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ABSTRACT Purine is a nitrogen-containing compound that is abundant in nature.
In organisms that utilize purine as a nitrogen source, purine is converted to uric
acid, which is then converted to allantoin. Allantoin is then converted to ammonia.
In Escherichia coli, neither urate-degrading activity nor a gene encoding an enzyme
homologous to the known urate-degrading enzymes had previously been found.
Here, we demonstrate urate-degrading activity in E. coli. We first identified aegA as
an E. coli gene involved in oxidative stress tolerance. An examination of gene ex-
pression revealed that both aegA and its paralog ygfT are expressed under both mi-
croaerobic and anaerobic conditions. The ygfT gene is localized within a chromo-
somal gene cluster presumably involved in purine catabolism. Accordingly, the
expression of ygfT increased in the presence of exogenous uric acid, suggesting that
ygfT is involved in urate degradation. Examination of the change of uric acid levels
in the growth medium with time revealed urate-degrading activity under microaero-
bic and anaerobic conditions in the wild-type strain but not in the aegA ygfT
double-deletion mutant. Furthermore, AegA- and YgfT-dependent urate-degrading
activity was detected only in the presence of formate and formate dehydrogenase
H. Collectively, these observations indicate the presence of urate-degrading activity
in E. coli that is operational under microaerobic and anaerobic conditions. The activ-
ity requires formate, formate dehydrogenase H, and either aegA or ygfT. We also
identified other putative genes which are involved not only in formate-dependent
but also in formate-independent urate degradation and may function in the regula-
tion or cofactor synthesis in purine catabolism.

IMPORTANCE The metabolic pathway of uric acid degradation to date has been
elucidated only in aerobic environments and is not understood in anaerobic and mi-
croaerobic environments. In the current study, we showed that Escherichia coli, a fac-
ultative anaerobic organism, uses uric acid as a sole source of nitrogen under anaer-
obic and microaerobic conditions. We also showed that formate, formate
dehydrogenase H, and either AegA or YgfT are involved in uric acid degradation. We
propose that formate may act as an electron donor for a uric acid-degrading en-
zyme in this bacterium.
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Purine exists in all organisms, mainly as a component of adenine and guanine.
Degradation of purine yields uric acid, which is used as a nitrogen source by

many aerobic organisms. Many animals, plants, fungi, yeasts, and aerobic bacteria,
such as Bacillus subtilis and Klebsiella pneumoniae, harbor oxygen-dependent cat-
abolic pathways for the degradation of uric acid to allantoin and that of allantoin
to ammonia (1, 2).

The Escherichia coli genome harbors some of the genes required for purine catab-
olism and allantoin degradation (Fig. 1) (3, 4). In fact, E. coli converts purine derivatives,
such as adenine, guanine, xanthine, and hypoxanthine, into uric acid and can use
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allantoin as the sole nitrogen source (5). Therefore, although the bacterium can use
adenine and adenosine as the sole nitrogen sources because it releases ammonia
during deamination of adenine and adenosine to inosine and xanthosine, respectively,
it has been thought that E. coli cannot use this pathway to utilize other purines (3).
However, several studies have suggested that E. coli can indeed utilize other purines
and that it can convert uric acid, the final product of purine metabolism, to allantoin.
First, inosine or xanthosine promotes the growth of E. coli under nitrogen-limited
conditions (4). Based on this observation, the bacterium may be able to catabolize
inosine and xanthosine to allantoin. In addition, in an experiment involving 14C-labeled
adenine as a nitrogen source, E. coli produced 14CO2, which suggested that adenine
was converted to allantoin (4). Further, high-affinity urate transporter UacT, which
exhibits high affinity for uric acid and not for the other purines, was identified in E. coli,
suggesting the possibility of uric acid utilization (6). Based on these observations, it is
possible that a new pathway for uric acid utilization exists in E. coli.

The reaction from uric acid to allantoin proceeds via three steps. The first step

FIG 1 Purine degradation pathway in E. coli. Add, AdeD, GuaD, XdhABC, and HiuH, the allantoin
degradation enzymes, were described previously (3, 40, 47–50). E. coli genes responsible for the
conversion of uric acid to HIU or for the conversion of OHSU to (S)-allantoin have not been identified to
date.
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involves the production of 5-hydroxyisouric acid (HIU) by the hydroxylation of C-5 of
uric acid. The second step involves the hydrolysis of HIU to 2-oxo-4-hydroxy-4-carboxy-
5-ureidoimidazoline (OHCU). The third step involves the formation of allantoin by
decarboxylation of OHCU (7).

Since the conversion of HIU to OHCU and that of OHCU to allantoin occur sponta-
neously, the most important step of the conversion of uric acid to allantoin is the first
step of uric acid degradation (8). Three types of urate-hydroxylating enzymes have
been identified to date. The first type is uric acid oxidase, found in bacteria, archaea,
and eukaryotes; this enzyme does not require a cofactor (9). This type of urate oxidase
requires molecular oxygen as an electron acceptor in a reaction that generates one
molecule of hydrogen peroxide per one molecule of uric acid hydroxylated. The second
type of urate-hydroxylating enzyme is flavin adenine dinucleotide (FAD)-dependent
uric hydroxylase. It is represented by two isoenzymes that share low sequence identity.
One isoenzyme is HpxO, first identified in K. pneumoniae (10), and the other is HpyO,
first identified in Acinetobacter baylyi (11). These FAD-dependent uric hydroxylases
incorporate hydroxyl groups generated by the reduction of dioxygen with uric acid. The
third type of urate-hydroxylating enzyme is membrane cytochrome c urate oxidase,
PuuD, found in Agrobacterium fabrum (12). Although enzymatic activity of a purified
PuuD has not yet been confirmed, PuuD is thought to mediate the electron transfer
from uric acid to oxygen, with the generated hydrogen peroxide removed by the
cytochrome c domain of PuuD (12). All types of urate-hydroxylating enzymes require
stoichiometric amounts of molecular oxygen to hydroxylate uric acid, and there has
been no evidence of uric acid degradation outside aerobic environments (9–12).

In the current study, we identified aegA as a gene involved in menadione sensitivity
of previously constructed reduced-genome strains of E. coli (13). Menadione is an
artificial electron carrier, which is reduced and oxidized by electron-transferring met-
abolic enzymes, such as diaphorases (14). Because reduced menadione is oxidized by
oxygen and produces reactive oxygen species, menadione is used to examine cell
sensitivity to oxidative stress (15). We investigated the functions of AegA and its
paralog YgfT and found that these proteins are involved in uric acid degradation, and
that E. coli can utilize uric acid as a nitrogen source under microaerobic and aerobic
conditions.

