regenerating NAD1. Bt encodes one annotated lactate dehydrogenase
(BT1575) with 50% amino acid identity to the E. coli ldhA gene. However, deletion of BT1575
only decreased lactate production to ;75% of WT levels (Fig. 4B), prompting us to search
for another metabolic route to lactate. BT4455-7 form a predicted complex which is homologous to a 3-gene lactate dehydrogenase complex examined in both Shewanella oneidensis
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FIG 3 Characterization of potential formate production deletion mutants. A) Representative growth
curves of the wild-type (WT) and mutant strains in either rich medium (TYG, left panel), or deﬁned
minimal medium with glucose (MMG, right panel). OD600: optical density at 600 nm. Average growth
rate data can be found in Table S3 in the supplemental material. B) HPLC quantiﬁcation of formate in
WT and in various single or double mutants grown in minimal medium with glucose. N = 3 (except
n = 2, DBT2955/BT4738). C) HPLC quantiﬁcation of formate in WT, the DBT4738 strain, and the
DBT4738 strain complemented with BT4738 (“Comp 4738”). N = 3. Error bars in panels B and C show
standard deviation.

Organic Acid Synthesis Pathways in B. thetaiotaomicron

TABLE 1 Organic acid concentrations (mM 6 standard deviation) at 48 h for the wild-type (WT) and various mutant strains
Strain
WT
DBT2955
DBT4738
DBT2955
/4738b
DBT1575
DBT4455-7
DBT1575
/4455-7
DBT1450
DBT1686-9
DBT1917
DBT2090-1
DBT3193
DBT1969
DBT1820
DBT1822
DBT1820
/1822

Acetate
15.78 6 0.52
15.42 6 0.37
14.87 6 0.40
15.61 6 1.17

a-keto glutarate
0.02 6 0.00
0.02 6 0.01
0.01 6 0.00
0.01 6 0.00

Formate
8.81 6 0.19
8.10 6 0.43
NDa**
ND**

Lactate
9.37 6 0.42
9.74 6 0.55
6.90 6 0.72
6.63 6 0.33*

Malate
2.03 6 0.12
2.28 6 0.13
2.27 6 0.16
2.37 6 0.06

Propionate
4.69 6 0.34
4.45 6 0.02
5.20 6 0.32
5.47 6 0.83

Pyruvate
0.10 6 0.00
0.13 6 0.02
0.22 6 0.03
0.19 6 0.00**

Succinate
8.66 6 0.15
8.46 6 0.12
11.07 6 0.16**
11.25 6 0.73

16.19 6 0.64
15.99 6 0.34
16.59 6 0.74

0.02 6 0.02
0.02 6 0.00
0.02 6 0.02

9.14 6 0.69
8.62 6 0.81
9.60 6 0.91

7.69 6 0.73
9.76 6 0.19
8.28 6 0.45

1.88 6 0.33
2.26 6 0.11
1.86 6 0.44

5.21 6 0.65
4.64 6 0.15
4.97 6 0.60

0.14 6 0.07
0.14 6 0.03
0.17 6 0.05

8.73 6 0.70
8.82 6 0.53
8.90 6 0.32

16.48 6 0.70
16.25 6 0.39
16.07 6 0.02
15.77 6 0.29
1.72 6 0.25**
14.61 6 0.94
17.04 6 0.61
16.04 6 1.14
16.00 6 0.35

0.01 6 0.00
0.02 6 0.01
0.02 6 0.01
0.06 6 0.01
ND
0.03 6 0.01
0.01 6 0.01
0.01 6 0.00
0.02 6 0.01

9.17 6 0.39
7.92 6 0.14*
9.09 6 0.34
8.75 6 0.49
ND**
7.23 6 0.61
8.30 6 1.29
9.47 6 0.49
8.93 6 0.67

8.27 6 0.72
9.31 6 0.62
9.24 6 0.65
8.98 6 1.08
2.73 6 0.40**
8.75 6 1.10
8.44 6 0.46
8.63 6 0.56
9.33 6 0.26

1.78 6 0.17
2.08 6 0.31
2.07 6 0.22
1.88 6 0.76
ND*
2.37 6 0.31
2.01 6 0.27
1.75 6 0.13
2.04 6 0.21

5.23 6 0.60
ND*
5.01 6 0.22
ND*
ND*
5.32 6 1.01
5.27 6 0.39
5.16 6 0.54
4.72 6 0.19

0.12 6 0.02
0.12 6 0.02
0.14 6 0.00**
0.17 6 0.02
1.17 6 0.35
0.14 6 0.02
0.15 6 0.01**
0.15 6 0.04
0.11 6 0.00

8.03 6 0.33
15.00 6 0.27**
8.10 6 0.31
14.77 6 0.60*
0.74 6 0.35**
10.40 6 0.49
8.42 6 0.91
8.08 6 0.60
9.09 6 0.59

Not detected; butyrate and fumarate were not detected in any samples.*, P , 0.05; **, P , 0.01 according to Welch two-sample t test adjusted for multiple
comparisons with the Benjamini/Hochberg FDR method.
bn = 2; all others n = 3.

and E. coli (36, 37). While this enzyme complex favors consumption rather than production
of lactate in those organisms, both BT1575 and BT4455-7 increase in expression in the transition from exponential to stationary phase (Table S2 in the supplemental material 35), mirroring the rise in lactate in our WT time course (Fig. 1). We deleted BT4455-7 individually and in
combination with BT1575. However, the double mutant did not exhibit further reductions in
lactate compared to the DBT1575 strain (Fig. 4B). Deletion of either or both putative lactate
dehydrogenases also had no effect on growth rates, indicating that Bt can easily compensate for the slight reduction in lactate (Fig. 4A), and likely a separate lactate-generating
enzyme that escapes current annotations is present in the genome.
Genes involved in propionate production. Propionate production from succinate
likely proceeds in several steps (Bt locus tags for gene candidates in parentheses): (i)
succinyl-CoA synthetase (BT0787-8) converts succinate to succinyl-CoA in the tricarboxylic
acid (TCA) cycle, (ii) methylmalonyl-CoA mutase (BT2090-1) converts succinyl-CoA to the
branched methylmalonyl-CoA, (iii) methylmalonyl-CoA decarboxylase (BT1686-9) decarboxylates to propionyl-CoA, and (iv) succinate CoA transferase (BT3193) transfers the CoA from propionyl-CoA to succinate to regenerate succinyl-CoA and produce propionate. Bt also encodes

