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ABSTRACT     Burkholderia thailandensis is a member of the Burkholderia pseudomallei
complex. It encodes the transcription factor MftR, which is conserved among the more
pathogenic Burkholderia spp. and previously shown to be a global regulator of gene
expression. We report here that a B. thailandensis strain in which the mftR gene is dis-
rupted is more virulent in both Caenorhabditis elegans and onion. The DmftR strain exhib-its
a number of phenotypes associated with virulence. It is more proficient at forming
biofilm, and the arcDABC gene cluster, which has been linked to anaerobic survival and
fitness within a biofilm, is upregulated. Swimming and swarming motility are also ele-
vated in DmftR cells. We further show that MftR is one of several transcription factors
which control production of the siderophore malleobactin. MftR binds directly to the pro-
moter driving expression of mbaS, which encodes the extracytoplasmic function sigma
factor MbaS that is required for malleobactin production. Malleobactin is a primary sidero-
phore in B. thailandensis as evidenced by reduced siderophore production in mbaS::Tc
cells, in which mbaS is disrupted. Expression of mbaS is increased ;5-fold in DmftR cells,
and siderophore production is elevated. Under iron-limiting conditions, mbaS expression is
increased ;150-fold in both wild-type and DmftR cells, respectively, reflecting regula-tion
by the ferric uptake regulator (Fur). The mbaS expression profiles also point to
repression by a separate, ligand-responsive transcription factor, possibly ScmR. Taken to-
gether, these data indicate that MftR controls a number of phenotypes, all of which pro-
mote bacterial survival in a host environment.

IMPORTANCE     Bacterial pathogens face iron limitation in a host environment. To over-
come this challenge, they produce siderophores, small iron-chelating molecules.
Uptake of iron-siderophore complexes averts bacterial iron limitation. In Burkholderia
spp., malleobactin or related compounds are the primary siderophores. We show here
that genes encoding proteins required for malleobactin production in B. thailandensis
are under the direct control of the global transcription factor MftR. Repression of gene
expression by MftR is relieved when MftR binds xanthine, a purine metabolite present in
host cells. Our work therefore identifies a mechanism by which siderophore produc-tion
may be optimized in a host environment, thus contributing to bacterial fitness.

KEYWORDS ECF sigma factor, Fur, gene regulation, malleobactin, MarR, MbaS, ScmR

urkholderia thailandensis, which is relatively nonpathogenic to humans, has been
used as a model for studying virulence mechanisms of Burkholderia pseudomallei

and Burkholderia mallei due to its genetic similarity with these highly pathogenic
strains (1). In addition, it has emerged as a source of novel secondary metabolites with
antifungal, antitumor, and antibacterial activities (2–5). Expression of genes involved in
virulence is often under the control of transcription factors, which belong to the multi-
ple antibiotic resistance (MarR) protein family. B. thailandensis encodes 12 annotated
MarR homologs, all of which are conserved in the pathogenic strains (6). MarRs often
inhibit transcription by binding to the intergenic region between divergently oriented
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FIG 1 MftR controls mbaS expression and siderophore production. (A) Genomic locus containing mftR
(orange) and the mftP-fenI operon. (B) Part of the malleobactin gene cluster. The mbaS gene (red) is part
of an operon (blue) with BTH_I2426 (encoding MbtH-like protein), BTH_I2425 (syringomycin biosynthesis
enzyme), and fxuB (iron compound ABC transporter ATP-binding protein). Additional genes and operons in the
mba gene cluster, whose expression depends on MbaS, are not shown (green). The operon divergent to mbaS
is annotated as encoding hypothetical proteins (gray). In panels A and B, lines beneath the loci denote
amplicons used in ChIP. (C) Siderophore production (orange color) on CAS assay plates. Representative of
three biological replicates. (D) Quantitation of siderophore content in culture supernatants. Error bars
represent SDs from three biological replicates. (E) Relative mbaS mRNA abundance in DmftR cells. Error bars
represent standard deviations from three biological replicates. Transcript levels were calculated using 22 D DCT

relative to the reference gene and reported relative to wild-type cells. In panels D and E, asterisks
denote statistically significant differences compared to wild-type cells based on a Student t test (**, P ,
0.001). (F and G) In vivo binding of MftR determined by chromatin immunoprecipitation. PCR products
were electrophoresed on 1.5% agarose gels and visualized by ethidium bromide staining for the mftR-
mftP intergenic region, the ohrR promoter, and the mbaS promoter. Results are representative of three
biological replicates. L, 100-bp ladder (at the left, in base pairs); IC, input control; NC, negative control
without antibody; IP, immunoprecipitated with anti-FLAG antibody.

genes, one of which encodes the MarR, and they frequently serve as environmental
sensors; upon change in environmental conditions such as antibiotic exposure, oxida-
tive stress, and host-pathogen interaction, DNA binding by the MarR is attenuated due to
ligand binding or oxidation, resulting in expression of genes associated with
enhanced bacterial fitness or virulence (7, 8).

The MarR protein MftR (major facilitator transport regulator) is encoded divergent to an
operon encoding a member of the major facilitator superfamily of transport proteins (MftP)
and the glycosyl hydrolase-like protein FenI (Fig. 1A). MftR serves as a global regulator in
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FIG 2 Role of purine metabolites in controlling mbaS expression. (A) Overview of purine salvage
(intermediate steps omitted for clarity). Xanthine dehydrogenase (Xdh) converts hypoxanthine to
xanthine and xanthine to urate; the latter diverts purines away from the salvage pathway. Allopurinol
inhibits Xdh, resulting in reduced production of urate and accumulation of xanthine. Urate may also
inhibit Xdh. (B) The mbaS promoter is predicted to include binding sites for MftR and Fur. Positions of
predicted sites are indicated relative to the translational start of mbaS.

