
While WT cells exhibited the expected wrinkled colony morphology with an irregular
edge, both Δohr and ΔohrR cells formed smoother colonies (Fig. 8, bottom row); for
Δohr cells, a modest decrease in biofilm formation (as determined by crystal violet
staining of the biofilm adhering to polystyrene tubes; Fig. S10) was also observed.
These observations suggest that the absence of either gene affects bacterial physiology
even under conditions that do not involve exposure to exogenous organic hydroperox-
ides. Consistent with the observation that H2O2 degradation was unaffected by deletion of
either ohr or ohrR (Fig. 7C), survival was not altered either (Fig. 8, middle row, and Table 3).

Pathogenicity of B. thailandensis. To investigate the role of Ohr and OhrR in
virulence, the ability of the WT or mutant (Δohr, ΔohrR) strains to infect Caenorhabditis
elegans was examined. Twelve hours after worms were deposited on plates inoculated
with the various bacterial strains, the fraction of dead worms (as judged by a failure to
move when touched) was determined. As expected, WT B. thailandensis was observed
to be virulent, resulting in 16% worm death (Fig. 9). In contrast, the ΔohrR strain was
less virulent, resulting in only 7% death, whereas 36% worm death was seen on the
plates with the Δohr strain. Since both Δohr and ΔohrR cells were more resistant to CHP
than WT cells, our data suggest that virulence in the C. elegans model does not simply
correlate with such resistance.

DISCUSSION
The oxidant-sensing cysteine. B. thailandensis OhrR belongs to the 2-Cys subfamily

of OhrR proteins, which sense oxidative changes in the environment via a conserved

FIG 8 Effect of ohr and ohrR deletions on survival and colony morphology. WT, ΔohrR, and Δohr cells
were exposed to the identified concentrations of CHP (top row) or H2O2 (middle row) for 15 min,
following which 10-fold serial dilutions were spotted on agar plates. The results are representative of
those from at least three experiments. The corresponding colony morphologies, captured after �72 h,
are illustrated at the bottom.

TABLE 3 Viable cell count

Strain

Viable cell count (CFU/ml)a

Untreated 1 mM CHP 1 mM H2O2 1 mM NaOCl
WT TNTC 7 	 103 27 	 105 TNTC
Δohr TNTC 2 	 105 25 	 105 TNTC
ΔohrR TNTC 26 	 105 30 	 105 TNTC
aTNTC, too numerous to count. The data are representative of those from two experiments.
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N-terminal cysteine (18, 20–22, 28). OhrR proteins generally respond preferentially or
exclusively to organic hydroperoxides, and while B. thailandensis OhrR was also more
sensitive to CHP, it did respond to inorganic (H2O2 and NaOCl) oxidants. C16 and C121
were essential for forming dimeric oxidative species (Fig. 2), with C16 being crucial for
sensing oxidants, as evidenced by marked changes in the thermal stability of WT OhrR
and OhrR-C121A on oxidation (Table 1).

Oxidants react differently with cysteines depending on their accessibility within the
protein and the reactivity of the thiol. NaOCl and H2O2 may be less specific than the
hydrophobic CHP, which preferentially interacts with nonpolar residues (19), and a
concentration of CHP lower than the concentration of inorganic oxidants was sufficient
to oxidize OhrR. As evinced by DNase I footprinting, oxidation of OhrR-C121A by both
CHP and H2O2 rendered a protein that was unable to protect the ohr promoter, whereas
oxidation of OhrR-C16A had more subtle effects on DNA binding (see Fig. S9 in the
supplemental material), suggesting that CHP and H2O2 oxidized OhrR comparably, with
attenuated DNA binding occurring as a consequence of C16 oxidation. In contrast,
oxidation by NaOCl appeared to be nonspecific, and it did not lead to a loss of DNA
binding but instead led to an altered binding mode, as demonstrated by the appear-
ance of hypersensitive sites (Fig. 4F and S8). Similarly, HOCl released from professional
phagocytes was reported to lead to nonspecific thiol oxidation (29).