RESULTS
Identification of AegA and YgfT. Previously, we constructed a series of reduced-

genome strains of E. coli (Δ1a to Δ23a and Δ25a to Δ33a mutant strains) that lacked
38.9% of the parental chromosome by combining large chromosomal deletions, and we
examined the sensitivity of those strains to menadione during stationary phase (13, 16).
We found that the Δ22a mutant strain was more sensitive to menadione than the Δ21a
mutant strain (13). The Δ22a mutant strain was constructed by generating a large-scale
chromosomal deletion, LD3-4-1 (36,841 bp), in the Δ21a mutant strain, which sug-
gested that a gene(s) involved in menadione sensitivity was present in the deleted
region. The Δ21a mutant strain became sensitive to menadione upon deletion of the
aegA gene (see Fig. S1 in the supplemental material). The menadione sensitivity was
complemented by a single-copy mini-F plasmid harboring aegA, although the Δ21a and
Δ21a ΔaegA mutant strains became even more sensitive after introduction of a mini-F
vector plasmid (Fig. S1). These results suggested that aegA is involved in menadione
sensitivity. However, deletion of aegA in the wild-type strain did not result in menadi-
one sensitivity, suggesting that multiple mutations are required for the sensitivity (Fig.
S1). We did not identify another responsible gene(s) and did not clarify the mechanism
of the observed menadione sensitivity in the current study. Instead, we focused on the
aegA gene.

Although aegA (anaerobically expressed gene A) is reportedly expressed under
anaerobic conditions (17), its biological function had not previously been elucidated.
AegA is a putative oxidoreductase and has an N-terminal 4Fe-4S dicluster domain, often
found within the bacterial ferredoxin, and a C-terminal pyridine nucleotide-disulfide
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oxidoreductase domain, which shows high similarity with the E. coli glutamate synthase
�-subunit GltD (18) (Fig. 2). A BLAST search revealed that E. coli harbors an aegA
paralog, ygfT (19, 20). Similar to AegA, YgfT is a putative oxidoreductase and has an
N-terminal 4Fe-4S dicluster domain and a C-terminal pyridine nucleotide-disulfide
oxidoreductase domain (Fig. 2). The biological function of YgfT has not been clarified.
A possible �54-dependent promoter found in promoter regions of various nitrogen-
related genes (21) is located upstream of ygfT. Computational analysis suggested that
ygfT and uacT (ygfU), a gene upstream of ygfT, are divergently transcribed (4).

Expression of aegA and ygfT. To clarify the function(s) of aegA and ygfT, we
examined the expression of these genes in E. coli strains harboring aegA-lacZ and
ygfT-lacZ constructs generated by fusing the regions upstream of aegA and ygfT with
lacZ, accordingly. Because these strains were constructed by inserting the upstream
regions of aegA and ygfT into the chromosomal lacZ upstream region, the chromosomal
aegA and ygfT loci were not disrupted and the metabolism and regulation were not
affected. Using these transcriptional fusions, we examined the expression of aegA and
ygfT under different conditions by measuring �-galactosidase activity, as described in
Materials and Methods.

Previous work already showed that the aegA expression is induced under anaerobic
conditions (17). It was also reported that the expression of some enzymes that contain
ferredoxin-like domains, which are found in the N-terminal parts of AegA and YgfT, is
induced in a specific environment with a specific oxidation-reduction potential (22, 23).
Therefore, we first examined the effect of oxygen availability and of the other electron
acceptors on the expression of aegA and ygfT. Under aerobic conditions, the expression
of aegA was very low; in contrast, under microaerobic or anaerobic conditions, the
expression of aegA was approximately 30 times higher than that under aerobic con-
ditions (Fig. 3A). It was also shown that aegA expression was repressed by the addition
of nitrate in medium (17). We showed that the expression of aegA was not reduced by
the addition of respiratory electron acceptors, including nitrate, under anaerobic
conditions (Fig. 3A). Our aegA-lacZ transcriptional fusion contained the upstream
region 631 bp from the aegA start codon, while the aegA-lacZ fusion used in the
previous work contained the upstream region 237 bp from the aegA start codon and
the first 90 codons of aegA (17). The repression of expression in the presence of nitrate
may be ascribed to the first 90 codons of aegA and may be a posttranscriptional
regulation.

Similarly to aegA, we examined the ygfT expression using a strain harboring ygfT-
lacZ constructs. The ygfT-lacZ transcriptional fusion contained the upstream region

FIG 2 Domain organization of AegA and YgfT. The N-terminal 4Fe-4S dicluster domains of AegA and YgfT
share high identity with HydN, YgfS, HycB, and HyfA. The C-terminal pyridine nucleotide-disulfide
oxidoreductase domains of AegA and YgfT share high identity with the �-subunit of glutamate synthase
GltD. The percent identity shared by each protein with AegA and YgfT is shown. a.a., amino acids.

Iwadate and Kato Journal of Bacteriology

June 2019 Volume 201 Issue 11 e00573-18 jb.asm.org 4

https://jb.asm.org


FIG 3 Expression of aegA and ygfT examined under microaerobic and anaerobic conditions. (A and B) The
effect of various respiratory electron acceptors on the expression of aegA (A) and ygfT (B) genes was
examined. (C and D) The effect of various purine degradation intermediates on the expression of aegA
(C) and ygfT (D) genes was examined under anaerobic conditions. �-Galactosidase activity is presented
as units per milligram of protein.
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720 bp from the ygfT start codon, incorporating the entire intergenic region between
ygfT and uacT. The expression of ygfT was low under aerobic conditions (Fig. 3B). Under
microaerobic and anaerobic conditions, ygfT expression was approximately 30 and 40
times higher than that under aerobic conditions, respectively. Unlike the expression of
aegA in the presence of a respiratory electron acceptor other than oxygen under
anaerobic conditions, the expression of ygfT was reduced by approximately 120-fold
and 28-fold in the presence of nitrates and nitrites, respectively (Fig. 3B). Conversely,
the addition of dimethyl sulfoxide (DMSO), trimethylamine N-oxide (TMAO), or fumaric
acid resulted in approximately 2.8-fold, 3-fold, and 1.9-fold enhancements of ygfT
expression, respectively (Fig. 3B). These observations suggested that the expression of
ygfT increased in an environment with a low oxidation-reduction potential and de-
creased in an environment with a high oxidation-reduction potential.