FIG 4 Characterization of potential lactate production deletion mutants. A) Representative growth
curves of the wild-type (WT) and mutant strains in either rich medium (TYG, left panel), or deﬁned
minimal medium with glucose (MMG, right panel). OD600: optical density at 600 nm. Average growth
rate data can be found in Table S3 in the supplemental material. B) HPLC quantiﬁcation of lactate in
culture supernatant from the WT and in various single or double mutants grown in minimal medium
with glucose. N = 3. Error bars in panel B show standard deviation.
Volume 10 Issue 1 e02312-21
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a gene annotated as a methylmalonyl-CoA epimerase (BT1685), which would convert
between R- and S- forms of methylmalonyl-CoA and may also be necessary before decarboxylation. Two other genes, BT1450 and BT1917, are annotated as propionyl-CoA carboxylase beta chains (subunit of methylmalonyl-CoA decarboxylase, similar to BT1686), and are
found within loci predicted to encode biotin-dependent carboxylases, similar to BT1686-9.
We generated deletion mutants for BT1450, BT1917, BT2090-1, and BT3193, and measured
OA production as before. A deletion mutant for BT1686-9 has already been generated and
tested (38). No propionate was detected in gnotobiotic mice monocolonized with the
DBT1686-9 strain, indicating a bacterial deﬁciency in propionate production. However,
we chose to measure OA production of this strain in vitro to eliminate any contribution
of host uptake of propionate and to quantify other OAs produced.
The DBT1450 and DBT1917 strains exhibited OA proﬁles and growth rates similar to the
WT strain, indicating they are not necessary for propionate production in Bt (Fig. 5A and B).
However, future deletion or biochemical characterization of the whole locus for each
enzyme (BT1448-50, BT1915-17) may be needed to determine actual enzyme function. In
contrast, the three other deletion strains produced no propionate. The DBT1686-9 and
DBT2090-1 strains increased succinate output by roughly the same amount as the reduction
in propionate (Table 1), while exhibiting no growth defect in minimal medium (only in rich
medium), conﬁrming their contribution to propionate synthesis by decarboxylation of succinate (Fig. 5A). Complementation of these two mutants restored elevated propionate levels
(Fig. 5C, Table S4). On the other hand, the DBT3193 strain grew very poorly in minimal medium with glucose (Fig. 5A), and only reached OD600 0.2–0.3 for our OA production analysis
(other strains reaching ;OD600 1.0 at 48 h). This defect could be rescued by addition of rich
media components (in the paired TYG medium). Still, the DBT3193 strain produced no propionate during its stunted growth. As it is annotated as a coenzyme A transferase, BT3193
likely fulﬁlls its predicted role as a succinate CoA transferase.
Volume 10 Issue 1 e02312-21
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FIG 5 Characterization of potential propionate production deletion mutants. A) Representative growth
curves of the wild-type (WT) and mutant strains in either rich medium (TYG, left panel), or deﬁned minimal
medium with glucose (MMG, right panel). OD600: optical density at 600 nm. Average growth rate data can
be found in Table S3 in the supplemental material. B) HPLC quantiﬁcation of propionate in culture
supernatant from the WT strain and in various single or double mutants grown in minimal medium with
glucose. N = 3. C) HPLC quantiﬁcation of propionate in the WT, the DBT1686-9 strain, the DBT2090-1
strain, and their complemented strains (“Comp 1685-9” and “Comp 2090-1,” respectively) grown in minimal
medium with glucose. N = 3. Error bars in panels B and C show standard deviation.