As seen in the structure of X. campestris OhrR and the corresponding model of B.
thailandensis OhrR, a small hydrophobic pocket that may allow CHP binding exists in
the vicinity of the N-terminal cysteines. What is also conserved is a hydrogen-bonding
network involving C16 and neighboring tyrosines (Y30= and Y41=; Fig. S11), a network
previously shown to be important for maintaining the reduced protein conformation
(19, 30, 31). Indeed, the equivalent of Y30 in X. campestris OhrR was inferred to be the
sensor of sulfenic acid formation. Such sensitivity may rationalize why the C16 oxida-
tion of B. thailandensis OhrR-C121A induces a conformation that does not bind DNA
despite the absence of a disulfide-bonding partner (Fig. S9D and E). For the Chromo-
bacterium violaceum and Pseudomonas aeruginosa OhrR proteins, oxidation of the
mutant protein that is missing the disulfide-bonding partner likewise produces a
protein that cannot bind DNA in vitro (21, 28). However, DNA binding by the C.
violaceum OhrR mutant protein is only partially recovered on addition of a reducing
agent, while DNA binding by the P. aeruginosa OhrR variant is not recovered at all,
perhaps reflecting an irreversible overoxidation of the N-terminal Cys. In contrast, DNA
binding by oxidized B. thailandensis OhrR-C121A was recovered by addition of DTT, as
evidenced by complete restoration of the DNA footprint (Fig. S9F).

The extent of thiol oxidation depends on the local environment and the potency of
the oxidant. The initial oxidation event in OhrR proteins results in the formation of a
sulfenic acid that subsequently forms a reversible mixed disulfide with a free thiol.
Absent the latter, either the sulfenic acid may react with nitrogen nucleophiles to form
a reversible sulfenamide or it may get irreversibly overoxidized to sulfonic/sulfinic acids
(32). That oxidation of OhrR-C121A was fully reversible argues against sulfonic/sulfinic

FIG 9 Pathogenicity of B. thailandensis in C. elegans. Percentage of dead worms 12 h after depositing
worms (L4 larval stage) on plates inoculated with the identified B. thailandensis strain. Asterisks denote
a P value of �0.05 compared to the WT, based on an unpaired t test. Data are from three independent
experiments, with error bars indicating standard errors.
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acid formation. Since C16 oxidation appears to be sufficient to induce a conformation
that is incompatible with DNA binding in vitro, we also speculate that disulfide bond
formation with C121=may be necessary in vivo to prevent overoxidation of C16-sulfenic
acid, requiring the costly de novo synthesis of functional OhrR (as previously suggested
for other OhrR proteins [21, 32]), and/or to induce more substantive conformational
changes that kinetically trap OhrR in the DNA-off state longer.

Formation of a C16-C121= disulfide bond is likely to cause marked changes in the
protein structure, as described for X. campestris OhrR (19). Specifically, a kink is induced
in �5, which connects the dimerization and DNA-binding regions. Such kinking results
in a placement of DNA-binding lobes in a position that is unfavorable for DNA binding.
Similar kinking of �5 and the attendant loss of DNA binding were reported for
Staphylococcus aureus MepR on the mutagenesis of several residues associated with
multidrug-resistant infection, reinforcing the importance of �5 in controlling DNA
binding (33). Consistent with these observations, substitution of C121, which resides in
�5, resulted in a markedly lower affinity of B. thailandensis OhrR-C121A for ohr DNA
(Table 2).

Differential induction of ohr and ohrR genes. B. thailandensis OhrR repressed ohr,
and gene expression was induced not only in the presence of organic oxidants but also
on addition of inorganic oxidants, albeit variably and much less efficiently. The latter is
in congruence with the findings of a study in sessile Burkholderia cenocepacia for which
microarray data revealed an approximately 30-fold upregulation of ohr in the presence
of high concentrations of either H2O2 or NaOCl (2 mM) (34). In contrast, in several other
species, ohr expression is not induced by H2O2 (20, 21, 28). B. thailandensis Ohr did not
participate in the degradation of H2O2 (Fig. 7C), yet H2O2 induced the upregulation of
ohr (Fig. 6C). A possible explanation is that H2O2 (and NaOCl) may contribute to the
accumulation of organic hydroperoxides and that upregulation of ohr prepares the cell
for this eventuality.

Expression of ohr was more efficiently induced on addition of CHP (�200-fold; Fig.
6A) to WT cells than on deletion of ohrR (�30-fold; Fig. 5). We also observed a CHP
concentration-dependent increase in ohr expression in ΔohrR cells, with a 3-fold
increase in expression on addition of 1 mM CHP (Fig. 6A). These observations suggest
the existence of a secondary repressor that is induced only at very high concentrations
(�1 mM) of CHP. An alternate regulator of ohr expression has been reported in P.
aeruginosa, which encodes the CHP-sensitive OspR (a homolog of which does not
appear to be encoded by the B. thailandensis genome) (35).