B. thailandensis where it generally functions as a repressor, with 331 genes upregulated in an
mftR disruptant strain, including mftP-fenI and numerous biosynthetic gene clusters
involved in secondary metabolite production (2, 5). Urate and xanthine are ligands for MftR,
and their binding elicits a conformational change in the protein, which attenuates DNA
binding (5, 9–11). Both urate and xanthine are products of xanthine dehydrogenase (Xdh)
(Fig. 2A), which participates both in normal purine metabolism and in production of reactive
oxygen species (ROS) in response to infection, and urate concentrations of . 2 0 0  mM have
been reported in nonprimate mammalian infection models (12–14). In humans, however,
normal concentrations of urate are much higher than in other mammals, with ; 3 0 0  mM
urate reported in blood (15); the higher basal level of urate is most likely due to the evolu-
tionary loss of uricase activity in primates (16). By comparison, normal levels of xanthine in
humans typically do not exceed 1 mM (15), but xanthine (and urate) has been shown to
accumulate in plant models of infection (17). Thus, MftR, whose affinity for urate and xan-
thine is physiologically relevant (Kd [dissociation constant] of ; 6  mM) (9, 10), is poised to
sense urate and xanthine upon infection of both mammalian and plant hosts.

While B. thailandensis is relatively nonpathogenic, genes encoding proteins required
for synthesis of virulence factors such as secondary metabolites are conserved (18).
The cytotoxic polyketide malleilactone, for example, which is required for virulence in B.
pseudomallei, is also produced in B. thailandensis (19, 20); genes encoding proteins
involved in its synthesis are repressed by MftR, and expression is induced on addition of
urate and xanthine (5, 11). We report here that MftR also participates directly in con-
trolling siderophore production. Iron is abundant, yet its bioavailability is low because
Fe31 is poorly soluble and bound to host proteins such as transferrin and lactoferrin
(21). Bacteria therefore produce siderophores, small high-affinity metal-chelating mole-
cules, which are critical for iron uptake within the iron-limited host environment (22).

Burkholderia spp. encode more than one type of siderophore, of which ornibactin is con-
sidered the most important among members of the Burkholderia cepacia complex (Bcc),
while the structurally related malleobactins are produced by members of the Burkholderia
pseudomallei complex (Bpc), to which B. thailandensis belongs (23, 24). The ornibactin and
malleobactin biosynthetic gene clusters are similar, and production of these siderophores
requires an extracytoplasmic function (ECF) sigma factor (named OrbS in B. cenocepacia and
MbaS in B. pseudomallei) (25–28). Part of the B. thailandensis mba locus comprising the genes
encoding proteins essential for production and transport of malleobactin is shown in Fig. 1B,
illustrating that mbaS (red) is part of an operon with three downstream genes (blue); pro-
duction of MbaS subsequently directs the transcription of other genes and operons
within the mba gene cluster (green) (26). We report here that B. thailandensis mbaS
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TABLE 1 Primers used for qRT-PCR

Primer
mbaS forward
mbaS reverse
arcA forward
arcA reverse
hgprt forward
hgprt reverse

Journal of Bacteriology

Sequence (59 to 39)
TCGAGAACACCTACCACGC
CGTCGCGGACCATCAAAT
TCCCAAGCCATCCCTGAAG
CAGGTTGTGCATCTCGAGC
CGAGAAGAAGCCCTCCACAT
TCGAACTCGAGCGGGAAATC

(BTH_I2427) is directly controlled by MftR. Combined with regulation by iron limitation,
our data suggest regulatory mechanisms which ensure optimal mba expression in an
iron-limited host environment. Consistent with a role for MftR in repression of virulence
genes, we also show that an mftR disruptant strain is more virulent as indicated by
decreased survival of Caenorhabditis elegans and increased maceration of onion tissue.

RESULTS
The B. thailandensis mba gene cluster encodes proteins involved in primary

siderophore production. MbaS has been reported to be essential for malleobactin pro-
duction in B. pseudomallei (26), and the malleobactin biosynthetic gene cluster (mba) is
conserved and functional in B. thailandensis (24) (Fig. 1B). The first gene in this cluster,
mbaS, is predicted to be in an operon with three downstream genes (BTH_I2424-2426;
blue), and remaining genes and operons within the mba gene cluster (green) depend on
MbaS for expression (26). In B. pseudomallei, no malleobactin is produced in cells carrying a
nonpolar deletion of mbaS, and no expression of a separate mba operon was observed
(26). The inferences from these experiments are that the genes located downstream of
mbaS do not participate in controlling expression of other mba operons and that dele-
tion of mbaS is sufficient to eliminate malleobactin production.

Notably, none of the mba genes encode an anti-sigma factor, which is frequently
required to control activity of an ECF sigma factor (29). This suggests that MbaS activity is
instead under transcriptional control. To address this question, we created an mbaS disrup-
tant strain (mbaS::Tc); note that disruption of the mbaS coding region is polar and
expected also to disrupt expression of BTH_I2424-2426. Production of siderophore was
assessed using the chrome azurol S (CAS) assay in which chelation of iron by siderophores
causes release of the orange CAS dye from a blue Fe-CAS-hexadecyltrimethylammonium
bromide complex, resulting in an orange halo surrounding colonies on a blue agar plate
and a color change that can be quantitated spectrophotometrically. As seen in Fig. 1C and D,
the amount of siderophore produced in the mbaS::Tc strain was reduced compared to that
in the wild type (WT), as expected, verifying that the B. thailandensis mba gene cluster
encodes proteins involved in synthesis of a primary siderophore. In B. pseudomallei, MbaS is
essential for malleobactin production; however, cells deleted for mbaS produce the alter-
nate siderophore pyochelin (26). Since the pyochelin biosynthetic gene cluster is con-
served in B. thailandensis, we surmise that residual siderophore produced in our mbaS::Tc
strain is pyochelin.

MftR binds mbaS directly. A genome-wide transcriptome analysis previously showed
an upregulation of B. thailandensis mbaS in an mftR disruption strain (5). We therefore
compared siderophore production levels between the wild type and the DmftR strain and
found that the DmftR strain produced more siderophore than did the wild type (Fig. 1C
and D). We also verified upregulation of mbaS in the DmftR strain using reverse transcrip-
tion-quantitative PCR (qRT-PCR) (primers shown in Table 1) and found almost 5-fold-
increased expression (Fig. 1E), which is very consistent with the 4.6-fold increase seen by
transcriptome sequencing (RNA-seq); the increased mbaS expression correlates with com-
parably increased expression of all genes in the mba gene cluster (5). The gene expression
analysis along with the CAS assay indicates that MftR represses mbaS expression and
thereby attenuates siderophore production.