The ygfT gene is located in a chromosomal gene cluster presumably involved in
purine catabolism (4), and uacT, encoding a urate transporter, is located upstream of
ygfT, in divergent orientation. We examined the effect of purines and allantoin on the
expression of aegA and ygfT. No significant change in the aegA expression was
observed in the presence of purine or allantoin (Fig. 3C), while the expression of ygfT
increased approximately 3.5 times in the presence of hypoxanthine, xanthine, and uric
acid (Fig. 3D). However, no significant difference in ygfT expression was observed in the
presence of allantoin (Fig. 3C). These observations suggested that ygfT is involved in
uric acid metabolism.

Cellular uric acid degradation activity. To investigate the possibility that ygfT is
involved in the metabolism of uric acid, the amount of uric acid in the growth medium
was determined for cells cultured in the presence of uric acid as the sole nitrogen
source. A ygfT disruptant was constructed by deleting both ygfT and ygfS genes
because ygfT overlaps ygfS by one nucleotide. The gene ygfS encodes a ferredoxin-like
protein of unknown function. For the experiment, the wild-type strain and strains
lacking aegA and/or ygfTS were anaerobically grown to the stationary phase in LB
medium supplemented with uric acid. The expression of aegA and ygfT decreased when
the cells were grown anaerobically in the M9 glucose medium or LB glucose medium.
Hence, we used LB medium for the primary culture to increase the expression of aegA
and ygfT. Then, the stationary-phase culture cells were harvested and washed. The cells
were suspended (optical density at 600 nm [OD600], 1.0) in a minimal medium supple-
mented with glucose and uric acid as the nitrogen source and incubated under
microaerobic conditions. The amount of uric acid was then determined (Fig. 4A). The
uric acid degradation activity was apparent only in cells that had been grown in LB
medium, washed, and incubated in a minimal medium under microaerobic conditions.
Neither aegA- and ygfT-dependent uric acid degradation nor uric acid-dependent
growth was observed when a small inoculum was used (OD600, 0.1 at the start of the
experiment). This could be explained by a greater amount of dissolved oxygen in
cultures when a small inoculum was used (OD600, 0.1) than in cultures when a large
inoculum was used (OD600, 1.0). For the wild-type strain and ΔaegA and ΔygfTS
mutants, the concentration of uric acid in the medium gradually decreased (Fig. 4B). No
pronounced change in uric acid levels was apparent in the ΔaegA ΔygfTS mutant
culture. The ΔaegA ΔygfTS mutant did not grow under these conditions, as shown in
Fig. 4C, in contrast to the wild-type strain and ΔaegA and ΔygfTS mutants. Neither of the
tested strains grew in a medium that had not been supplemented with uric acid, which
indicated that bacterial growth was dependent on uric acid (Fig. 4D and E).

To confirm that the aegA and ygfTS genes were responsible for the urate-degrading
activity and uric acid-dependent cell proliferation, a single-copy mini-F plasmid har-
boring aegA or ygfTS (mFKm-aegA or mFKm-ygfTS, respectively) was introduced into
the ΔaegA ΔygfTS mutant. Urate-degrading activity and cell proliferation were observed
in strains harboring the mFKm-aegA or mFKm-ygfTS plasmid but not in strains harbor-
ing the empty plasmid vector (mFKm) (Fig. 4F and G). These observations suggested
that either aegA or ygfTS was required for uric acid degradation and uric acid-
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dependent cell proliferation under microaerobic conditions and that their functions
overlap although they function independently.

To confirm that AegA is involved in urate degradation, we introduced several
constructs harboring a mutated aegA gene into the ΔygfT mutant strain. Each construct
harbored a missense mutation in codons corresponding to conserved amino acid

FIG 4 Cellular uric acid degradation activity. (A) The procedure for determining uric acid degradation activity and cell
growth. (B and C) Uric acid degradation activity (B) and cell growth (C) of the wild type and ΔaegA, ΔygfTS, and ΔaegA
ΔygfTS mutant strains in minimal medium supplemented with uric acid as the sole nitrogen source. (D and E) Uric acid
degradation activity (D) and cell growth (E) in the absence of uric acid. (F and G) Introduction of plasmid-borne aegA and
ygfTS genes restores the uric acid degradation activity (F) and cell growth (G) with uric acid as the sole nitrogen source.
(H and I) The amount of uric acid (H) and cell density (I) after a 24-h incubation under aerobic, microaerobic, and anaerobic
conditions with uric acid as the sole nitrogen source. The cellular uric acid degradation activity was monitored by
measuring the OD291 of the culture supernatant.
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residues, with three in the N-terminal ferredoxin-like domain and four in the C-terminal
pyridine nucleotide-disulfide oxidoreductase domain (Fig. S2A). As shown in Fig. S2B,
the seven mutants were deficient in urate-degrading activity. These observations
confirmed that AegA is involved in the urate-degrading activity and indicated that the
tested residues were essential for this activity.

Next, we investigated the uric acid degradation activity and growth of the wild-type
and ΔaegA ΔygfTS strains cultured under aerobic, microaerobic, and anaerobic condi-
tions. As shown in Fig. 4H and I, when either of the strains was grown under aerobic
conditions, the amount of uric acid in the medium did not decrease; however, when the
wild-type strain was cultured under microaerobic and anaerobic conditions, the
amount of uric acid in the medium decreased, and cell proliferation was detected.
These observations revealed that uric acid degradation and uric acid-dependent cell
proliferation involving AegA and YgfT occur under both microaerobic and anaerobic
conditions.

Involvement of formate dehydrogenases in uric acid degradation. The N-terminal
domains of AegA and YgfT are ferredoxin-like domains and share high amino acid
similarity with ferredoxin-like proteins of unknown function, HydN and YgfS (Fig. 2).
HydN is a ferredoxin-like protein and a putative electron transfer protein (24). YgfS,
which is also a ferredoxin-like protein and a putative electron transfer protein, has not
been experimentally characterized. We constructed hydN and ygfS deletion mutants
and introduced the hydN ygfS double-deletion mutation into the wild-type and ΔaegA
strains and the hydN deletion into the ΔygfTS and ΔaegA ΔygfTS mutant strains. The
constructed strains were cultured, and the amount of uric acid in the medium was
determined. As shown in Fig. 5A, double deletion of the hydN and ygfS genes did not
significantly affect the strain phenotypes examined. These observations indicated that
HydN and YgfS are not required for AegA- and YgfT-dependent uric acid degradation.