Organic Acid Synthesis Pathways in B. thetaiotaomicron

A gene connecting the reductive and oxidative branches of metabolism. We
also tested a “mid-pathway” gene predicted to connect the oxidative and reductive
branches of the TCA cycle and result in production of pyruvate. Because there are multiple
pathways for producing and consuming this central metabolite, we speculated that more
general changes in OA production would be evident after deletion of this gene. BT1969 is
an annotated NADP1-dependent malate dehydrogenase with 50% amino acid identity to
maeB (malic enzyme) from E. coli. MaeB decarboxylates malate to produce pyruvate, CO2,
and NADPH, shunting carbon from reductive branch end products to oxidative branch
metabolites. Deletion of BT1969 should thus sever this connection between the reductive
and oxidative branches and favor an OA proﬁle with a greater proportion of reductive
branch metabolites than oxidative branch metabolites. In our initial assay, the DBT1969
strain grew comparably to the WT strain (Fig. 6A) and produced equally low levels of pyruvate. However, levels of other organic acids from the oxidative branch of central metabolism (lactate/formate/acetate) decreased, whereas levels of organic acids from the reductive branch (malate/succinate/propionate) increased in abundance (Table 1). To compare
carbon ﬂow to the oxidative and reductive branches between the WT and DBT1969 strain,
we normalized each OA concentration to the number of carbon (C) atoms per molecule
(“carbon equivalents” (C equivalents), e.g., acetate corresponds to 2 C equivalents). Pooling
these normalized values by reductive or oxidative branch revealed a shift toward reductive
branch OAs in the DBT1969 strain. To conﬁrm this metabolic shift toward the reductive
branch, we repeated this experiment with a larger sample size (n = 6). Metabolite proﬁles
in this repeat experiment generally mirrored those of the original experiment, though with
some individual organic acid concentrations changing (e.g., lactate concentration was
higher in the DBT1969 cultures than in the wild-type cultures in this case) (Table S5 in the
Volume 10 Issue 1 e02312-21
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FIG 6 Characterization of growth and oxidative versus reductive branch metabolite production in the
wild-type (WT) and DBT1969 strains. A) Representative growth curves of WT and DBT1969 strain in
either rich medium (TYG, left panel), or deﬁned minimal medium with glucose (MMG, right panel). OD600:
optical density at 600 nm. Average growth rate data can be found in Table S3 in the supplemental material.
B) Oxidative branch metabolites (pyruvate, formate, lactate, and acetate) and reductive branch metabolites
(malate, succinate, and propionate) were quantiﬁed by HPLC with culture supernatants from the two strains
grown in minimal medium with glucose (n = 6 each). Concentrations of each OA were multiplied by the
number of carbon (C) atoms per molecule to calculate “C equivalents.” Oxidative and reductive branch C
equivalents were separately pooled for comparison. The left panel shows metabolites pooled by branch. Error
bars show standard deviation. Samples were compared using the Welch two-sample t test. **, P , 0.01. ****,
P , 0.0001. The right panel shows C equivalents for individual OAs. W: wild type; D: DBT1969; Ox: oxidative
branch; Red: reductive branch. Individual OA concentrations and standard deviations are shown in Table S5.
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supplemental material). This continues to ﬁt a model wherein OA concentrations may vary
within the same metabolic branch, as deletion of BT1969 should only remove a connection
between reductive and oxidative branches. Normalizing OA concentrations by size and metabolic branch conﬁrmed a statistically signiﬁcant shift of metabolism toward the reductive
branch in the DBT1969 strain (Fig. 6B), supporting the role of BT1969 as a malic enzyme.
Genes involved in acetate production. Pyruvate dehydrogenase (quinone; PDHq)
converts pyruvate to acetate and CO2 while donating electrons to quinone. Bt encodes a
set of 2 short genes (BT1820, BT1822) that each contain motifs found in an intact PDHq
in E. coli and other organisms. These two genes are separated by a transposase (BT1821),
all 3 of which are upregulated in stationary phase (Table S2 in the supplemental material)
(35). As the Bacteroides are replete with invertible and phase variable elements (15, 39)
we initially erroneously assumed that BT1821 provided some regulatory function for
BT1820 and BT1822, which together should encode a complete enzyme. However, deletion
of one or both open reading frames (BT1820/BT1822) led to no changes in growth rates
(Fig. 7A) or to OA production (Fig. 7B, Table 1). A subsequent comparison to PDHq-annotated genes in Bt genomes in the IMG database (28) revealed single, intact genes in other
strains. For instance, in the B. thetaiotaomicron 7330 strain, the gene for PDHq is 100% identical to a fused BT1820/BT1822 at the nucleotide level when removing BT1821 and a short
ﬂanking sequence. An analysis of the VPI-5482 genome uncovered an additional two copies
of the BT1821 transposase with $99% identity to BT1821, though they did not appear to be
inserted into a coding sequence. Clearly the putative PDHq is not essential to Bt, but it is yet
unclear whether its function in other strains is as annotated.
With a disrupted PDHq gene, Bt VPI-5482 likely produces most or all of its acetate from
acetyl-CoA using the essential BT3692-3 locus. BT3692 is annotated as a phosphate acetyltransferase (acetyl-CoA ! acetyl phosphate) whereas BT3693 is a putative acetate kinase
(acetyl phosphate ! acetate), producing ATP and the secreted product acetate. Both genes
are expressed at moderately high levels during early and late exponential growth (Table S2).
While we could not delete these essential genes (32, 33), we attempted to conﬁrm their role
in acetate production by downmodulating their expression.
We selected ﬁve native promoters with consistently low expression (see Materials and
Methods), as well as a set of four synthetic promoters of various expression levels (19) to
replace the native PBT3692 promoter. Initial attempts to assemble the necessary vectors in E.
coli failed, possibly due to promoter-driven expression of gene fragments from the ﬂanking regions (data not shown). To facilitate our work, we generated a new Golden Gatecompatible suicide plasmid system based on pExchange-tdk (40)—the plasmid used for
gene deletions in this study. This new system consists of a plasmid for cloning new parts
(pNTP201), as well as two plasmids each carrying part of the original pExchange-tdk plasmid (pNTP202, pNTP203). The pExchange-tdk plasmid was divided in the middle of the
ampicillin resistance gene to allow selection on ampicillin for the assembled plasmid, similar to another Bacteroides plasmid system using a different integration mechanism (19).
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FIG 7 Characterization of potential acetate production deletion mutants. A) Representative growth
curves of the wild-type (WT) and mutant strains in either rich medium (TYG, left panel), or deﬁned
minimal medium with glucose (MMG, right panel). OD600: optical density at 600 nm. Average growth
rate data can be found in Table S3 in the supplemental material. B) HPLC quantiﬁcation of acetate in
culture supernatant from the WT strain and in various single or double mutants (n = 3 each) grown in
minimal medium with glucose. Error bars in panel B show standard deviation.
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DISCUSSION
In this study, we investigate central metabolic pathways of the type strain of B. thetaiotaomicron, a model organism for studying the gut-dwelling Bacteroides genus. The
phylum Bacteroidetes is itself only distantly related to the Proteobacteria (17) such as
the intensively-studied model E. coli, and thus even proteins with signiﬁcant homology may
have divergent functions. For instance, in another Proteobacterial species, Shewanella oneidensis, a gene annotated as a fumarate reductase was characterized and found to be a urocanate
reductase (41). Misannotations due to overprediction (assignment to more speciﬁc enzyme
functions than can be supported) is very common in genome annotations based on sometimes low similarities (21, 42). In our work, we have identiﬁed three genes annotated as
encoding the beta chain of propionyl-CoA carboxylase. However, deletion of only one of
them, BT1686 (as part of a larger deletion), leads to abolishment of propionate production
(Fig. 5). Rather than speciﬁcally propionyl-CoA carboxylases, the two other loci, BT1448-50
and BT1915-17, likely encode other biotin-dependent carboxylases.
Furthermore, deletion of two potential lactate dehydrogenases was not sufﬁcient to
abolish lactate production in our assays (Fig. 4), and other lactate dehydrogenase or
lactate-generating enzymes are likely present in the genome. One potential source of these
could be the two genes annotated as malate dehydrogenases: BT2510 and BT3911. Malate
and lactate dehydrogenases are part of the same enzyme superfamily and share many features that complicate correct annotation of these genes (43). Future genetic and biochemical work is needed to characterize these and other genes/loci to determine their speciﬁc
functions, especially in key microbes distantly related to the best-studied model organisms.
Although our efforts to reduce acetate production through downmodulated BT3692-3
expression were not as successful as anticipated, we generated a new Golden Gate-compatible plasmid system as part of this aim. Our “pExchange2” system allowed us to transform
an insert into E. coli that would otherwise fail, perhaps due to added terminators to reduce
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Plasmids were engineered to remove internal BsaI and BsmBI restriction sites, and both
the plasmid parts and the ﬁnal assembled plasmid contain terminators ﬂanking each side
of the insert site to reduce potential effects of the promoters in E. coli. Fully assembled
plasmids are designated as derivatives of pExchange2 (Fig. S2 in the supplemental
material).
Each promoter was successfully incorporated with the PBT3692 ﬂanking regions into
our novel pExchange2 vector. While all vectors could successfully integrate at the PBT3692 target
site in the Bt genome, only the control vectors encoding promoters for higher gene expression
(P_BfP2E3 and P_BfP5E4) were successful at replacing the native promoter upon plasmid removal (data not shown). We then attempted to correlate BT3692-3 gene expression in the WT
strain and these two promoter replacement strains with levels of acetate production in vitro.
As production of acetate provides ATP as well as critical cell metabolites (e.g., acetyl-CoA), a
lower rate of acetate production should slow cell growth. The same individual clones (n = 3)
of each strain were used for growth rate analysis as well as for measuring BT3692-3 gene
expression and OA concentrations in the culture supernatant. Growth assays showed that the
strain with the P_BfP2E3 promoter displayed a growth defect in both rich and minimal medium compared to the WT and P_BfP5E4-containing strains (Fig. 8A). In addition, analysis of
gene expression in the P_BfP2E3 promoter strain revealed an ;30-fold and ;7-fold reduction
in BT3692 and BT3693 gene expression, respectively, compared to the WT strain (Fig. 8C).
These data corroborate our hypothesis of acetate-mediated growth rate. However, whereas
the P_BfP2E3 promoter strain variably produced more formate and lactate, acetate concentrations from the cell supernatants were very similar after 48 h of growth (Fig. 8B, Table S6 in the
supplemental material). Presumably, the P_BfP2E3 promoter strain produces a similar mix of
OAs to the WT as it grows but takes longer to reach its maximum levels because of limited
available cellular ATP. Samples taken at ;OD600 0.6 (the time of gene expression) had barely
detectable acetate concentrations (data not shown), but later intermediate time points in
future experiments could address whether there is a difference in OA production during early
growth stages.
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transcription of the genes ﬂanking our promoter of interest. Additionally, using Golden Gate
cloning and carefully choosing the overhangs for the 3 inserts let us avoid splicing by overlap extension (SOE)—a common technique for assembling ﬂanking regions for deletion vectors. The pExchange2 system is compatible with a recently developed set of Bacteroides promoters and ribosome binding site sequences (19), as we used a subset of these in our study
(Fig. 8). We hope this new tool will be of beneﬁt to the research community.
B. thetaiotaomicron has become a major model organism of the gut microbiota. Its
strategies to successfully compete for both dietary ﬁber and human-derived glycans is
by now well-studied (44), but how it produces the end products from this process is
poorly understood. Our collective data serves to clarify the picture of the central metabolism of Bt, with both veriﬁcation and rejection of previous gene annotations. While we
focused much of this work on deleting genes of interest, both follow-up genetic studies
and biochemical work are necessary to fully validate the function of many of these enzymes
and deﬁne their role in the bacterium’s response to its changing environmental conditions.
A clearer understanding of the metabolism of this major group from the mammalian gut
provides a way to take advantage of these pathways for industrial applications or to beneﬁt
human gut health.
MATERIALS AND METHODS
Media and growth conditions. Strains and plasmids used in this study are listed in Table S7 in the
supplemental material. Escherichia coli was routinely grown in LB medium at 37°C, with antibiotics as
appropriate: ampicillin 100 m g/mL, chloramphenicol 25 m g/mL. Bacteroides thetaiotaomicron was routinely
grown in TYG medium (10 g/L tryptone, 5 g/L yeast extract, 4 g/L glucose, 100 mM potassium phosphate [pH
7.2], 15 mM NaCl, 8.5 mM [NH4]2SO4, 4 mM L-cysteine, 200 m M L-histidine, 100 m M MgCl2, 72.1 m M CaCl2,
1.9 m M hematin, 1.4 m M FeSO4  7H2O, 1 m g/mL vitamin K3, and 5 ng/mL vitamin B12), or a paired minimal
medium with additional glucose (increased to 5 g/L) and lacking tryptone and yeast extract. For solid media,
strains were grown on TYG agar plates (TYG medium containing 15 g/L agar), or blood agar plates (BHI agar
plates containing 10% deﬁbrillated horse blood; Håtunalab AB, Bro, Sweden), as indicated for each experiment.
Antibiotics in Bacteroides media were included as appropriate: gentamicin (200 m g/mL), erythromycin (25 m g/
mL), tetracycline (2 m g/mL), and/or ﬂoxuridine (200 m g/mL). For microplate-based growth assays, cells were
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FIG 8 Characterization of mutants with PBT3692 promoter replacement. A) Growth curves of independent
clones (n = 3 each) of the wild-type (WT) and each BT3692 promoter mutant strain in either rich medium
(TYG, left panel), or deﬁned minimal medium with glucose (MMG, right panel). OD600: optical density at
600 nm. Average growth rate data can be found in Table S3 in the supplemental material. B) HPLC
quantiﬁcation of acetate in culture supernatant from the WT and the BT3692 promoter mutants (n = 3
each) grown in minimal medium with glucose. C) BT3692/BT3693 gene expression over WT levels in the
promoter mutant strains grown in panel B. Error bars in panels B and C show standard deviation.