OhrR bound the ohr and ohrR promoters differently (Fig. 3). The protection of both
the ohr and ohrR promoters was extensive, and EMSAs revealed the formation of
multiple complexes with ohr DNA as well as modest negative cooperativity, which
suggests that full occupancy requires binding of more than one OhrR dimer. The OhrR
footprint in the ohr gene promoter was continuous, whereas the protection of ohrR
DNA extended over a longer segment within which sections remained accessible to
DNase I cleavage, perhaps reflecting a more open OhrR-DNA complex in which OhrR
dimers are not as closely associated. In addition, the affinity of OhrR for the ohr
promoter was much higher than that for the ohrR promoter (Table 2); the expectation
is therefore for efficient repression of ohr expression even when cellular concentrations
of OhrR are insufficient for repression of ohrR. This would ensure that ohrR remains
expressed and that cellular levels of OhrR stay within an optimal range. It also suggests
that ohr may remain in a repressed state unless organic hydroperoxide levels exceed
the threshold at which both genes may be induced. Conversely, P. aeruginosa OhrR has
an �4-fold higher affinity for the ohrR promoter than for ohr DNA, conditions that
would favor ohr expression, even if the levels of inducing hydroperoxide are insufficient
for complete oxidation of OhrR. Accordingly, P. aeruginosa OhrR may ensure that
organic hydroperoxide levels remain low, whereas B. thailandensis OhrR may prevent
hydroperoxide levels from getting too low, suggesting that accumulation of some
organic hydroperoxide may be beneficial to the bacterium.
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The affinity for ohr DNA was markedly decreased by OhrR mutations, whereas
binding to ohrR DNA was not (Table 2). This suggests that binding to ohr DNA is more
sensitive to conformational changes in the protein and that induction of ohr expression
may be more responsive to partial or alternate protein oxidation. Induction of ohr is
greater than that of ohrR, regardless of the oxidant (Fig. 6), which might be due to a
combination of differential promoter strengths, different abilities of promoter-bound
OhrR to compete with RNA polymerase (as suggested by the dissimilar footprints),
and/or distinct mRNA stabilities; this would ensure that the cellular concentrations of
OhrR do not exceed a range within which the control of ohr expression is exquisitely
sensitive to oxidant levels.

Growth with both gentamicin and H2O2 resulted in the greater production of ohr
mRNA than growth with H2O2 alone, whereas gentamicin alone had no effect on gene
expression (Fig. 5 and 6A and B). Gentamicin has been reported to induce the formation
of ROS (36); we therefore surmise that H2O2 in combination with gentamicin-induced
ROS leads to the nonenzymatic production of inducing hydroperoxides. In Δohrc cells,
however, exposure to 1 mM H2O2 resulted in a particularly marked increase (�9-fold)
in ohrR expression (Fig. 6D), whereas overexpression of ohr had no effect on ohrR
expression in the absence of H2O2 (Fig. 5B). This also points to a combined effect of
gentamicin and H2O2. With the site of Ohr synthesis in Δohrc cells being spatially
disconnected from the ohr-ohrR locus, we speculate that it may take a while for the Ohr
enzyme to reach the ohrR promoter, as a result giving ample time for inducing
hydroperoxides to oxidize OhrR, resulting in induced ohrR expression.

OhrR plays a role in B. thailandensis-mediated killing of C. elegans. Ohr func-
tions as the primary organic hydroperoxide scavenger in B. thailandensis (Fig. 7A and B);
while higher concentrations of CHP were lethal to WT cells, ΔohrR cells were less
sensitive as a result of constitutive ohr expression (Fig. 8 and 10). An intriguing
observation was the increased resistance of Δohr cells to CHP compared to that of WT
cells (Fig. 8 and Table 3). Organic hydroperoxide levels are expected to be higher in
Δohr cells than in WT cells, a consequence of which may be the more efficient induction
of other hydroperoxide-sensitive genes that promote survival (Fig. 10). This hypothesis
is supported by a determination of the CHP regulon in C. violaceum, in which the
upregulation of numerous genes encoding proteins such as efflux pumps and DNA