The N-terminal ferredoxin-like domains of AegA and YgfT also share similarity with
HycB and HyfA, which are hydrogenase electron transfer subunits (Fig. 2). Therefore, we
investigated the involvement of hydrogenases in uric acid degradation. E. coli harbors
four types of the hydrogenase complex, as follows: hydrogenase 1, encoded by hyaABC;
hydrogenase 2, encoded by hybABOC; hydrogenase 3, encoded by hycBCDEFG; and
hydrogenase 4, encoded by hyfABCDEFGHI. All these hydrogenase complexes are
tightly associated with the inner membrane. Further, HycB and HyfA are constituents of
hydrogenases 3 and 4, respectively, which reduce protons to hydrogen using electrons
donated by formate (25). Therefore, we constructed the ΔHYDs mutant strain that
lacked all genes encoding these four types of hydrogenases and ΔHYDs mutant-derived
strains lacking either or both aegA and ygfTS. The constructed strains were cultured,
and the amount of uric acid in the medium was determined. As shown in Fig. 5B, no
significant difference was observed between the ΔHYDs mutant-derived strains and the
corresponding hydrogenase-encoding strains. These observations indicated that the
hydrogenases were not involved in aegA- and ygfT-dependent uric acid degradation.

N-terminal ferredoxin-like domains of AegA and YgfT also share similarity with
formate dehydrogenases (FDHs), FdnH and FdoH (Fig. 2). Hence, we next examined the
involvement of FDH in uric acid degradation. E. coli encodes three FDHs: FDH-H,
encoded by fdhF; FDH-N, encoded by fdnGHI; and FDH-O, encoded by fdoGHI. Although
FDH-N and FDH-O are membrane proteins (26, 27), FDH-H is a soluble protein (28). We
constructed an ΔFDHs mutant strain that lacked all genes encoding the three FDHs and
ΔFDHs mutant-derived strains that had ΔaegA and/or ΔygfTS mutations. These strains
were cultured, and the amount of uric acid in the growth medium was determined. As
shown in Fig. 5B, no decrease in the amount of uric acid in the medium was observed
for any of the constructed ΔFDHs mutant strains. These findings indicated that at least
one of the three FDH enzymes was involved in aegA- and ygfT-dependent uric acid
degradation.

Next, we asked which FDH is involved in uric acid degradation. We constructed
deletion strains that lacked the three formate dehydrogenases (FDH-H, FDH-N, and
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FIG 5 The effect of ferredoxin-like proteins, FDH, and hydrogenases on uric acid degradation. (A) The effect of hydN and ygfS genes
encoding a ferredoxin on uric acid degradation activity. (B) The amount of uric acid in the medium after a 24-h incubation. The
ΔFDHs mutant strain lacks all (three) FDHs, and the ΔHYDs mutant strain lacks all (four) hydrogenases. (C and D) Urate levels in
the spent medium (C) and cell growth (D) of the wild type, FDH single mutants, and fdhD mutant during a 24-h incubation. (E and

(Continued on next page)
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FDH-N). As described above, the strains were cultured in the presence of uric acid, and
the amount of uric acid in the growth medium and cell growth were evaluated. As
shown in Fig. 5C and D, the ΔFDH-H mutant strain lacked urate-degrading activity and
did not grow under the tested conditions.

Furthermore, we constructed mutant strains that lacked two of the three FDHs (i.e.,
encoded only one FDH). We found that only the ΔFDH-N ΔFDH-O mutant strain, in
which only FDH-H was present, was able to degrade urate and proliferate under the
conditions tested (Fig. 5E and F). To confirm that FDH-H was responsible for the
urate-degrading activity and uric acid-dependent cell proliferation, a single-copy mini-F
plasmid (mFTc-FDH-H) harboring the fdhF gene encoding FDH-H was introduced into
the ΔFDH-H mutant strain, and the phenotype was examined. Indeed, the strain
exhibited urate-degrading activity and proliferated upon the introduction of mFTc-
FDH-H but not after introduction of the empty plasmid vector (mFTc) (Fig. 5G and H).
These observations suggested that FDH-H is required for uric acid degradation and uric
acid-dependent cell proliferation.

In addition to formate dehydrogenase activity, FDH has another function, i.e.,
electron-transferring activity, which is different from formate dehydrogenase activity
(29). To investigate whether the formate dehydrogenase activity of FDH-H was required
for uric acid degradation, urate-degrading activity was examined in an ΔfdhD mutant
strain lacking FdhD, which is essential for formate dehydrogenase activity but not for
electron-transferring activity. FdhD is a sulfur transferase which transfers sulfur to
molybdo-bis-pyranopterin guanine dinucleotide (Mo-bisPGD), an essential cofactor for
formate dehydrogenase activity of FDH (30). As shown in Fig. 5C and D, the ΔfdhD
mutant did not exhibit urate-degrading activity and uric acid-dependent cell prolifer-
ation. This indicated that formate dehydrogenase activity of FDH-H is indispensable for
uric acid degradation.

FDH-H lacks a ferredoxin-like domain, which is found in the N-terminal regions of
AegA and YgfT. FDH-H interacts with hydrogenase 3 or hydrogenase 4 to form a
formate hydrogenlyase (31, 32). Further, FDH-H transfers electrons to HycB (from
hydrogenase 3) and HyfA (from hydrogenase 4) (31). As described above, HycB and
HyfA share similarity with the N-terminal domains of AegA and YgfT, suggesting the
possibility that FDH-H donates electrons to AegA and YgfT.