cultured anaerobically at 37°C in a vinyl anaerobic chamber (Coy Laboratory Products, Grass Lake, MI, USA)
using a gas mix of 10-10-80% H2-CO2-N2. For other experiments, a Don Whitley A95 anaerobic cabinet (Don
Whitley Scientiﬁc Ltd, Bingley, West Yorkshire, UK) was used with the same gas mix. B. thetaiotaomicron was
grown anaerobically at 37°C unless otherwise noted below.
Identiﬁcation of native B. thetaiotaomicron promoters with stable, low expression. To identify
native promoters that were stably expressed in a variety of in vitro and in vivo conditions, data from several transcriptomic studies were analyzed (45–48). Data sets from each study were retrieved from the
NCBI Gene Expression Omnibus repository. Gene expression within each sample was normalized by
dividing each value by the total gene expression value for the sample and then multiplied by 1E5.
Genes with a low average expression level (0–10 units) across the several data sets were then screened
for ﬁrst-in-operon genes identiﬁed by Westover and colleagues (49). The promoter for BT4618 was also
added to this list, as it was previously used for low-level expression (20). Resulting genes were binned
into approximately 0–1 units, 2–5 units, and 6–10 units. The NormFinder algorithm (50) was used to
identify genes in each bin that were most consistently expressed, and the promoter regions for several
of these genes were visually inspected before selection for use in this study. In addition, four synthetic
promoters with a range of expression levels, coupled with a synthetic ribosome binding site, were
included (19). All promoter sequences used are included in Table S8 in the supplemental material.
Golden Gate cloning. Parts for various plasmids were ampliﬁed by PCR, ordered as sets of oligonucleotides, or directly synthesized. Before use, paired oligonucleotides were annealed in T4 DNA Ligase
buffer with the following program: 98°C for 5 min; then cooling by 1°C every 30 s until reaching 12°C.
pNTP201 was assembled with traditional enzymatic restriction and ligation of PCR products. Parts for subsequent plasmids were incorporated into pNTP201 by Golden Gate cloning using FastDigest Esp3I (isoschizomer
of BsmBI) and the following cycling protocol: 37°C for 4 min; 25 cycles of: 37°C for 1 min, 16°C for 2 min; 50°C
for 10 min; and 80°C for 10 min. Final plasmids for conjugation to B. thetaiotaomicron were assembled by
Golden Gate cloning using various plasmid parts, PCR products, and/or annealed oligonucleotides. For these, a
longer cycling protocol was used: 37°C for 4 min; 40 cycles of: 37°C for 1 min and 16°C for 2 min; 50°C for
10 min; and 80°C for 10 min. 500 bp of sequence ﬂanking each side of the BT3692-3 promoter was assembled
with one of various promoter regions into ﬁnal pExchange2-based vectors.
Genetic manipulation of B. thetaiotaomicron. Gene deletions and promoter swapping using the B.
thetaiotaomicron VPI-5482 tdk- parental strain were carried out as described previously (40). For deletion
constructs, 500-750 bp ﬂanking sequences from each side of a target gene or locus were assembled and
ligated into pExchange-tdk by traditional restriction-ligation cloning. Flanking sequences were designed
to leave open reading frames intact while deleting most or all of the coding sequence. Primers are listed
in Table S8 in the supplemental material. Constructs for gene/locus deletion or promoter replacement
were transformed into E. coli S17-1 l pir by electroporation and selected on LB agar with ampicillin. For conjugation to B. thetaiotaomicron, mid-log cultures of plasmid-containing E. coli strains and B. thetaiotaomicron tdkor derivative strains were washed and plated together on blood agar plates without antibiotics for 1 day of aerobic growth at 37°C. The cell mass was then scraped up and diluted, and cells were twice plated on blood
agar plates with gentamicin and erythromycin and grown anaerobically at 37°C for 2–3 days. Up to 10 merodiploid colonies were grown in TYG medium without antibiotics before counterselection by twice plating on
blood agar plates containing ﬂoxuridine. Resulting clones were picked into TYG medium and screened by PCR
for the appropriate deletion. The DBT1686-9 strain from (38) exhibited a large and small colony morphology
on TYG agar plates, but no difference in size on blood agar plates. Since both clones tested positive for deletion of BT1686-9 (data not shown), and since the smaller morphology clone did not grow well overnight, we
chose to work with the large colony morphology.
Identiﬁcation of organic acids from cell supernatants. Bacterial strains were streaked on TYG agar
and grown at 37°C for 2–3 days. Three or more isolated colonies were then picked into TYG liquid medium and grown overnight. As various strains exhibited some amount of growth defect, optical density
at 600 nm (OD600) was measured for each overnight culture. A culture amount that approximately corresponded to 50 m L of WT cells was washed in minimal medium with glucose prior to inoculation in 5 mL of the
same medium. Cultures were grown for 48 h unless otherwise noted, such as in Fig. 1. 1 mL of culture was centrifuged at 20,000  g for 2 min, and the supernatant was frozen for later analysis. Prior to analysis, the supernatant was again centrifuged, followed by passing through a 0.22 m m PTFE ﬁlter. The samples were analyzed
by HPLC using a Rezex ROA-Organic Acid H1 column with a ﬂow rate of 0.8 mL per minute at 80°C, with
5 mM sulfuric acid as the mobile phase. OAs were detected by UV at 210 nm or refractive index and quantiﬁed
using standard curves made from purchased individual OAs. Glucose remaining in each sample was approximated by dividing the glucose peak area of the sample by the glucose peak area of uninoculated minimal medium with glucose.
Determination of strain growth rates. Bacterial strains were streaked on TYG agar and grown at
37°C for 2–3 days. A single isolated colony of each strain was picked into TYG liquid medium and grown overnight. An amount comparable to 10 m L of WT overnight culture was washed in either 500 m L TYG or minimal
medium with glucose before resuspension in 1 mL of the same medium. 200 m L of each strain/medium were
added in triplicate to a 96-well plate. Cells were grown anaerobically in a Sunrise microplate reader (Tecan,
Switzerland) with temperature set at 36–37°C. OD600 was read every 5 min for 2 days.
Quantiﬁcation of gene expression. Bacterial strains were streaked on TYG agar and grown anaerobically at 37°C for 2 days. Three isolated colonies from each strain were picked into TYG liquid medium
and grown overnight. OD600 was measured and cell amounts comparable to 50 m L of the WT culture were
used for the assay. After removing the spent medium, cells were washed in 500 m L minimal medium with glucose before resuspension in 5 mL of the same medium. OD600 was periodically measured, and 1.5 mL sample
was taken at OD600 0.6–0.8. This was centrifuged for 3 min at 12,400  g before removing supernatant and
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resuspending in 750 m L RNA-Later (Ambion). Samples were then kept at 220°C until extraction of RNA with
the RNeasy minikit (Qiagen). 1 m g of RNA was treated with DNase I (Thermo Scientiﬁc) and then ﬁrst strand
cDNA was immediately synthesized with random hexamer primers using the RevertAid kit (Thermo Scientiﬁc)
as directed.
qRT-PCR analysis of BT3692-3 gene expression was performed using a Mx3005P thermal cycler
(Agilent) and DyNAmo ColorFlash SYBR green qPCR Kit (Thermo Scientiﬁc). Primers are listed in Table S8.
Samples were run in triplicate with 0.5 m M primers and 10 ng cDNA, with the following cycling conditions: 95°
C for 7 min, followed by 40 cycles of 95° C for 10 s and 60° C for 30 s. This protocol was followed by a melting
curve to analyze amplicon purity. Quantiﬁcation cycle (Cq) values for BT3692 and BT3693 primer sets were normalized to the reference gene BT0899 (gyrA) and to the wild-type sample using the DDCq method.
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ACKNOWLEDGMENTS
We thank Eric Martens and Justin Sonnenburg for providing parts and plasmids used
in this study. Additionally, thanks to the members of the Larsbrink lab and Industrial
Biotechnology division at Chalmers for their valuable feedback on the data and manuscript.
The work was supported by a grant from the Novo Nordisk Foundation (NNF17OC0027648),
and grants from the Åforsk Foundation (17-345 and 19-581).