To determine if mbaS is directly regulated by MftR, a chromatin immunoprecipitation
(ChIP) assay (primers shown in Table 2) was performed using a previously characterized
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TABLE 2 Primers used for ChIP

Primer
mftP-mftR inter forward
mftP-mftR inter reverse
mbaS upstream forward
mbaS upstream reverse
ohrR upstream forward
ohrR upstream reverse

Journal of Bacteriology

Sequence (59 to 39)
GAGCTGCGCGATCCATTAAC
TGCAGGAGAATTAAGCATGGG
ATGATCGACGAGCGAAGTG
GAGGATCGGTAACGGTTTTG
GGTCGTCTCCCATCGTTTC
GTCGTTCATGGCGAGATTTTC

strain expressing genomic, C-terminally FLAG-tagged MftR (11). For ChIP, the intergenic
region between mftR and the divergently oriented gene mftP to which MftR binds in
vitro (Fig. 1A) (9, 10) was used as the positive control, and we verified MftR binding to this
region in vivo (Fig. 1F). As a control for specificity, a negative control using the ohrR
upstream region to which the unrelated transcription factor OhrR binds (30) was used,
and no MftR binding was detected. The ability of MftR to bind upstream of mbaS was
tested by amplifying a fragment comprising 128 bp upstream of mbaS and part of the
coding region, and MftR was found to bind this region (Fig. 1G). Examination of this
sequence identifies a possible binding site for MftR centered 24 bp upstream of the
mbaS start codon (Fig. 2B). Our ChIP data are consistent with the gene expression analy-sis
and siderophore production, supporting the interpretation that MftR binds upstream of
mbaS and directly represses its expression.

Regulation of mbaS expression. While the genome-wide transcriptomics data
showed comparable upregulation of all genes in the mba gene cluster on disruption of
mftR, addition of the MftR ligand urate (5 mM) unexpectedly had little effect on mba
gene expression during exponential growth (5). It was also reported that when B. thai-
landensis is grown to stationary phase in the presence of trimethoprim (12 h), expression of
a number of biosynthetic gene clusters is induced, such as the malleilactone biosyn-
thetic gene cluster, which is also directly repressed by MftR. However, expression of the
mba gene cluster is not increased under these conditions; instead, it is decreased; the
relevance of this observation is that addition of trimethoprim to exponentially growing
cultures leads to accumulation of the MftR ligand xanthine (along with other metabolic
changes) (11, 20). Evidently, while absence of MftR results in elevated mbaS expression
(Fig. 1E), the presence of the MftR ligand urate or xanthine does not.

The B. pseudomallei mbaS promoter contains a Fur-box, the binding site for the global
transcriptional regulator Fur (ferric uptake regulator) (26). Fe21 functions as a corepres-
sor, allowing Fur-Fe21 to repress genes involved in iron uptake (31). The B. thailandensis
mbaS promoter features a Fur-box centered 55 bp upstream of the annotated start
codon (Fig. 2B); this sequence differs from the confirmed B. pseudomallei Fur-box by only 1
bp, strongly suggesting that B. thailandensis mbaS is also controlled by iron limitation.
Since urate has been reported to form a coordination complex with Fe31 (32), we were
alert to the possibility of urate inducing an iron-limiting condition, which in turn should
relieve repression by Fur. In this scenario, urate would be expected to cause increased
mbaS expression, regardless of its function as a ligand for MftR. This expectation was
also not borne out by the transcriptomics analysis (5).

To address the perplexing failure of the MftR ligands urate and xanthine to induce
increased expression of mbaS, we measured its expression under various conditions. In
accord with the expected regulation by Fur, mbaS expression was increased 146-fold in
wild-type cells exposed to iron limitation imposed by addition of the strong iron chelator
bipyridyl (Fig. 3A). In DmftR cells, which are characterized by an ;5-fold-increased mbaS
expression compared to wild type (Fig. 1E), bipyridyl-imposed iron limitation also led to
significantly increased mbaS expression (151-fold; Fig. 3B). These observations are con-
sistent with regulation by Fur.

When wild-type cells were grown with 2.5 or 5 mM urate, no statistically significant
increase in expression was seen (Fig. 3B). In contrast, addition of urate to DmftR cells
resulted in a concentration-dependent increase in mbaS expression; addition of low
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FIG 3 Regulation of mbaS. Relative mbaS mRNA abundance. (A) Wild-type (blue) and DmftR (orange) cells treated with 200 mM
bipyridyl (Bipyr) for 30 min. (B) Wild-type cells treated with 2.5 or 5 mM urate for 30 min. (C) DmftR cells treated with different
concentrations of urate for 30 min. (D) Wild-type (blue) and DmftR (orange) cells treated with 200 mM bipyridyl (Bipyr) and/or 5
mM allopurinol (Allo) for 30 min. (E) Wild-type (blue) and DmftR (orange) cells treated with 5 mM xanthine (Xan) for 30 min.
Transcript levels were calculated using 22 D DCT  relative to the reference gene and reported relative to control (Ctrl) cells to which an
equivalent volume of 0.4 M NaOH (the solvent for ligands) was added. Error bars represent standard deviations from at least three
biological replicates. Asterisks denote statistically significant differences compared to control cells based on a Student t test (**, P ,
0.001; *, P ,  0.05; ns, not significant).

urate concentrations (1 mM and 2.5 mM) did not lead to a measurable change in mbaS
expression, whereas 5 mM urate led to an ;7-fold-increased expression, and addition of
8 mM urate resulted in .40-fold-increased expression (Fig. 3C). We surmise that this
increase is due to a modest iron limitation, which is manifest mainly in DmftR cells
since the absence of urate binding by MftR may increase the levels of free urate avail-
able to bind iron.