Formate is required for fdhF-, aegA-, and ygfT-dependent uric acid degrada-
tion. Since FDH-H was required for uric acid degradation, we next investigated whether
formate was required for that activity. Under anaerobic and microaerobic conditions,
pyruvate, the final product of glycolysis, is converted to formate and acetyl-coenzyme
A (acetyl-CoA) by pyruvate-formate lyase, PflB, with the aid of PflA. PflAB produces a
large portion of endogenous formate under anaerobic and microaerobic conditions
(33). A ΔpflAB mutant, in which PflAB-dependent endogenous production of formate is
impaired, was constructed, and its uric acid-degrading activity was examined. Specifi-
cally, the pflAB genes were deleted from the wild-type, ΔFDH-H mutant, ΔaegA ΔygfTS
mutant, and ΔaegA ΔygfTS ΔFDH-H mutant strains. The constructed strains were
cultured anaerobically until stationary phase, and the amount of uric acid in the growth
medium and cell growth were examined after further incubation (Fig. 6 and S3). In the
absence of a carbon source, no strain exhibited uric acid degradation (Fig. 6A and B) or
growth (Fig. S3A and B). In the presence of formate as the carbon source, degradation
of exogenous uric acid was observed in the ΔpflAB mutant and the wild-type strain (Fig.
6C and D) but not in the ΔFDH-H, ΔaegA ΔygfTS, or ΔaegA ΔygfTS ΔFDH-H mutant
strains. These observations revealed that AegA, YgfT, and FDH-H are essential for uric
acid degradation in the presence of formate.

FIG 5 Legend (Continued)
F) Urate levels in the spent medium (E) and cell growth (F) of the wild type and FDH double- and triple-deletion mutants during
a 24-h incubation. (G and H) The introduction of plasmid-borne fdhF restores the uric acid degradation activity (G) and cell growth
(H), with uric acid as the sole nitrogen source.
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Since FDH catalyzes the oxidation of formate to carbon dioxide, we next examined
the possibility that the requirement for formate for urate degradation was associated
with its ability to supply carbon dioxide to this process. Consequently, the amount of
uric acid in the medium was determined when the tested strains were cultured in a
medium supplemented with bicarbonate. However, uric acid degradation was not
observed, suggesting the possibility that the requirement for formate for urate degra-
dation was not due to its ability to supply carbon dioxide to this process (Fig. 6E and
F). Because FDH forms carbon dioxide via an oxidation reaction, in which electrons are
extracted from formate, formate could act as an electron donor in AegA-, YgfT-, and
FDH-H-dependent uric acid degradation.

When the constructed strains were cultured in a medium supplemented with
glucose as the carbon source, uric acid degradation was observed in the wild-type
strain culture but not in the ΔFDH-H, ΔaegA ΔygfTS, or ΔaegA ΔygfTS ΔFDH-H mutant
strain cultures (Fig. 6G). However, upon deletion of the pflAB genes, abolishing formate
production by PflAB, derivatives of the ΔFDH-H, ΔaegA ΔygfTS, and ΔaegA ΔygfTS
ΔFDH-H mutant strains were able to degrade exogenous uric acid (Fig. 6G and H).
However, uric acid degradation by the ΔpflAB ΔFDH-H, ΔpflAB ΔaegA ΔygfTS, and ΔpflAB
ΔaegA ΔygfTS ΔFDH-H mutant strains was also observed when the growth medium was
supplemented with formate in addition to glucose (Fig. 6I and J). Therefore, it is unlikely
that uric acid degradation results from a simple suppression of intrinsic formate
production after removal of the pflAB genes. Further analysis of the AegA-, YgfT-, and
FDH-H-independent uric acid degradation in ΔpflAB strains in the presence of glucose
is required to clarify the mechanism(s) involved.

Identification of genes required for formate-dependent and formate-independent
uric acid degradation. As described above, even in the absence of aegA and ygfT, or of
fdhF, uric acid degradation was observed when the ΔpflAB mutant strains were incu-
bated in the presence of glucose, suggesting that AegA, YgfT, and FDH-H were
dispensable for uric acid degradation. Therefore, we attempted to identify other
chromosomal regions containing genes involved in uric acid degradation. Since ygfT is

FIG 6 The effect of various carbon sources on uric acid degradation. (A and B) The amount of uric acid in an unsupplemented minimal medium (without any
carbon source) during a 24-h incubation of wild-type derivatives (A) and ΔpflAB derivatives (B). (C and D) The effect of the supplementation of a minimal
medium with formate on the amount of uric acid in the medium during a 24-h incubation of wild-type derivatives (C) and ΔpflAB derivatives (D). (E and F) The
effect of the supplementation of a minimal medium with bicarbonate on the amount of uric acid in the medium during a 24-h incubation of wild-type
derivatives (E) and ΔpflAB derivatives (F). (G and H) The effect of the supplementation of a minimal medium with glucose on the amount of uric acid in the
medium during a 24-h incubation of wild-type derivatives (G) and ΔpflAB derivatives (H). (I and J) The effect of the supplementation of a minimal medium with
glucose and formate on the amount of uric acid in the medium during a 24-h incubation of wild-type derivatives (I) and ΔpflAB derivatives (J).
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located in a gene cluster presumably involved in purine catabolism (4), we investigated
the possibility that other genes in this gene cluster are involved in uric acid degrada-
tion. Specifically, we generated two large-scale chromosome deletions of this gene
cluster region, OCL43, which is the deletion of the chromosomal range from yqeF to
yqeA, and OCL42, which is the deletion of the chromosomal range from yqeB to idi, in
the ΔpflAB strains (Fig. 7A). The resultant strains were cultured in the presence of
glucose, and uric acid degradation was examined. Strains with either region deleted did
not exhibit urate-degrading activity, suggesting the existence of genes essential for
formate-dependent exogenous uric acid degradation in each of the deleted regions
(Fig. 7B). Further, ΔpflAB mutants with either of these regions deleted did not exhibit
the urate-degrading activity in the presence of glucose (Fig. 7B). This suggested that
genes indispensable for formate-independent uric acid degradation exist in each of the
removed regions.

Although not all of the putatively involved genes were examined, we investigated
one gene in the gene cluster, ygeV, which presumably encodes a transcriptional
regulator. Consequently, ygeV deletion mutants were constructed in the wild-type and
ΔpflAB backgrounds, and the uric acid degradation ability was examined in the pres-
ence of glucose. Since the ygeV gene is monocistronic, the deletion of ygeV inactivated
only the ygeV gene. No urate-degrading activity was observed in either strain, indicat-
ing that ygeV is essential for both formate-dependent and formate-independent uric
acid degradation (Fig. 7B).