1. Thursby E, Juge N. 2017. Introduction to the human gut microbiota. Biochem J 474:1823–1836. https://doi.org/10.1042/BCJ20160510.
2. Bergman EN. 1990. Energy contributions of volatile fatty acids from the
gastrointestinal tract in various species. Physiol Rev 70:567–590. https://
doi.org/10.1152/physrev.1990.70.2.567.
3. Jacobson A, Lam L, Rajendram M, Tamburini F, Honeycutt J, Pham T, Van
Treuren W, Pruss K, Stabler SR, Lugo K, Bouley DM, Vilches-Moure JG, Smith M,
Sonnenburg JL, Bhatt AS, Huang KC, Monack D. 2018. A gut commensal-produced metabolite mediates colonization resistance to Salmonella infection.
Cell Host Microbe 24:296–307. https://doi.org/10.1016/j.chom.2018.07.002.
4. Kamada N, Chen GY, Inohara N, Núñez G. 2013. Control of pathogens and
pathobionts by the gut microbiota. Nat Immunol 14:685–690. https://doi
.org/10.1038/ni.2608.
5. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
Ling AV, Devlin AS, Varma Y, Fischbach MA, Biddinger SB, Dutton RJ,
Turnbaugh PJ. 2014. Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505:559–563. https://doi.org/10.1038/nature12820.
6. McKee LS, La Rosa SL, Westereng B, Eijsink VG, Pope PB, Larsbrink J. 2021.
Polysaccharide degradation by the Bacteroidetes: mechanisms and nomenclature. Environ Microbiol Rep 13:559–581. https://doi.org/10.1111/
1758-2229.12980.
7. Macfarlane S, Macfarlane GT. 2003. Regulation of short-chain fatty acid
production. Proc Nutr Soc 62:67–72. https://doi.org/10.1079/PNS2002207.
8. Macy J, Probst I, Gottschalk G. 1975. Evidence for cytochrome involvement in fumarate reduction and adenosine 5’ triphosphate synthesis by
Bacteroides fragilis grown in the presence of hemin. J Bacteriol 123:
436–442. https://doi.org/10.1128/jb.123.2.436-442.1975.
9. Chen M, Wolin MJ. 1981. Inﬂuence of heme and vitamin B12 on growth
and fermentations of Bacteroides species. J Bacteriol 145:466–471. https://
doi.org/10.1128/jb.145.1.466-471.1981.
10. Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC, Hooper LV,
Gordon JI. 2003. A genomic view of the human-Bacteroides thetaiotaomicron
symbiosis. Science 299:2074–2076. https://doi.org/10.1126/science.1080029.
11. Porter NT, Luis AS, Martens EC. 2018. Bacteroides thetaiotaomicron. Trends
Microbiol 286:8810–8818.
12. Cuskin F, Lowe EC, Temple MJ, Zhu Y, Cameron EA, Pudlo NA, Porter NT,
Urs K, Thompson AJ, Cartmell A, Rogowski A, Hamilton BS, Chen R, Tolbert TJ,
Piens K, Bracke D, Vervecken W, Hakki Z, Speciale G, Munōz-Munōz JL, Day A,
Peña MJ, McLean R, Suits MD, Boraston AB, Atherly T, Ziemer CJ, Williams SJ,
Davies GJ, Abbott DW, Martens EC, Gilbert HJ, Munoz-Munoz JL, Day A, Pena
MJ, McLean R, Suits MD, Boraston AB, Atherly T, Ziemer CJ, Williams SJ, Davies
GJ, Abbott DW, Martens EC, Gilbert HJ. 2015. Human gut Bacteroidetes can utilize yeast mannan through a selﬁsh mechanism. Nature 517:165–169. https://
doi.org/10.1038/nature13995.
Volume 10 Issue 1 e02312-21