Allopurinol inhibits Xdh, the enzyme responsible for converting hypoxanthine to
xanthine and xanthine to urate (Fig. 2A). This results in reduced cellular levels of urate
and in accumulation of xanthine, and it leads to upregulation of MftR targets such as
the malleilactone biosynthetic genes (11). Remarkably, addition of allopurinol to either
wild-type or DmftR cells resulted in effectively undetectable mbaS expression (Fig. 3D).
Notably, growth of cells with 5 mM xanthine (which leads to lower cellular accumula-
tion of xanthine than does growth with 5 mM allopurinol [11]) also resulted in signifi-
cantly reduced mbaS expression (Fig. 3E). This suggests that mbaS expression is
repressed by a separate transcription factor under these conditions. Indeed, mbaS was
previously reported to be repressed by the LysR-type transcriptional regulator (LTTR)
ScmR (secondary metabolite regulator). Interestingly, this repression was seen only in
stationary phase, as inactivation of scmR has no effect on expression of the mba genes
during exponential growth in rich medium (33, 34). LTTRs generally rely on small-molecule
cofactors for transcriptional regulation (35). A possible explanation for the ScmR-mediated
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FIG 4 Potential binding pockets for xanthine. (A) Model of ScmR monomer showing the wHTH DNA-binding domain in
cyan and a flexible linker (gray) connecting this domain to the ligand-binding domain consisting of two Rossman-like
folds (RD1 and RD2, red and orange, respectively). Blind docking predicts binding of xanthine (green) in the interface
between RD1 and RD2. (B) Expanded view of predicted binding pocket for xanthine. Xanthine is shown in stick
representation; C, gray; N, blue; O, red. The best pose is shown. (C) Model of MftR dimer. Individual subunits are shown in
red and orange, except for DNA recognition helices, which are colored cyan. Xanthine (green space-filling
representation) is predicted to bind a pocket connecting the wHTH region and the dimer interface. (D) Expanded view of
predicted binding pocket for xanthine. The best pose is shown.

repression of mbaS during stationary phase is therefore that its ligand is more abundant
under these conditions.

Addition of allopurinol or xanthine to the growth medium leads to elevated cellular
levels of xanthine (11), suggesting that conditions which favor significant repression of
mbaS are characterized by accumulation of this purine metabolite. One scenario which
could explain the marked repression of mbaS is therefore that xanthine functions as a
corepressor for ScmR. It should be noted that regulation by ScmR could be indirect,
with mbaS regulation depending on a separate transcription factor under ScmR con-
trol, but for the sake of argument, direct binding by ScmR to the mbaS promoter is
assumed. To assess the hypothesis that xanthine functions to repress mbaS expression,
independently of MftR- and Fur-mediated transcriptional control, wild-type and DmftR
cells were grown with a combination of bipyridyl and allopurinol. In both wild-type
and DmftR cells, this resulted in a net repression compared to untreated cells (Fig. 3D).
However, by comparison to cells treated with allopurinol only, addition of bipyridyl still
resulted in a significant increase in mbaS expression in wild-type cells, consistent with
dissociation of Fur under iron-limiting conditions. For DmftR cells, however, this
increase is much less pronounced compared to DmftR cells grown with bipyridyl only
(Fig. 3B).

Predicted binding of xanthine to ScmR. LysR-type transcriptional regulators (LTTRs)
such as ScmR typically form homotetramers in which each monomer harbors a ligand-
binding pocket (35). To predict whether xanthine might function as a corepressor for
ScmR, AlphaFold2 was used to model the ScmR monomer (Fig. 4A). As expected, ScmR is
comprised of the typical N-terminal winged helix-turn-helix DNA-binding domain (wHTH;
cyan) and a C-terminal ligand-binding domain composed of two Rossman-like domains
(RD1 and RD2; red and orange); these N- and C-terminal domains were predicted with a
high confidence score (predicted local distance difference test [pLDDT] .  90). A flexible
linker for which the model confidence was low (70 .  pLDDT .  50) connects the N- and C-
terminal domains (gray).

November 2022 Volume 204 Issue 11 10.1128/jb.00237-22         7

https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00237-22


D
ow

nl
oa

de
d 

fr
om

 h
tt

ps
:/

/j
ou

rn
al

s.
as

m
.o

rg
/j

ou
rn

al
/j

b 
on

 0
1 

A
ug

us
t 2

02
3 

by
 2

60
0:

88
07

:6
00

:6
a0

a:
20

83
:a

7d
c:

f8
b0

:d
52

7.

Role of MftR in Virulence and Siderophore Production Journal of Bacteriology

This model was used for blind docking with xanthine to assess the likelihood of a
direct interaction. The interaction with the lowest Vina score (25.5) and largest cavity
size (1,693) was selected. Ligand-binding cavities in LTTRs typically reside in the inter-
face between RD1 and RD2; consistent with this expectation, predicted binding poses
for xanthine occupy a pocket in this interface (Fig. 4A and B). The favored pose is char-
acterized by a hydrogen-bonding network comprising the backbone oxygens of
Gly197, Gln198, and Gly130 as well as the side chains of Ser99 and Gln198.

By comparison, the dimeric MftR was modeled with high confidence (pLDDT .  94;
each subunit in red and orange), reflecting the conserved wHTH DNA-binding regions
(recognition helices in cyan) and an extensive dimer interface. Xanthine is predicted to
bind in a pocket connecting the DNA-binding and dimerization interfaces (Vina score,
25.7; cavity size, 1,320), as previously reported for the MftR ligand urate (10). Residues
predicted to make direct contact with xanthine include Trp11, Arg63, His130, and
Gln134; Trp11 was previously shown to be important for protein stability, whereas sub-
stitution of Arg63 reduced the affinity for urate by ;10-fold (10). This binding pocket
corresponds to the crystallographically determined binding site for urate in the MftR
homolog HucR (36).