Furthermore, the effect of OCL43 and ΔygeV on ygfT expression in the presence of
uric acid was examined in the ygfT-lacZ strain. Indeed, both deletions resulted in a
reduced expression of ygfT, and no induction of the gene expression by uric acid was

FIG 7 The chromosomal regions, which are required for uric acid degradation. (A) Chromosomal regions
of OCL42 and OCL43 large-scale deletion mutants. Solid lines represent the chromosome, and striped
lines represent the deleted region in the indicated strain. (B) The effect of OCL43, OCL42, and ygeV
deletion on the amount of uric acid in the medium after a 24-h incubation. (C) The effect of OCL43 and
ygeV deletion on the expression of ygfT.
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observed (Fig. 7C). These findings demonstrated that gene(s) involved in the expression
of ygfT is located in the deleted OCL43 region and that ygeV is involved. Since
urate-degrading activity was not observed in the ygeV deletion mutant in the ΔpflAB
background, ygeV is probably involved in the expression of other genes essential for
formate-independent uric acid degradation in E. coli.

Phylogenic distribution of aegA and ygfT genes. To investigate the conservation
of the formate-dependent uric acid degradation pathway, we investigated phylogenic
distribution of AegA and YgfT by using the neighbor-joining method in the MEGA 7.0
software (34). As shown in Fig. S4A, AegA and YgfT are encoded by bacteria from 19
genera, all of which belong to the Gram-negative facultative anaerobes from the
Enterobacteriaceae family, including human pathogens (e.g., Shigella, Salmonella, Kleb-
siella, and Enterobacter spp.) and plant pathogens (e.g., Kosakonia, Brenneria, and
Pectobacterium spp.). Since the aegA gene is conserved in all E. coli strains whose
genomes have been sequenced to date, the function of aegA appears to be important
for E. coli (35). Ten species encode both AegA and YgfT, 66 species encode only AegA,
and four species encode only YgfT. Genes encoding the urate-degrading enzymes were
rarely found in organisms harboring the aegA or ygfT genes, hpxO was identified in only
24 species, and hpyO was identified in only one species (Table S1).

We next examined genomic regions in the vicinity of the aegA and ygfT genes in the
organisms analyzed in Fig. S4A. The ygfT, ygfS, fdhF, and uacT genes are often located
close to one another (Fig. S4C). The ygfS gene encodes a ferredoxin-like protein that
shares high similarity with the N-terminal domain of YgfT, fdhF encodes FDH-H, and
uacT encodes a uric acid transporter. The aegA, acrD, nudK, and ypfG genes are also
frequently located near each other (Fig. S4B). The acrD gene encodes a multidrug efflux
pump, nudK encodes a GDP-mannose hydrolase, and ypfG encodes an uncharacterized
DUF1176 (Pfam domain PF06674)-containing protein. During the degradation of cola-
nic acid, the GDP-mannose hydrolase NudK hydrolyzes GDP-mannose to GMP and
�-D-mannose-1-phosphate (36). Therefore, AegA may be involved in sweeping the
nitrogen from guanine released from GDP-mannose. We noted that fdhF, which en-
codes FDH-H, was enriched in AegA/YgfT-encoding genomes (Fig. S4B and C). These
neighborhood analyses indicated that FDH-H, and AegA or YgfT, were functionally
related.

DISCUSSION

In the current study, aegA was identified as a gene involved in menadione resistance
of E. coli strains with reduced genomes, and its paralog, ygfT, was identified in a gene
cluster presumably involved in purine catabolism. We found that the expression of
aegA and ygfT increased under anaerobic and microaerobic conditions, and that uric
acid enhanced the expression of ygfT. Hence, uric acid degradation activity involving
aegA and ygfT and operational under anaerobic and microaerobic conditions was
identified. Although it has been suggested that E. coli might be able to degrade uric
acid, the current study is the first to demonstrate such uric acid degradation. Since
urate-degrading activity has thus far been only identified under aerobic conditions, and
the reaction depends on molecular oxygen, identification of uric acid degradation
activity under anaerobic and microaerobic conditions is highly interesting. Further, the
requirement for formate and formate dehydrogenase by the AegA- and YgfT-
dependent urate degradation suggests that urate degradation proceeds through a
reductive pathway. Namely, the first step of the pathway is formate-dependent reduc-
tion of urate, which is followed by its hydrolysis. Further enzymatic and chemistry-
based analyses of the proposed reductive pathway should reveal intermediates of urate
degradation that are different from the intermediates in the known oxidative pathway
(i.e., formed by urate oxidase).

Previous studies demonstrated that the N-terminal ferredoxin-like domain of AegA
is similar to the HycB subunit of hydrogenase 3 (17) (Fig. 2). Further, the HycB subunit
directly interacts with FDH-H and accepts electrons from FDH-H (31). However, the
biological significance of the similarity remained unclear. In the current study, we found
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that AegA and YgfT require FDH-H and formate for uric acid degradation. These results
suggest that AegA, YgfT, and HycB accept electrons from FDH-H, and that the similar
domains of AegA, YgfT, and HycB are responsible for electron transfer from FDH-H. In
addition, a C-terminal pyridine nucleotide-disulfide oxidoreductase domain was iden-
tified in AegA and YgfT. It shows a high level of identity with GltD, a small subunit of
E. coli glutamate synthase (Fig. 2). Since GltD passes electrons from NADPH to GltB (18),
the large subunit of glutamate synthase, we considered the possibility that AegA and
YgfT function to reduce the enzymes necessary for uric acid degradation. Since
NADPH-binding sites of the C-terminal pyridine nucleotide-disulfide oxidoreductase
domain are essential for the urate-degrading activity, AegA may reduce NADP� to
NADPH using electrons from FDH-H. The structure of the C-terminal domain of AegA
and YgfT is similar to that of NADP�-dependent ferredoxin oxidoreductase NfnI-L of
Pyrococcus furiosus (37). NfnI-L receives electrons from NADPH and reduces two ferre-
doxins and one NAD� molecule by coupling energy-producing and energy-absorbing
reactions in a so-called bifurcating reaction (38). In particular, since the amino acid
residues that are important for bifurcation, located in the vicinity of the FAD-binding
site of NfnI-L, are also highly conserved in AegA and YgfT (see Fig. S5 in the supple-
mental material), it is highly likely that AegA and YgfT are bifurcating enzymes that
utilize low-energy electrons from formate (E=� – 420 mV). Collectively, we propose that
the electrons from formate flow as follows: first, the N-terminal ferredoxin-like domains
of AegA or YgfT accept electrons from the iron-sulfur cluster of FDH-H; subsequently,
the FAD cofactor of AegA or YgfT is reduced; and finally, FADH2 reduces NADP� and
the other enzyme at the same (bifurcation) or different (bifunction) time (Fig. S6).