13. Rogowski A, Briggs JA, Mortimer JC, Tryfona T, Terrapon N, Lowe EC, Baslé
A, Morland C, Day AM, Zheng H, Rogers TE, Thompson P, Hawkins AR,
Yadav MP, Henrissat B, Martens EC, Dupree P, Gilbert HJ, Bolam DN. 2015.
Glycan complexity dictates microbial resource allocation in the large
intestine. Nat Commun 6:7481. https://doi.org/10.1038/ncomms8481.
14. Porter NT, Canales P, Peterson DA, Martens EC. 2017. A subset of polysaccharide capsules in the human symbiont Bacteroides thetaiotaomicron
promote increased competitive ﬁtness in the mouse gut. Cell Host
Microbe 22:494–506. https://doi.org/10.1016/j.chom.2017.08.020.
15. Porter NT, Hryckowian AJ, Merrill BD, Fuentes JJ, Gardner JO, Glowacki
RWP, Singh S, Crawford RD, Snitkin ES, Sonnenburg JL, Martens EC. 2020.
Phase-variable capsular polysaccharides and lipoproteins modify bacteriophage susceptibility in Bacteroides thetaiotaomicron. Nat Microbiol 5:
1170–1181. https://doi.org/10.1038/s41564-020-0746-5.
16. Macy JM, Ljungdahl LG, Gottschalk G. 1978. Pathway of succinate and
propionate formation in Bacteroides fragilis. J Bacteriol 134:84–91. https://
doi.org/10.1128/jb.134.1.84-91.1978.
17. Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle CJ, Butterﬁeld
CN, Hernsdorf AW, Amano Y, Ise K, Suzuki Y, Dudek N, Relman DA, Finstad KM,
Amundson R, Thomas BC, Banﬁeld JF. 2016. A new view of the tree of life. Nat
Microbiol 1:16048. https://doi.org/10.1038/nmicrobiol.2016.48.
18. Mimee M, Tucker AC, Voigt CA, Lu TK. 2015. Programming a human commensal bacterium, Bacteroides thetaiotaomicron, to sense and respond to
stimuli in the murine gut microbiota. Cell Syst 1:62–71. https://doi.org/10
.1016/j.cels.2015.06.001.
19. Whitaker WR, Shepherd ES, Sonnenburg JL. 2017. Tunable expression
tools enable single-cell strain distinction in the gut microbiome. Cell 169:
538–546.e12. https://doi.org/10.1016/j.cell.2017.03.041.
20. Lim B, Zimmermann M, Barry NA, Goodman AL. 2017. Engineered regulatory systems modulate gene expression of human commensals in the
gut. Cell 169:547–558.e15. https://doi.org/10.1016/j.cell.2017.03.045.
21. Schnoes AM, Brown SD, Dodevski I, Babbitt PC. 2009. Annotation error in public databases: Misannotation of molecular function in enzyme superfamilies.
PLoS Comput Biol 5:e1000605. https://doi.org/10.1371/journal.pcbi.1000605.
22. Ito T, Gallegos R, Matano LM, Butler NL, Hantman N, Kaili M, Coyne MJ,
Comstock LE, Malamy MH, Barquera B. 2020. Genetic and biochemical
analysis of anaerobic respiration in Bacteroides fragilis and its importance
in vivo. mBio 11:1–13. https://doi.org/10.1128/mBio.03238-19.
23. Lu Z, Imlay JA. 2017. The fumarate reductase of Bacteroides thetaiotaomicron,
unlike that of Escherichia coli, is conﬁgured so that it does not generate reactive oxygen species. mBio 8:1–11. https://doi.org/10.1128/mBio.01873-16.
24. Lu Z, Sethu R, Imlay JA. 2018. Endogenous superoxide is a key effector of
the oxygen sensitivity of a model obligate anaerobe. Proc Natl Acad Sci
U S A 115:E3266–E3275. https://doi.org/10.1073/pnas.1800120115.
MicrobiolSpectrum.asm.org