Increased biofilm formation in DmftR strain. Biofilm is a hallmark of chronic infec-
tion as bacteria growing in biofilm not only evade host immune responses but can be
resistant to a large number of drugs. Biofilm production also requires availability of
iron, with siderophore-deficient cells generally exhibiting reduced biofilm formation
(37, 38). We therefore determined if biofilm formation is enhanced in the DmftR strain.
After incubation for 72 h, more abundant pellicle biofilm formed at the air-liquid inter-
face in the DmftR strain compared to wild-type cells (Fig. 5A). Quantification using crys-tal
violet staining showed an approximately 2-fold-higher production of biofilm in the
DmftR strain than in the wild type (Fig. 5B). The DmftR cells exhibit a modestly reduced
growth rate, a phenotype that is fully restored to wild-type levels upon complementa-
tion with mftR (5), suggesting that increased biofilm formation is not due to an altered
growth rate. The level of biofilm formation by the complemented strain DmftR(mftR)
was lower than that of DmftR cells and not significantly different from that of wild-type
cells.

Cells within the interior of a biofilm community experience a hypoxic environment.
Thus, successful establishment of persistent biofilm also requires expression of genes
involved in anaerobiosis. Such requirement for anaerobic fitness for virulence and
pathogenesis has been reported for Burkholderia spp., and the DmftR strain has been
previously reported to grow better under anaerobic conditions than the wild type (5,
39). The arginine deiminase (ADI) pathway has been shown to contribute to anaerobic
fitness during biofilm growth, with arcDABC encoding an arginine/ornithine antiporter
(ArcD) and enzymes involved in anaerobic degradation of arginine with concomitant
production of ATP (40). We found that arcA expression was increased ;3.5-fold in the
DmftR strain compared to the wild type, whereas the relative expression level was
; 0 . 5  in DmftR(mftR) cells, consistent with repression by MftR (Fig. 5C). Expression of
the arcDABC operon is also increased on addition of urate to wild-type cells, whereas
urate has no effect on its expression in DmftR cells (5).

Increased swimming and swarming motility in DmftR cells. Bacterial swimming
motility in aqueous media and swarming behavior on hydrated semisolid surfaces play a
role in dispersal, avoidance of toxic compounds such as antibiotics, and biofilm for-
mation (41). In order to determine if such flagellum-dependent motility is altered in
DmftR cells, swimming and swarming motility assays were performed. Both wild-type
and DmftR cells exhibited swimming motility, moving evenly outward from the central
inoculation site, whereas swarming patterns were irregular, suggesting alternating
cycles of motility and growth and differentiation (Fig. 5D and E). Increased swimming
and swarming motility were observed for the DmftR cells compared to wild-type cells as
indicated by increased swarming and swimming diameters (Fig. 5D and E, middle
panels), and this increased motility was completely reversed by complementation of
DmftR with mftR (Fig. 5D and E, right panels). Such increased flagellar motility of DmftR
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FIG 5 Increased flagellar motility and biofilm formation of DmftR cells. (A) Pellicle biofilm in static cultures of
wild-type, DmftR, and DmftR(mftR) cells. Representative of three biological replicates. (B) Relative biofilm
formation as determined by crystal violet staining. (C) Relative arcA mRNA abundance in DmftR (n = 6) and
DmftR(mftR) (n = 3) cells. Transcript levels were calculated using 22 D DCT  relative to the reference gene and
reported relative to wild-type cells. In panels B and C, error bars represent standard deviations from at least
three biological replicates, and asterisks denote statistically significant differences compared to wild-type cells
based on a Student t test (*, P ,  0.05; **, P ,  0.001). (D) Swimming motility (0.3% agar; imaged after 48 h). (E)
Swarming motility (0.5% agar; imaged after 24 h). Data in panels D and E are representative of at least three
biological replicates.

cells along with an enhanced ability to tolerate anaerobic conditions would be
expected to promote virulence.

DmftR cells are more virulent. The DmftR strain exhibits physiological characteris-
tics generally associated with virulence, including enhanced siderophore production,
motility, anaerobic fitness, and biofilm formation. Moreover, MftR directly represses
malR; malR encodes an essential activator of the mal gene cluster, which encodes
enzymes essential for production of the virulence factor malleilactone (11). We there-
fore examined virulence of the DmftR strain using Caenorhabditis elegans. Worms were
deposited on lawns of wild-type or DmftR B. thailandensis, using the standard Escherichia
coli OP50 food source as a reference. Approximately 60% of the C. elegans worms died
when coincubated with DmftR cells compared to only 20% death of C. elegans worms
that were coincubated with wild-type B. thailandensis; worms were declared dead if
insensitive to touch (Fig. 6A).

Several species in the genus Burkholderia cause onion rot, but no such effect has
been reported for B. thailandensis (42). To determine if the DmftR strain is also more viru-
lent on a plant host, onion scales were wounded and inoculated with wild-type or DmftR
cells. Onion scales inoculated with Luria broth (LB) only showed no deterioration (Fig. 6B
and C). In contrast, onion scales inoculated with DmftR cells developed a significantly
higher area of maceration than did scales inoculated with wild-type cells. Evidently, the
DmftR strain exhibits increased virulence in both C. elegans and plant models.
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FIG 6 Increased virulence of DmftR cells. (A) Survival of C. elegans coincubated with E. coli OP50 (gray
bar), wild-type B. thailandensis (blue bar), or the DmftR strain (orange bar) on NGM plates at room
temperature for 24 h (mean 6  SD from three independent experiments). Asterisks indicate
statistically significant differences between wild-type and DmftR cells (**, P ,  0.001). (B and C)
Maceration of onion scales after 72 h of incubation with LB (control), wild-type cells, and DmftR cells. (B)
The outermost scale beneath the tunics. (C) The second layer of scales. Representative of three
biological replicates.

DISCUSSION
Motility and biofilm formation—phenotypes linked to virulence. Flagellar motil-

ity is coupled to the chemotaxis machinery, and it enables bacteria to move toward
favorable environments as well as host cells. In the context of a mammalian host, muco-
sal surfaces are primary sites for the initial host-pathogen interaction, and flagella may
participate directly in colonization (43, 44). In B. cenocepacia, for instance, flagella have
been reported to play an important role in virulence in a murine agar bead model of
infection (45). In cystic fibrosis patients, the lung may become chronically infected with
Bcc species such as B. cenocepacia, and analyses of isolates from chronic infections have
suggested that the bacteria do not systematically switch to nonmotile phenotypes (as
for example observed for Pseudomonas aeruginosa), a characteristic possibly linked to
their ability to cause invasive pneumonia (cepacia syndrome) (46). B. thailandensis MftR
represses motility as evidenced by increased swimming and swarming motility of DmftR
cells (Fig. 5D and E). Since MftR is conserved in Bcc species (6), it is therefore conceivable
that the elevated urate concentration characteristic of the mammalian host contributes
to maintaining bacterial motility during chronic infection by serving as a ligand for MftR.
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In contrast, in the C. elegans virulence assay in which the worms ingest the bacteria, mo-
tility is less likely to be required for virulence (47).