FIG 10 Deletion of ohr or ohrR differentially affects survival on exposure to organic hydroperoxides in vitro and killing of C. elegans. Ovals
represent ΔohrR, WT, and Δohr cells in which the levels of organic hydroperoxide (OHP) are low, medium, and high, respectively (colored
bar graphs), as determined by the FOX assay (Fig. 7). Genes in the OHP and/or OhrR regulons (including ohr, in the case of WT cells) are
expected to be the most efficiently induced in WT and Δohr cells. Boxes below the ovals represent items that may promote (�) or counter
(�) survival on exposure to OHP in vitro and C. elegans killing. n/a, not applicable.
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repair enzymes was observed (37). This suggests that recovery from the toxic effects of
oxidants is induced by CHP. As noted above, the higher affinity of OhrR for ohr DNA
than for the site in the ohrR promoter suggests that expression of ohr is not induced
unless the levels of inducing hydroperoxide are high enough to efficiently oxidize OhrR.
Combined with the increased survival of Δohr cells on exposure to CHP and the
enhanced virulence in C. elegans, we suggest that organic hydroperoxides contribute to
virulence by upregulating the expression of genes that promote fitness in an oxidative
(host) environment (Fig. 10) and that ohr-ohrR expression is fine-tuned to ensure that
hydroperoxide levels remain high enough for such induction. Consistent with this inter-
pretation, we note that production of AhpC as a backup mechanism for CHP degradation
was not indicated, as little degradation of CHP was seen in Δohr cells (Fig. 7).

OhrR and Ohr have previously been implicated in virulence, however, with different
outcomes (21, 37, 38). In Mycobacterium tuberculosis, deletion of ohrR resulted in
increased virulence in mice as a consequence of the constitutive expression of ohr and
greater resistance to organic hydroperoxides (38). Consistent with this observation,
OhrR was reported to respond to intracellular organic hydroperoxides (39). However, a
Δohr strain exhibited the same virulence as WT cells, suggesting that alternate enzymes
that can degrade the toxic hydroperoxides are induced. In contrast, deletion of neither
ohr nor ohrR altered virulence in Brucella abortus (40). Similarly, both C. violaceum and
P. aeruginosa Δohr strains exhibit a level of virulence similar to that of WT cells (in
mouse and C. elegans, respectively) (21, 37). However, deletion of ohrR reduced
virulence in both cases, an effect that was attributed to expression of other genes in the
OhrR regulon. Such reduced virulence was also observed for B. thailandensis ΔohrR in
the C. elegans model (Fig. 9 and 10); however, an increased virulence of Δohr cells has
not been previously reported. We therefore speculate that carefully controlled ohr
expression at the time of infection ensures that hydroperoxides produced by the host
remain at nontoxic levels yet are sufficient for inducing virulence factors. The decreased
virulence of ΔohrR cells supports this theory.

MATERIALS AND METHODS
Sequence alignment and structural modeling of OhrR. Amino acid sequences were aligned using

the MUSCLE sequence alignment server (41). Amino acid residues were shaded using the BOXSHADE
(v3.21) server. A structural model of OhrR was generated using homology modeling by the SWISS-MODEL
server in the automated mode (42). The model was built using the structure of X. campestris OhrR as a
template (PDB accession number 2PFB), based on 55% identity.

Cloning and mutagenesis. B. thailandensis E264 (ATCC 700388D-5) was cultured in Luria-Bertani (LB)
broth at 37°C. Genomic DNA was extracted from an overnight culture and used as a template to amplify
ohrR (BTH_II0598) with flanking NdeI and HindIII sites (for the primer sequences, see Table S2 in the
supplemental material). The PCR product was cloned into the NdeI/HindIII sites of the pET28b expression
vector, resulting in addition of a His6 tag at the N terminus. The recombinant plasmid was sequenced for
verification. The plasmid harboring WT ohrR (pOhrR) was transformed into E. coli BL21(DE3)pLysS and
plated on LB medium-kanamycin plates (50 �g/ml).

Plasmid pOhrR was used as the template for synthesizing constructs in which Cys residues were
mutated to alanine using a whole-plasmid amplification approach, wherein PCR primers contained the
requisite mismatch(es) (for the primer sequences, see Table S2). Single and double mutants were created,
generating plasmids pC16A, pC121A, and pC16AC121A carrying the genes C16AohrR, C121AohrR, and
C16AC121AohrR, respectively. The accuracy of the mutagenesis was verified by sequencing, and plasmids
were transformed into E. coli BL21(DE3)pLysS.

Expression and purification of OhrR variants. Individual colonies were used to inoculate LB
medium-kanamycin (50 �g/ml); the cultures were grown overnight and then diluted 1:100 and grown at
37°C until the optical density at 600 nm (OD600) was �0.5. Overexpression of protein was induced by
adding 0.5 mM isopropyl-1-thio-�-D-galactopyranoside (IPTG) and allowing the cells to grow for 2 h. The
induced cultures were then cooled on ice, cells were collected by centrifugation at 4°C, and the cell
pellets were stored at �80°C.