As shown in Fig. 5C to F, of the three FDHs, AegA and YgfT required only FDH-H.
While FDH-H is a soluble protein, FDH-N and FDH-O are membrane-bound complexes.
AegA and YgfT, which do not have a transmembrane domain, might hence interact
with FDH-H. Alternatively, FDH-H can reduce substrates with low redox potential.
Previous in vitro experiments showed that FDH-H specifically reduces benzyl viologen
(E= � –359 mV), and FDH-N and FDH-O specifically reduce phenazine methosulfate
(E= � �80 mV) (28, 39). Therefore, if AegA and YgfT have a low redox potential similar
to benzyl viologen, FDH-H is the only enzyme that can reduce AegA and YgfT using
electrons from formate.

The mechanism by which E. coli degrades uric acid under anaerobic conditions is not
known. However, since electrons from FDH-H, and AegA and YgfT, are required for
formate-dependent urate degradation, uric acid might first be reduced to dihydrourate.
The C-5 of dihydrourate would then be hydroxylated to hydroxyisourate, and hydroxyi-
sourate would be hydrolyzed and decarboxylated to form allantoin. As shown in Fig. 6,
the presented data suggest that a formate-independent uric acid degradation pathway
exists in E. coli.

We found that the expression of aegA and ygfT was reduced in the presence of
oxygen and that the expression of ygfT was reduced in the presence of nitrite and
nitrate (Fig. 3A and B). Previously, it was shown that the expression of aegA is
upregulated by anaerobiosis and downregulated by nitrate (17). We did not observe
any inhibition of aegA expression by nitrate, although the aegA=-lacZ construct in this
study contains a longer aegA promoter region than that used in the previous study.
Because the aegA=-lacZ construct used in the previous study contains the first 90
codons of aegA while the aegA=-lacZ construct in this study does not, aegA expression
may be downregulated by nitrate in a posttranscriptional manner.

Furthermore, we showed that YgeV is involved in uric acid degradation in E. coli. The
ygeV gene presumably encodes a �54-dependent transcriptional activator and is lo-
cated in a gene cluster thought to be involved in purine catabolism. YgeV is essential
for the induction of ygfT and genes involved in formate-dependent uric acid degrada-
tion (Fig. 7B and C). Since a �54-dependent promoter is present in the intergenic region
of ygfT and uacT (8), ygeV might be directly involved in the transcription of ygfT in
response to hypoxanthine, xanthine, and uric acid. Interestingly, the FDH-H-encoding
gene is expressed from a �54-dependent promoter; hence, it is possible that YgeV
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promotes the transcription of the FDH-H gene. Genes for the utilization of allantoin as
a nitrogen source are coordinately regulated by both the repressor AllR and the
activator AllS (40). Considering all of the findings mentioned above, ygfT appears to be
involved in the formate-dependent uric acid degradation, and ygeV appears to be
required for the expression of the uric acid-inducible gene ygfT. We propose that the
genes ygeV and ygfT be renamed uacR (uric acid regulator) and uacF (uric acid
degradation formate-related element), respectively, reflecting their physiological roles.

FDH-H-, AegA-, and YgfT (UacF)-dependent uric acid degradation may constitute
one of the important systems that enhance bacterial adaptability to the gut environ-
ment, enabling E. coli to obtain nitrogen by degrading uric acid. In fact, 30% of uric acid
in a healthy human is present in the intestinal lumen (41). Further, according to a recent
report, high levels of xanthine dehydrogenase are expressed by the intestinal micro-
flora of gout patients, leading to the accumulation of large amounts of uric acid (42).
Because the solubility of uric acid is very low, the accumulation of uric acid in body
fluids is toxic. Such accumulation, in turn, causes gout, since humans lack uric acid-
degrading enzymes. Therefore, the discovery of the urate-degrading activity of E. coli
and the identification of genes required for the utilization of uric acid provide insight
into purine metabolism as a function of the human intestinal microflora. Further,
identification of a novel uric acid degradation pathway might lead to the development
of novel therapies for gout.

We first identified aegA as a gene responsible for menadione tolerance in a
reduced-genome strain, the Δ21a mutant (Fig. S1). ygfT (uacF) is in the genome of the
Δ21a mutant strain. In this strain, AegA may reduce the electron flow to menadione as
part of an AegA-dependent metabolic pathway, resulting in a reduced production of
reactive oxygen species. Alternatively, AegA may transfer electrons from a reduced
form of menadione to another electron acceptor, e.g., a uric acid-degrading enzyme,
also resulting in reduced reactive oxygen species production. The deletion of the aegA
gene reduced menadione tolerance of the Δ21a mutant strain but not that of the
wild-type strain. In the Δ21a mutant strain, in which many metabolic pathways are
deficient because many genes have been deleted, multiple metabolic pathways may be
impaired, and, consequently, more electrons may flow into AegA than in the wild type.

In conclusion, in the current study, we showed for the first time that E. coli utilizes
uric acid as a nitrogen source. E. coli degrades uric acid and is able to grow using uric
acid as the only nitrogen source under anaerobic and microaerobic conditions. Further,
AegA, YgfT (UacF), and FDH-H are required for uric acid degradation in the presence of
formate.

MATERIALS AND METHODS
Bacterial strains and primers. All E. coli strains used in the current study are derivatives of strain

MG1655. Deletion mutations were constructed by using the Red recombination system (43); the
mutations were transferred to the other strains by P1 transduction (44). The strain genotypes are
presented in Table S2 in the supplemental material. Primers used for the construction of the deletion
mutants are listed in Table S3. Primer sets for PCR are listed in Table S4. To construct the aegA=-lacZ and
ygfT=-lacZ fusions, four DNA fragments (the upstream regions of lacI and chloramphenicol resistance
gene [cat], the promoter region of aegA or ygfT, and lacZ) were prepared by PCR (Table S4, no. 1 to 5).
The DNA fragments were then joined by second- and third-round PCR (Table S4, no. 6 to 12).