12

Downloaded from https://journals.asm.org/journal/spectrum on 14 March 2022 by 129.16.74.39.

REFERENCES

25. Frantz JC, McCallum RE. 1979. Growth yields and fermentation balance of
Bacteroides fragilis cultured in glucose-enriched medium. J Bacteriol 137:
1263–1270. https://doi.org/10.1128/jb.137.3.1263-1270.1979.
26. Adamberg S, Tomson K, Vija H, Puurand M, Kabanova N, Visnapuu T,
JÃm gi E, AlamÃºe T, Adamberg K. 2014. Degradation of Fructans and Production of Propionic Acid by Bacteroides thetaiotaomicron are Enhanced
by the Shortage of Amino Acids. Front Nutr 1:1–10.
27. Karp PD, Billington R, Caspi R, Fulcher CA, Latendresse M, Kothari A,
Keseler IM, Krummenacker M, Midford PE, Ong Q, Ong WK, Paley SM,
Subhraveti P. 2019. The BioCyc collection of microbial genomes and metabolic pathways. Brief Bioinform 20:1085–1093. https://doi.org/10.1093/
bib/bbx085.
28. Chen I-MA, Chu K, Palaniappan K, Ratner A, Huang J, Huntemann M,
Hajek P, Ritter S, Varghese N, Seshadri R, Roux S, Woyke T, Eloe-Fadrosh
EA, Ivanova NN, Kyrpides NC. 2021. The IMG/M data management and
analysis system v.6.0: new tools and advanced capabilities. Nucleic Acids
Res 49:D751–D763. https://doi.org/10.1093/nar/gkaa939.
29. World Health Organization. 2021. UniProt: the universal protein knowledgebase in 2021. Nucleic Acids Res 49:D480–D489. https://doi.org/10
.1093/nar/gkaa1100.
30. Kanehisa M, Furumichi M, Sato Y, Ishiguro-Watanabe M, Tanabe M. 2021.
KEGG: integrating viruses and cellular organisms. Nucleic Acids Res 49:
D545–D551. https://doi.org/10.1093/nar/gkaa970.
31. Rios-Covian D, Sánchez B, Salazar N, Martínez N, Redruello B, Gueimonde
M, de Los Reyes-Gavilán CG. 2015. Different metabolic features of Bacteroides fragilis growing in the presence of glucose and exopolysaccharides
of biﬁdobacteria. Front Microbiol 6:1–13.
32. Goodman AL, McNulty NP, Zhao Y, Leip D, Mitra RD, Lozupone CA, Knight
R, Gordon JI. 2009. Identifying genetic determinants needed to establish
a human gut symbiont in its habitat. Cell Host Microbe 6:279–289.
https://doi.org/10.1016/j.chom.2009.08.003.
33. Liu H, Shiver AL, Price MN, Carlson HK, Trotter VV, Chen Y, Escalante V, Ray J,
Hern KE, Petzold CJ, Turnbaugh PJ, Huang KC, Arkin AP, Deutschbauer AM.
2021. Functional genetics of human gut commensal Bacteroides thetaiotaomicron reveals metabolic requirements for growth across environments. Cell Rep
34:108789. https://doi.org/10.1016/j.celrep.2021.108789.
34. Khademian M, Imlay JA. 2020. Do reactive oxygen species or does oxygen
itself confer obligate anaerobiosis? The case of Bacteroides thetaiotaomicron. Mol Microbiol 114:333–315. https://doi.org/10.1111/mmi.14516.
35. Ryan D, Jenniches L, Reichardt S, Barquist L, Westermann AJ. 2020. A
high-resolution transcriptome map identiﬁes small RNA regulation of metabolism in the gut microbe Bacteroides thetaiotaomicron. Nat Commun
11. https://doi.org/10.1038/s41467-020-17348-5.
36. Sweeney J, Murphy CD, McDonnell K. 2015. Towards an effective biosensor for monitoring AD leachate: a knockout E. coli mutant that cannot
catabolise lactate. Appl Microbiol Biotechnol 99:10209–10214. https://doi
.org/10.1007/s00253-015-6887-4.
37. Pinchuk GE, Rodionov DA, Yang C, Li X, Osterman AL, Dervyn E,
Geydebrekht OV, Reed SB, Romine MF, Collart FR, Scott JH, Fredrickson
JK, Beliaev AS. 2009. Genomic reconstruction of Shewanella oneidensis
MR-1 metabolism reveals a previously uncharacterized machinery for