Cell pellets obtained from a 1-liter culture were thawed on ice, and the cells were resuspended in 12
ml ice-cold lysis buffer (300 mM NaCl, 50 mM sodium phosphate buffer [pH 8.0], 5% [vol/vol] glycerol,
1 mM dithiothreitol [DTT], 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 5 mM imidazole).
Resuspended cells were disrupted on ice by sonication. Lysozyme (300 �g/ml) and 0.05% (vol/vol)
Triton X-100 were then added to the cell suspension. After allowing cell lysis to proceed on ice for 1 h,
the sample was centrifuged at 9,000 rpm and 4°C for 1 h. The supernatant was mixed with preequili-
brated HIS-Select nickel affinity beads (Sigma) and incubated with gentle agitation for 1 h at 4°C; the
equilibration buffer contained 300 mM NaCl, 50 mM sodium phosphate buffer (pH 8.0), 5% glycerol. The
suspension was loaded onto a column and washed using 15 column volumes of wash buffer (300 mM
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NaCl, 50 mM sodium phosphate buffer [pH 8.0], 5% glycerol, 10 mM imidazole, 1 mM DTT), followed by
10 column volumes of wash buffer with 20 mM imidazole. Protein was eluted with 6 column volumes
each of wash buffer containing increasing concentrations of imidazole (50 mM-100 mM-250 mM
imidazole). Pure eluates were pooled and dialyzed against dialysis buffer (300 mM NaCl, 50 mM sodium
phosphate buffer [pH 8.0], 5% glycerol, 1 mM DTT) overnight at 4°C. Dialyzed protein was concentrated
using a centrifugal filter unit, flash frozen using liquid nitrogen, and stored at �80°C. The concentration
was calculated using a micro-bicinchoninic acid (BCA) protein assay kit (Pierce) and bovine serum
albumin (BSA) as the standard and by measuring the absorbance at 280 nm using a calculated extinction
coefficient of 13,000 M�1 cm�1.

Size exclusion chromatography. A Superose 12 10/300 GL (GE Healthcare) column was preequili-
brated at 4°C using gel filtration buffer (150 mM NaCl, 50 mM sodium phosphate [pH 8.0], 2% glycerol).
Oxidized (with 20 mM cumene hydroperoxide [CHP]) and reduced (with 20 mM DTT) OhrR protein
samples were run in gel filtration buffer at a flow rate of 0.8 ml/min at 4°C. A standard curve in which
the Kav values of the protein markers (Bio-Rad) were plotted as a function of the log10 of their molecular
weights was used (43). The equation Kav � (VE � VO)/(VT � VO), where VE, VO, and VT represent the
retention volume of the protein, the void volume of the column, and the geometric bed volume of the
column, respectively, was used. Markers were bovine serum albumin (66.0 kDa), ovalbumin (44.0 kDa),
myoglobin (17.0 kDa), and vitamin B12 (1,350 Da).

CD spectroscopy. The secondary structure composition of OhrR was estimated by circular dichroism
(CD) spectroscopy using a Jasco J-815 CD spectrometer (Jasco Inc.). The far-UV CD spectrum of 10 �M
OhrR was measured in CD buffer (20 mM NaCl, 12.5 mM sodium phosphate buffer [pH 8.0], 2.5% glycerol,
0.5 mM �-mercaptoethanol) at 20°C. Spectrometric readings were conducted in triplicate at 1-nm
intervals using a quartz cuvette with a 0.1-cm path length. The secondary structure composition was
calculated using the K2D program from Dichroweb (44). The goodness of fit was determined from the
normalized root mean square deviation value to be 0.08 with a maximum error of 0.182.

Effect of oxidants measured using nonreducing SDS-PAGE. Samples were prepared by incubating
15 �M WT and mutant OhrR proteins (already containing 1 mM DTT) with increasing concentrations (10
�M to 10 mM) of CHP, H2O2, and sodium hypochlorite (NaOCl) for 15 min at room temperature. Reactions
were terminated by addition of SDS-PAGE sample loading buffer without the reducing agent. The
reversibility of oxidation was determined by treating oxidized protein samples with 20 mM DTT for 15
min prior to adding sample buffer. Protein samples were subjected to electrophoresis on a 12%
SDS-polyacrylamide gel and observed using Coomassie brilliant blue stain.