To construct the AegA point substitution strains, four DNA fragments (those encoding the
C-terminal part of AegA and the N-terminal part of AegA, cat, and the downstream region of aegA)
were prepared by PCR (Table S4, no. 38 to 56). Missense mutations were introduced by PCR using
primers with the desired mutations. For the Cys68Ala substitution, T202 and G203 were changed to
G and C, respectively. For the Cys97Ala substitution, T289, G290, and T291 were changed to G, C, and
G, respectively. For the Cys121Ala substitution, T361, G362, and C363 were changed to G, C, and G,
respectively. For the Cys230Ala substitution, T688, G689, and C690 were changed to G, C, and G,
respectively. For the Gly334Ala G336A substitution, G1001, G1002, G1007, and T1008 were all
changed to C. For the Gly447Ala substitution, G1431 was changed to C. The mutations were
confirmed by sequencing.

To construct the AegA-Myc-His strain, three DNA fragments were prepared by PCR, with one
encoding the C-terminal region from the termination codon of aegA (Table S4, no. 32), the Myc-His
region with the cat gene (Table S4, no. 33), and the downstream region of aegA (Table S4, no. 34). The
DNA fragments were joined by second- and third-round PCR (Table S4, no. 35 to 37).
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To construct the His-AegA strain, four DNA fragments were prepared by PCR, as follows. The
upstream region of aegA (Table S4, no. 57), pBAD-His (Table S4, no. 58), the aegA open reading frame
(ORF) (Table S4, no. 59), and cat were joined with the downstream region of aegA (Table S4, no. 38). The
DNA fragments were joined by second- and third-round PCR (Table S4, no. 60 and 61).

To construct the mFKm-aegA and mFKm-ygfT plasmids, three DNA fragments were prepared by PCR,
aegA (Table S4, no. 16), ygfTS (Table S4, no. 17), and a kanamycin resistance (Km) gene (Table S4, no. 62).
The Km DNA fragment was joined with the aegA and ygfTS fragments in a second round of PCR (Table
S4, no. 18 and 19). The resultant fragments were ligated with the HpaI-mini-F fragment of plasmid
pSC138 (45).

To construct the mFTc-fdhF plasmid, two DNA fragments were prepared by PCR, fdhF (Table S4, no.
27) and Tc (Table S4, no. 26). These DNA fragments were joined in a second round of PCR (Table S4, no.
28). The resultant fragment was ligated with the HpaI-mini-F fragment of plasmid pSC138 (45).

Menadione sensitivity assay. The deletion mutants were grown on antibiotic medium 3 plates. The
colonies were transferred to 2 ml of antibiotic medium 3 and incubated for 24 h at 37°C with shaking. The
precultures were diluted 1/100 in 3 ml of antibiotic medium 3 and, after bubbling with N2, incubated for
24 h at 37°C with rotation. Stationary-phase cultures (0.5 ml) were transferred to sampling tubes with an
O-ring and mixed with menadione solution in ethanol or with ethanol. After flashing with N2, they were
incubated for 24 h at 4°C with rotation. The cultures were then diluted and plated on antibiotic medium
3 plates and incubated for 1 to 4 days at 37°C, and the colonies were counted. The concentrations of
menadione used were 1.0 mM for wild-type strains and 0.1 mM for Δ21a mutant strains.

Promoter activity assay. To test the effect of various electron acceptors on aegA and ygfT
expression, the cells were grown in LB medium supplemented with 48 mM NaNO3, NaNO2, DMSO,
TMAO, or fumaric acid. Anaerobic incubation was achieved by culturing (30 ml/tube) in 30-ml glass
tubes topped with a butyl stopper. Microaerobic incubation was achieved by culturing (15 ml/tube)
in 15-ml plastic tubes with rotation. Aerobic incubation was achieved by culturing (5 ml/flask) in
100-ml flasks. To test the effect of purine degradation intermediates on aegA and ygfT expression,
the cells were grown in M9 medium (without NH4Cl) with 2% tryptone as the carbon source. The M9
tryptone medium was used to evaluate the effect of purine derivatives in more detail because the
yeast extract in LB medium contains a considerable amount of purines. The medium was supple-
mented with 1.6 mM adenine, hypoxanthine, guanine, xanthine, uric acid, or allantoin, and the
cultures were incubated under anaerobic conditions. The cultures were incubated for 24 h at 37°C
with shaking (130 rpm). Next, stationary-phase cultures were chilled on ice-water slurry, the caps of
containers were opened, and the cells were harvested by centrifugation. The cell pellets were
washed with 50 mM Tris-HCl (pH 8.0) and resuspended in the same buffer. After disruption by
sonication, the cell debris was removed by centrifugation (27,173 � g, 5 min). The �-galactosidase
activity of the resultant supernatants of strains harboring the pygfT=-lacZ and paegA=-lacZ transcrip-
tional fusions was determined by o-nitrophenyl-�-D-galactopyranoside (ONPG) hydrolysis using
standard procedures (44). Protein concentrations were determined using the Bradford assay with
bovine serum albumin as the standard and used to normalize the �-galactosidase-specific activity.
An extinction coefficient of 4,500 M�1 cm�1 was used for calculation. Unit activity was defined as the
production of 100 �mol o-nitrophenol min�1 mg protein�1. The data are the averages of the results
from three independent replicates and are presented with the standard error.

Uric acid utilization assay. The cells were grown anaerobically in LB medium supplemented with
1.6 mM uric acid. The cultures were incubated for 24 h at 37°C with shaking (130 rpm). Then, 30 ml of
stationary-phase cultures was harvested by centrifugation, and the cells were washed with 0.85% NaCl
and suspended in 1 ml of 0.85% NaCl. The suspensions were diluted to an OD600 of 1.0 in M9 medium
(without NH4Cl), with 1.2 mM uric acid as the sole nitrogen source and 0.4% glucose as the sole carbon
source. When a small inoculum was used (OD600 of 0.1 at the start of the experiment), neither aegA- and
ygfT-dependent uric acid degradation nor uric acid-dependent growth was detected. When indicated,
50 mM HCOONa and 50 mM NaHCO3 were added. For the microaerobic incubation, 1.5 ml of cultures in
1.5-ml Eppendorf tubes were incubated at 37°C with rotation. Aerobic incubation was achieved by
culturing (5 ml/flask) in 100-ml flasks. Anaerobic incubation was achieved by culturing (30 ml/tube) in
30-ml glass tubes topped with a butyl stopper. At the indicated times, the OD600 of the cultures was
measured, and the amount of uric acid was determined by measuring the OD291 of the culture
supernatant, as described previously (46). Data are the averages of the results from three independent
replicates and are presented with the standard error.

Data availability. The data that support the findings of the current study are available from the
corresponding author upon request.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB
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