Successful colonization of the host also requires mechanisms to avoid host defenses,
including reactive oxygen species (ROS), and antibiotics. One such mechanism is biofilm
formation (48). A hypoxic environment is experienced by cells deeper in a biofilm com-
munity, and genes involved in anaerobiosis therefore play a critical role in establishment of
persistent biofilm (49). Consistent with the enhanced biofilm formation of DmftR cells (Fig.
5A and B), deletion of mftR also promotes growth in an anaerobic environment
compared to wild-type cells (5). The observed increase in arcDABC expression in DmftR
cells (Fig. 5C) would be expected to promote the ability of DmftR cells to form a persis-
tent biofilm.

Control of siderophore production. For bacteria to survive in a host environment,
high-affinity iron acquisition is critical (50). Accordingly, almost all Bcc species produce
the siderophore ornibactin, which is required for virulence, while Bpc species synthe-
size the structurally related malleobactins (23). Fur-mediated regulation by iron limita-
tion was confirmed for B. pseudomallei mbaS and for B. cenocepacia orbS (25, 26), and
Fur-mediated regulation of the B. thailandensis mba gene cluster is therefore a strong
prediction, which is supported by the presence of a conserved Fur-box and by the sig-
nificant upregulation of mbaS under conditions of iron limitation (Fig. 3A). The compa-
rable increase in mbaS expression on addition of bipyridyl to either WT or DmftR cells
shows that iron-mediated regulation is unrelated to regulation by MftR.

Siderophores are required for survival in an iron-restricted host environment; how-
ever, their synthesis and transport are demanding in terms of cellular resources, and
their production is therefore under tight control. One level of control is for genes to
remain repressed when iron is abundant, a level of regulation executed by Fur (Fig. 3A
and Fig. 7A and B). Siderophores such as malleobactin are taken up by high-affinity
transporters (27); under conditions of high cell density, the overall siderophore produc-
tion by the bacterial community may therefore be optimal if mba gene expression by
individual cells is reduced compared to that by a more dispersed cell population. Such
regulation appears to be performed (directly or indirectly) by ScmR, which has been
reported to repress mba genes only in stationary phase (33, 34). Since scmR expression is
promoted by quorum sensing, one possibility is that elevated cellular levels of ScmR
during stationary phase contribute to more efficient repression.

However, stationary phase is also associated with the stringent response, conditions
under which purine salvage is favored over de novo synthesis, and this has been shown to
include upregulation of the xdh operon (51, 52). In B. thailandensis, upregulation of xdh
correlates with accumulation of xanthine and with upregulation of the malleilac-tone
biosynthetic genes, which are under the control of MftR (11). It is therefore con-ceivable
that xanthine, which accumulates during the stringent response, acts as a ligand not
only for MftR but also for ScmR, resulting in net repression of the mba genes. The
reduced expression of mba genes when cells are grown with trimethoprim (which leads
to accumulation of xanthine [11, 20]) and the marked repression of mbaS on addition of
allopurinol or xanthine are consistent with this scenario (Fig. 3D and E). The observation
that mbaS expression is higher in cells grown with both allopurinol and bipyridyl than
in cells treated with allopurinol alone (Fig. 3D) suggests that iron-mediated regulation
by Fur is unrelated to repression mediated by xanthine.

ScmR is negatively autoregulated; however, increased scmR promoter activity in an
scmR mutant strain was only partially complemented with ScmR produced in trans.
This was ascribed to an imbalance between overexpressed ScmR and its (unknown)
ligand (33). In addition, no autoregulation was seen when reporter construct and ScmR
were expressed in E. coli, an outcome that was likewise inferred to be due to insuffi-
cient levels of ligand. Together, these observations indicate that ScmR activity is
indeed modulated by a ligand. Ligands for LTTRs are often intermediates or products of
biosynthetic pathways, which are activated by the LTTR; this creates a feedback loop,
which serves to optimize LTTR function (35). Notably, expression of xdhA and
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FIG 7 Model for control of mbaS expression. (A) During growth under iron-replete environmental
conditions, mbaS is repressed by both Fur-Fe21 and MftR. (B) Iron limitation leads to dissociation of Fur
and elevated expression of mbaS (and in turn the entire mba gene cluster). (C) In a host
environment, characterized by elevated urate levels, MftR dissociates, resulting in a modest increase in
mbaS expression. (D) In an iron-limited host environment, both Fur and MftR dissociate. (E)
Accumulation of xanthine during stringent response may lead to ScmR-mediated repression of mbaS
under conditions of high cell density.

xdhB (BTH_I1408-1409) is more than 6-fold-reduced in an scmR mutant strain compared
to WT during exponential growth, suggesting that ScmR activates expression (33). This
reflects a direct link between ScmR and the purine salvage pathway.

In cells growing exponentially under iron-replete environmental conditions, mbaS
expression is simultaneously repressed by Fur-Fe21 and MftR, whereas ScmR does not
participate (Fig. 7A). It is conceivable that MftR binding precludes ScmR binding,
explaining why inactivation of scmR has no effect on mbaS expression under these
conditions. Fur is released as a consequence of iron limitation (Fig. 7B), and MftR disso-
ciates when it binds urate or xanthine (Fig. 7C), which accumulates during host infec-
tion. This dual regulation by Fur and MftR may therefore ensure that mbaS expression is
most sensitively upregulated in an iron-limited host environment (Fig. 7D).