Thermal stability assay. The thermal stability of OhrR was determined by measurement of the
fluorescence of SYPRO Orange dye bound to unfolded protein using an Applied Biosystems (ABI) 7500
real-time PCR system (43). The reaction mixtures were assembled on ice in a 96-well plate. Sixty-microliter
samples containing 8 �M WT and mutant OhrR proteins were prepared in thermal stability assay (TSA)
buffer (100 mM Tris [pH 8.0], 100 mM NaCl, 5	 SYPRO Orange [Invitrogen] dye). Protein samples were
incubated with the concentrations of oxidant (CHP, H2O2, or NaOCl) indicated above for 15 min before
being added to the TSA buffer. SYPRO Orange fluorescence emission was measured over a temperature
range of 5°C to 94°C in 1°C increments. A SYBR green filter was used for fluorescence detection. The total
fluorescence yield was corrected for the fluorescence from buffer blanks and then normalized to the
maximal fluorescence value. The data were plotted using SigmaPlot (v9) software and fit to a four-
parameter sigmoidal equation to obtain the melting temperature (Tm). The Tm values from technical
triplicates for each sample were averaged for each experiment, and Tm values are reported as the average
(�standard deviation [SD]) from three separate experiments.

DNA binding measured using electrophoretic mobility shift assay (EMSA). Two operator DNA
segments, 73-bp ohrO and 105-bp ohrRO segments, representing the sequences upstream of the ohr
(BTH_II0597) and ohrR (BTH_II0598) open reading frames, respectively, were amplified from the B.
thailandensis E264 genome using PCR (for the primer sequences, see Table S2). DNA was labeled at the
5= ends with [32P]ATP and T4-polynucleotide kinase. Binding reaction mixtures contained 0.1 nM
radiolabeled ohrO or ohrRO and increasing concentrations of the OhrR protein in binding buffer (25 mM
Tris [pH 8.0], 50 mM NaCl, 0.1 mM Na2EDTA, 5 mM DTT, 0.05% Brij58, 50 �g/ml bovine serum albumin
[BSA], 0.8% glycerol) and nonspecific DNA (0.8 nM linearized pET28b). Considering that pET28b is 5,368
bp, this corresponds to a �400-fold excess of nonspecific DNA compared to the 105-bp ohrRO DNA. The
reaction mixtures were incubated at room temperature (25°C) for 30 min and then loaded on prerun 8%
(wt/vol) polyacrylamide gels (39:1 acrylamide-bisacrylamide) in 0.5	 Tris-borate EDTA (TBE) buffer with
the power on and electrophoresed at 10 V cm�1 for 1 h. The gels were dried, exposed to phosphor
screens, and visualized using a Typhoon 8600 phosphorimager (GE Healthcare). ImageQuant (v5.1)
software was used for quantitation. Half-maximal saturation of ohrO and ohrRO DNA was calculated using
the Kaleidagraph (v4.0) program (Synergy Software) by fitting the data to the equation f � fmax ·
[OhrR]n

H/(Kd � [OhrR]n
H), where nH is the Hill coefficient (which is 1 for DNA with a single binding site),

Kd is the apparent equilibrium dissociation constant reflecting half-maximal saturation of the DNA, and
fmax is the maximal fractional saturation (45).

The specificity of the interaction of OhrR with ohrO and ohrRO was determined by a competition
assay in which OhrR was titrated with increasing concentrations of unlabeled nonspecific plasmid DNA
(linearized pET28b) or unlabeled ohrO or ohrRO DNA in the presence of labeled ohrO or ohrRO in the
binding buffer described above at room temperature for 30 min. Both DNAs were mixed prior to adding
the protein. The remainder of the procedure was as described above.

DNase I footprinting. To identify the specific DNA binding sites for OhrR, DNase I footprinting was
carried out (25). Two fluorescently labeled PCR products representing sequences upstream of the ohr
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(272 bp) and ohrR (280 bp) open reading frames were amplified using B. thailandensis E264 genomic DNA
as the template. The forward primer was 5= end labeled with 6-carboxyfluorescein (6-FAM) (for the primer
sequences, see Table S2). For each reaction, 30 ng (17 nM) of fluorescently labeled DNA was incubated
without or with protein (70 nM) in binding buffer for 30 min at room temperature. For reactions involving
the DNA sequence upstream of ohrRO, 0.4 nM nonspecific DNA (linearized pET28b) was included. This
was followed by DNase I treatment (3 min, room temperature) by adding 1 �l 10	 DNase I buffer and
1 �l of 0.2 U DNase I. Reactions were terminated by adding 10 �l of 100 mM EDTA, and the DNA was
extracted with phenol-chloroform and ethanol precipitated. To determine the effect of oxidants on the
DNA binding of OhrR, OhrR was first oxidized with increasing concentrations of CHP, H2O2, or sodium
hypochlorite before incubating it with DNA.