Volume 10 Issue 1 e02312-21

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

lactate utilization. Proc Natl Acad Sci U S A 106:2874–2879. https://doi
.org/10.1073/pnas.0806798106.
Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee YS, De Vadder F,
Arora T, Hallen A, Martens E, Björck I, Bäckhed F. 2015. Dietary ﬁber-induced
improvement in glucose metabolism is associated with increased abundance
of Prevotella. Cell Metab 22:971–982. https://doi.org/10.1016/j.cmet.2015.10.001.
Krinos CM, Coyne MJ, Weinacht KG, Tzianabos AO, Kasper DL, Comstock LE.
2001. Extensive surface diversity of a commensal microorganism by multiple
DNA inversions. Nature 414:555–558. https://doi.org/10.1038/35107092.
Koropatkin NM, Martens EC, Gordon JI, Smith TJ. 2008. Starch catabolism by a
prominent human gut symbiont is directed by the recognition of amylose helices. Structure 16:1105–1115. https://doi.org/10.1016/j.str.2008.03.017.
Bogachev AV, Bertsova YV, Bloch DA, Verkhovsky MI. 2012. Urocanate reductase: Identiﬁcation of a novel anaerobic respiratory pathway in Shewanella oneidensis MR-1. Mol Microbiol 86:1452–1463. https://doi.org/10
.1111/mmi.12067.
Rembeza E, Engqvist MKM. 2021. Experimental and computational investigation of enzyme functional annotations uncovers misannotation in the
EC 1.1.3.15 enzyme class. PLoS Comput Biol 17:e1009446. https://doi.org/
10.1371/journal.pcbi.1009446.
Hannenhalli SS, Russell RB. 2000. Analysis and prediction of functional
sub-types from protein sequence alignments. J Mol Biol 303:61–76.
https://doi.org/10.1006/jmbi.2000.4036.
Glowacki RWPP, Martens EC. 2020. If you eat it, or secrete it, they will
grow: the expanding list of nutrients utilized by human gut bacteria. J
Bacteriol 203:e00481-20.
Sonnenburg JL, Xu J, Leip DD, Chen C-H, Westover BP, Weatherford J, Buhler JD,
Gordon JI. 2005. Data from “Glycan foraging in vivo by an intestine-adapted
bacterial symbiont”. Gene Expression Omnibus. https://www.ncbi.nlm.nih.gov/
sites/GDSbrowser?acc=GDS1849. (accession no. GDS1849).
Bjursell MK, Martens EC, Gordon JI. 2006. Data from “Functional genomic
and metabolic studies of the adaptations of a prominent adult human gut
symbiont, Bacteroides thetaiotaomicron, to the suckling period.” Gene
Expression Omnibus. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE5279. (accession no. GSE5279).
Sonnenburg ED, Sonnenburg JL, Manchester JK, Hansen EE, Chiang HC,
Gordon JI. 2006. Data from “A hybrid two-component system protein of a
prominent human gut symbiont couples glycan sensing in vivo to carbohydrate metabolism.” Gene Expression Omnibus. https://www.ncbi.nlm
.nih.gov/sites/GDSbrowser?acc=GDS1849. (accession no. GDS1849).
Peterson DA, McNulty NP, Guruge JL, Gordon JI. 2007. Data from “IgA
response to symbiotic bacteria as a mediator of gut homeostasis.” Gene
Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE9019. (accession no. GSE9019).
Westover BP, Buhler JD, Sonnenburg JL, Gordon JI. 2005. Operon prediction without a training set. Bioinformatics 21:880–888. https://doi.org/10
.1093/bioinformatics/bti123.
Andersen CL, Jensen JL, Ørntoft TF. 2004. Code from “Normalization of realtime quantitative reverse transcription-PCR data: A model-based variance estimation approach to identify genes suited for normalization, applied to bladder and colon cancer data sets”. https://moma.dk/normﬁnder-software.

MicrobiolSpectrum.asm.org

13

Downloaded from https://journals.asm.org/journal/spectrum on 14 March 2022 by 129.16.74.39.

Organic Acid Synthesis Pathways in B. thetaiotaomicron