However, uncontrolled expression of mba genes would lead to excess malleobactin
production, which is averted due to repression of mbaS by ScmR. The very marked
repression of mbaS observed on addition of allopurinol or xanthine (Fig. 3D and E)
leads us to predict that ScmR represses mbaS only on binding the corepressor xanthine
(while noting that xanthine would also lead to dissociation of MftR [Fig. 7E]). The
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TABLE 3 Primers used for creation and verification of mbaS::Tc strain

Primer
Ecf_ko_Fwd
Ecf_ko_Rev
ECF veri_Fwd
ECF veri_Rev
pKnock_tc_rev
aRestriction sites are boldfaced.

Sequence (59 to 39)a

GCTCTAGAGTGAAGCTCGTCGATTTCCC
GCGGTACCCGTCGCGGACCATGAAAT
AGACGCTCGTGCATTTCAT
TTGCGGAGAACTGTGAATGC
GAGAACTGTGAATGCGCAAA

observation that mbaS expression is either unaffected or modestly increased on addi-
tion of urate (Fig. 3B) further suggests that urate is a ligand only for MftR and not for
ScmR. In humans, where levels of both purine metabolites have been measured, levels of
urate are much higher than those of xanthine (15). When the bacteria encounter ele-
vated levels of purine metabolites on host invasion, this might create a situation in
which urate-bound MftR first abandons the mbaS promoter, perhaps along with disso-
ciation of Fur as a consequence of iron limitation, leading to increased expression of
mba genes. Since elevated urate levels, imposed by ROS production by Xdh, may in
turn inhibit Xdh (as reported for the mammalian Xdh [53]) (Fig. 2A), xanthine levels
may rise further, resulting in mbaS repression by xanthine-bound ScmR to curtail mal-
leobactin production.

MATERIALS AND METHODS
Growth media and strains. Bacterial cells were grown in Luria broth (LB) medium. The C. elegans assay

was performed on 60-mm nematode growth medium (NGM) plates. C. elegans (Bristol strain N2) worms
were maintained at room temperature on NGM with E. coli OP50 as the food source. The B. thailandensis
E264 strain was obtained from the American Type Culture Collection (ATCC). The mftR disruptant strain
obtained by Campbell-type plasmid insertion was previously described and named the DmftR strain (5).
Genetic complementation was achieved by cloning mftR with its promoter into plasmid pBBR1-MCS5, which
confers gentamicin resistance, followed by conjugative plasmid transfer, as described previously (5). The
DmftR(mftR) complemented strain was grown with 250 mg mL21 gentamicin.

Construction of an mbaS disruptant strain. Disruption of mbaS (BTH_I2427) was achieved by plas-
mid insertion (5). A 346-bp fragment of the mbaS open reading frame was amplified using primers
Ecf_ko_Fwd and Ecf_ko_Rev (Table 3). The PCR product was cloned into the suicide vector pKNOCK-Tc
(54). The construct was transformed into E. coli SM10lpir cells. For creating the mbaS disruptant strain,
mating was performed by mixing the overnight culture of SM10lpir with B. thailandensis at a 2:1 ratio
(donor to recipient). The mixture was washed twice with 1 mL of LB and resuspended in 60 mL of LB. The
mixture was then spotted on an LB plate and incubated at 37°C for 12 h. The mating mixture was scraped
off and resuspended in 1 mL of LB. Serial dilutions (up to 1025) of the culture were made, and
transformants were selected on LB agar plates containing 80 mg/mL of tetracycline and 15 mg/mL of
gentamicin. To verify the gene disruption, PCR was conducted using ECF_veri_Fwd and pKnock_tc_rev
primers. The resulting strain was named the mbaS::Tc strain to reflect that the inserted plasmid confers
tetracycline resistance.

Pellicle and biofilm formation. For determination of pellicle and biofilm formation, an overnight
culture of wild-type, DmftR, and DmftR(mftR) strains was diluted to 1 unit of optical density (OD), and 30 mL
was added to 3 mL of LB medium in a plastic tube. The culture was kept stationary at 37°C for 72 h. After the
incubation, pellicle formation was visually observed. For quantitation of biofilm formation, the medium was
gently removed, and the tubes were washed with water to remove planktonic cells. One milliliter of 0.1%
crystal violet was added to the tube and gently distributed evenly across the surface. After 15 min of incuba-
tion, excess crystal violet was decanted, and the tubes were washed twice with water. Tubes were then
allowed to air dry, and 1 mL of dimethyl sulfoxide (DMSO) was added to dissolve the crystal violet stain. The
solution was incubated at room temperature for 15 min, and OD was measured at 560 nm. Data represent
three independent biological samples, each measured in duplicate.

Swarming and swimming assays. For the swarming assay, agar plates (0.5% [wt/vol] Difco Bacto
agar, 8 g/L of Difco nutrient broth, 5 g/L of glucose) were prepared and allowed to dry at room tempera-
ture for 8 to 10 h. An overnight culture was diluted to an OD at 600 nm (OD600) of ; 1 ,  and 1 mL of the
culture was spotted at the center of the plate, which was incubated at 37°C for 24 h. Swimming assays
were conducted similarly, except that the agar plates were composed of 0.3% (wt/vol) Difco Bacto agar, 10
g/L of tryptone, and 5 g/L of NaCl. For swimming assays, plates were incubated for 48 h. Results are
representative of at least three biological replicates.

CAS assay. Siderophore production was detected by the chrome azurol S (CAS) assay (5). Briefly,
cells grown overnight were diluted to an OD600 of ; 0 . 6 ,  and pellets were collected by centrifugation at
13,000  g for 1.5 min. The supernatant was discarded, cells were resuspended in 20 mL of LB, and 10 mL
of the cells was spotted at the center of the CAS plate. Plates were incubated at 37°C for 48 h. For
quantitation, the filtered supernatant was incubated with CAS reagents, and the absorbance was
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measured at 630 nm and reported relative to a reference containing LB, as described previously (5).
Results represent three biological replicates and are presented as mean 6  standard deviation (SD).