For fragment analysis, 5 to 8 ng of DNA was resuspended in 10 �l Hi-Di formamide and mixed with
1 �l of a 1:10-diluted GeneScan 500 LIZ size standard. Prior to injection, samples were heat denatured
by boiling and then loaded onto an ABI 3130 automated capillary sequence analyzer. Electropherograms
were processed using GeneMapper (v4.1) software. Electropherograms representing reaction mixtures
containing OhrR were overlaid with the electropherogram obtained from DNase I-digested DNA without
protein added (25). Each experiment was repeated at least three times.

Confirmation of transposon insertion mutants. Transposon mutants in which transposon T8 (ISlacZ
hah-Tc) was inserted in B. thailandensis ohrR (at genomic position 699,144, open reading frame [ORF] location
172) and ohr (at genomic position 698,454, ORF location 247) were procured from the Manoil lab (26). B.
thailandensis strains tnbt1_2r100315p02q176 (with interrupted ohrR) and tnbt1_2r100315p08q125 (with
interrupted ohr) were grown on LB agar plates with 80 �g/ml tetracycline overnight at 37°C. Genomic DNA
was isolated and used as the template for PCR verification of transposon mutants using both gene-specific
and transposon-specific primers (Table S2).

Plasmid construction and conjugative transfer for complementation. Plasmids for complemen-
tation contained the ohr or ohrR genes under the control of their native promoters. A 697-bp product
containing full-length ohrR preceded by a 236-bp upstream sequence and a 665-bp product containing
a 233-bp DNA sequence followed by full-length ohr were amplified from B. thailandensis E264 genomic
DNA, with restriction sites HindIII-BamHI and KpnI-EcoRI, respectively, being introduced into the ampli-
cons (for the primer sequences, see Table S2). The PCR products were cloned into the gentamicin-
resistant broad-host-range cloning vector pBBR1-MCS5 (46). Empty plasmids were used as a control. All
plasmids were verified by sequencing.

Complementation plasmids were transformed into B. thailandensis E264 strains using triparental
mating. Overnight cultures of donor (E. coli Top10 with pBBR1-MCS5 derivative), recipient (B. thailand-
ensis WT, Δohr, or ΔohrR), and helper [HB101(pRK2013::Tn7)] cells were grown at 37°C in LB medium, with
the LB medium being supplemented with 60 �g/ml gentamicin for donor and recipient cells. Cells were
mixed in 2:1:2 ratios of donor-recipient-helper strains, pelleted down, washed 3 to 4 times with LB
medium, and resuspended in 60 �l LB medium. The suspension was then spotted on prewarmed LB agar
plates and incubated overnight at 37°C. The cells were then scraped off and resuspended in 1.0 ml LB
medium. Serial dilutions of this suspension were plated on LB agar plates containing the antibiotics
tetracycline (80 �g/ml), gentamicin (1.0 mg/ml), and chloramphenicol (8 �g/ml) for selection of transcon-
jugants, followed by PCR verification using primers Veri_pBBR_XbaI Fw and Rev (Table S2).

RNA isolation. Overnight cultures of B. thailandensis WT, Δohr, and ΔohrR were grown in LB
medium-gentamicin (30 �g/ml), and their respective complements (the We, Δohrc, and ΔohrRc strains)
were grown in LB medium with 1 mg/ml gentamicin, all at 37°C. Cultures were diluted 1:100 in the same
medium and grown at 37°C to an OD600 of �0.6. To assess the effect of oxidants on gene expression,
cultures were incubated with 0.2 or 1 mM CHP, H2O2, or NaOCl for 15 min at 37°C. Cells (1.0 ml culture)
were centrifuged at 4°C, washed with ice-cold diethyl pyrocarbonate (DEPC)-treated water, repelleted,
and stored at �80°C. Total RNA was isolated using an Illustra RNAspin minikit (GE Healthcare). DNA
contamination was removed using a Turbo DNase kit (Ambion), and the absence of DNA was verified by
PCR. The integrity and quality of the RNA were determined spectrophotometrically by using a NanoDrop
spectrophotometer (Thermo Scientific) and by running the RNA samples on a 1.2% agarose gel followed
by staining with ethidium bromide.