qRT-PCR. An overnight culture of B. thailandensis was diluted 1:100 and subcultured in 50 mL LB
medium and grown until OD600 reached ; 0 . 6 .  One milliliter of the cell culture was pelleted, washed
twice with autoclaved diethyl pyrocarbonate (DEPC)-treated water, and stored at 280°C. For assessing
the effect of ligands, cells were grown in 2 YT (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl;
adjusted to pH 7.0); xanthine was added to a final concentration of 5.0 mM and urate was added to a
final concentration of 1.0, 2.5, 5.0, or 8.0 mM at an OD600 of ; 0 . 4 ,  and cells were harvested at an OD600 of
;0 . 6 .  Bipyridyl was added to a final concentration of 200 mM, and allopurinol was added to a final con-
centration of 5.0 mM. All reagents were dissolved in 0.4 M NaOH, and an equivalent volume of 0.4 M
NaOH was added to control cultures. RNA was extracted utilizing the Monarch total RNA miniprep kit
(New England Biolabs, Ipswich, MA) according to the manufacturer’s protocol. RNA was electrophoresed
on agarose gels to ascertain integrity, and PCR was performed to verify absence of genomic DNA con-
tamination. For measuring gene expression, one-step quantitative PCR (qPCR) was performed using
Luna one-step universal master mix (New England Biolabs). Data represent means (6SDs) from biologi-cal
triplicates (each determined from technical triplicates) using the comparative threshold cycle (CT)
method (22DDCT) for which hgprt (BTH_I1148) was used as a reference gene. The CT values for hgprt were
constant under the conditions used for these experiments.

Molecular docking of xanthine to ScmR and MftR. The amino acid sequences of secondary metabo-
lite regulator (ScmR; BTH_I1403) and MftR (BTH_I2391) were downloaded in FASTA format from the
Burkholderia Genome Database (https://www.burkholderia.com) (55). The sequences were used to predict
the three-dimensional (3D) structure with AlphaFold2 using the GitHub Colaboratory Notebook server
(https://github.com/sokrypton/ColabFold) (56). The multiple sequence alignments were performed using
MMseqs2 using the default parameters. Five models were generated and ranked based on predicted local
distance difference test (pLDDT) score per position, and the models with the highest predicted pLDDT score
were chosen. The structure of xanthine was downloaded from the PubChem database (https://pubchem
.ncbi.nlm.nih.gov) (57) as an sdf file. CB-Dock (which performs the molecular docking using AutoDock Vina;
http://clab.labshare.cn/cb-dock/php/index.php) (58) was used to predict the best possible ScmR and MftR
binding pockets for xanthine. On the basis of the Vina score, cavity size, and ligand-binding positions, the
best docked poses for xanthine were selected. Image files were generated using ChimeraX1.3 (59).

ChIP. The strain expressing FLAG-tagged MftR was described previously (11). An overnight culture
of B. thailandensis MftR-FLAG was diluted 1:100 in 50 mL LB. Once the cells reached an OD600 of ; 0 . 6 ,
1% formaldehyde was added to the flask, which was placed on a shaker for 16 min to allow cross-linking
to occur. The cell culture was centrifuged at 3,500  g at 4°C for 8 min, and the supernatant was dis-
carded. Cell pellets were washed twice by adding 20 mL of phosphate-buffered saline (PBS) followed by
another wash with 5 mL of PBS and centrifuging at 3,500  g for 5 min. Finally, the pellets were resus-
pended in 1 mL of PBS and the supernatant was removed after centrifuging at 13,000  g for 1 min. Cell
pellets were stored at 280°C. Chromatin immunoprecipitation (ChIP) was performed as previously
described with some modifications (60). Cells were suspended in 1 mL of lysis buffer with protease in-
hibitor cocktail and placed on ice for 1 h. Genomic DNA was sheared by sonicating 5 times at 35% out-
put using 10-s pulses at 1-min intervals. Cell/cell debris-free lysate was collected by centrifugation at
13,000  g at 4°C for 12 min and transferred to a clean tube. The lysate was centrifuged for another 3
min, and the final lysate was collected. The lysate was precleared using protein G-Sepharose beads (GE
Healthcare) to reduce nonspecific binding to the beads. For immunoprecipitation, 5 mL of anti-FLAG
(M2; MilliporeSigma, Burlington, MA) antibodies was used. Eluted DNA from ChIP samples or input DNA
was analyzed by PCR (primer sequences shown in Table 2). PCR products were electrophoresed on 1.5%
agarose gels containing ethidium bromide. Signal intensities from PCR data were quantified from the
TIFF images by using ImageJ software. Experiments were performed in triplicate.

C. elegans survival assay. For assessment of virulence, 10 mL of E. coli OP50 (control), wild-type B.
thailandensis, and DmftR strains grown overnight were spotted on NGM plates. Plates were incubated at
37°C for 24 h. After equilibration of the plates at room temperature for 12 h, 10 to 12 C. elegans worms
were added to the plates and left for 12 h at room temperature before being checked for survival.
Worms were observed under a light microscope (Olympus SZ-ST) for their ability to maintain body pos-
ture and sensitivity to touch. Worms that were completely insensitive to touch and had lost their ability to
maintain normal body posture were declared dead. The percentage of surviving worms was calcu-lated
as survival (%) = (live worms/total worms used)  100. The experiment was performed with three separate
biological samples, each in technical triplicate.

Onion tissue maceration. Onion tissue maceration was performed as previously described (42).
Yellow onions (Allium cepa) commercially available in grocery stores were utilized for the pathogenicity
experiment. The outer tunics were removed completely before cutting the bulb vertically with a sterile
razor to get long cylindrical scales. These scales were further cut to get uniform size. About 10 auto-
claved napkins were placed in a plastic container and sprayed with autoclaved water to create a moist
environment before introducing the onion slices. For this assay, wild-type or DmftR cells were grown
overnight (18 to 20 h) on LB plates. Cells were then resuspended in LB to get 1010 CFU/mL of culture. The
inner surface of individual scales was scraped gently with a sterile pipette tip to remove the outer
epidermal layer and create a wound. Ten microliters of bacterial culture (107 CFU/mL) was inoculated
into the wound. The onion scales were incubated at 30°C for 72 h. The degree of maceration was visually
inspected, and images of individual slices were taken. Cell-free medium (LB only) was used as a control.
The experiment was performed with three biological samples of each strain.
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