In vivo gene expression analysis using qRT-PCR. RNA was first converted into cDNA by mixing 600
ng RNA with 0.6 �M reverse primer for the reference gene (BTH_I3014, encoding the glutamate synthase
[GS] large subunit), ohr, or ohrR (for the primer sequences, see Table S2), followed by incubating the
mixture for 5 min at 65°C and then promptly placing it on ice. To this mixture, 8.5 �l of the master mix
(containing 1	 avian myeloblastosis virus [AMV] reverse transcriptase buffer, 1 mM MgCl2, 1 mM
deoxynucleoside triphosphate mix, 10 U AMV reverse transcriptase [New England BioLabs]) was added,
making a total reaction volume of 25 �l, followed by incubation for 1 h at 42°C. To compare differences
in gene expression qualitatively, the cDNA was used as a template for PCR with gene-specific primers.
PCR products were electrophoresed on a 1.2% agarose gel and observed after staining with ethidium
bromide.

For quantifying mRNA transcripts, the cDNA was used as the template for qRT-PCR. Gene-specific
forward and reverse primers were added along with Luna Universal quantitative PCR (qPCR) master mix
(New England BioLabs) for performing qPCR on a ViiA 7 real-time PCR system (Applied Biosystems).
Estimation of transcript levels was carried out using the 2�ΔCT method. For analysis of the effect of
oxidation on gene expression levels, the comparative threshold cycle (CT) method (2�ΔΔCT) was used (47).
Expression of the reference gene was constant, as reflected in consistent CT values under the various
conditions. qPCR data are represented as the mean (�standard error of the mean) for at least two
biological replicates.
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Hydroperoxide degradation and resistance. The ferrous oxidation-xylenol orange (FOX) assay was
performed to assess the hydroperoxide reductase activity of the bacterial strains (27). Overnight cultures
of B. thailandensis WT, Δohr, and ΔohrR and their respective complements were grown at 37°C in LB broth
(containing gentamicin at the concentrations noted above). Overnight cultures were diluted 1:100 in LB
medium-gentamicin and grown until the OD600 was �0.6. A 10-ml culture was then treated with CHP
(200 �M) for 40 min; 110-�l aliquots were removed at intervals of 10 min after CHP addition, and the
supernatant was collected by centrifugation. At each time point, the amount of residual CHP was
calculated by mixing 100 �l of the supernatant with 400 �l of 25 mM sulfuric acid and incubating the
mixture with 500 �l freshly prepared reaction buffer (25 mM sulfuric acid, 0.2 mM xylenol orange, 0.2 mM
ferrous ammonium sulfate) for 10 min at room temperature in the dark. The absorbance at 540 nm was
measured. LB medium was used as a blank. Residual CHP concentrations were determined by compar-
ison to a CHP standard curve. The amount of residual H2O2 (200 �M) was measured similarly, except that
it was measured at 3-min time points.

The extent of resistance to oxidants was assessed using a plate assay. Overnight cultures of B.
thailandensis WT, Δohr, and ΔohrR were grown at 37°C in LB medium containing 30 �g/ml gentamicin.
Cultures were diluted 1:100 in the same medium and grown until the OD600 was �0.6. One milliliter of
culture was incubated with 0.2 or 0.8 mM CHP, H2O2, or NaOCl for 15 min at 37°C, followed by the
spotting of 10 �l of serial dilutions on LB medium-gentamicin agar plates. The plates were incubated at
37°C for 18 to 22 h.

To determine viability, overnight cultures of B. thailandensis strains grown in LB medium with 30
�g/ml gentamicin were diluted 1:100 in the same medium and grown at 37°C to an OD600 of �0.6. One
milliliter of each culture was then treated for 15 min with 1 mM oxidant, following which they were
serially diluted. One hundred microliters of each serial dilution was spread on LB agar plates (30 �g/ml
gentamicin), the plates were incubated overnight at 37°C, and the number of CFU was counted.

Colony morphology. Overnight cultures grown in LB medium with 30 �g/ml gentamicin were
diluted 1:100 in the same medium and grown at 37°C to an OD600 of �0.6. One milliliter of each culture
was then pelleted, resuspended in 20 �l LB medium, and spotted on prewarmed LB medium-gentamicin
plates. After incubating the plates at 37°C for 72 h, images of bacterial colony morphologies were
captured using a Zeiss SteREO Lumar.V12 microscope.

Pathogenicity in Caenorhabditis elegans. Nematode growth medium (NGM) agar plates were
inoculated with 12 �l of a B. thailandensis overnight culture (OD600, �1.2). The plates were incubated for
24 h at 37°C, followed by incubation for �18 h at room temperature. About 10 to 15 C. elegans (Bristol
strain N2, L4 larval stage) worms were picked using a loop and placed on each assay plate. After 12 h,
worm death was scored using a dissecting microscope (Olympus SZ-ST). Only worms that failed to move,
even on touch, were scored as dead.
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