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ABSTRACT Melioidosis is an underreported human disease caused by the Gram-negative
intracellular pathogen Burkholderia pseudomallei (Bpm). Both the treatment and the clear-
ance of the pathogen are challenging, with high relapse rates leading to latent infections.
This has been linked to the bacterial persistence phenomenon, a growth arrest strategy
that allows bacteria to survive under stressful conditions, as in the case of antibiotic
treatment, within a susceptible clonal population. At a molecular level, this phenomenon
has been associated with the presence of toxin–antitoxin (TA) systems. We annotated the
Bpm K96243 genome and selected 11 pairs of genes encoding for these TA systems, and
their expression was evaluated under different conditions (supralethal antibiotic condi-
tions; intracellular survival bacteria). The predicted HigB toxin (BPSL3343) and its pre-
dicted antitoxin HigA (BPS_RS18025) were further studied using mutant construction.
The phenotypes of two mutants (DhigB and DhigB DhigA) were evaluated under differ-
ent conditions compared to the wild-type (WT) strain. The DhigB toxin mutant showed
a defect in intracellular survival on macrophages, a phenotype that was eliminated after
levofloxacin treatment. We found that the absence of the toxin provides an advantage
over the WT strain, in both in vitro and in vivo models, during persister conditions induced
by levofloxacin. The lack of the antitoxin also resulted in differential responses to the condi-
tions evaluated, and under some conditions, it restored the WT phenotype, overall sug-
gesting that both toxin and antitoxin components play a role in the persister-induced
phenotype in Bpm.
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B urkholderia pseudomallei (Bpm) is a Gram-negative, facultative intracellular pathogen,
and the causative agent of melioidosis. Melioidosis is a multifaceted disease affecting

humans and some mammals that reaches up to 50%mortality with an incidence of approxi-
mately 165,000 cases per year, although this prediction is considered underreported (1–3).
Melioidosis disease includes a myriad of symptoms, while the most common ones are pneu-
monia and skin localized abscesses, usually leading to sepsis during the acute stage of the
infection; the chronic stage of the infection can stay asymptomatic for long periods of time
(1). Clearance of the pathogen is challenging due to its endogenous multidrug resistance,
but also results in relapse rates ranging between 15 and 23%. This relapse is associated with
the bacterial intracellular lifestyle, which causes latent infections similar to the ones observed
during tuberculosis caused by Mycobacterium tuberculosis (2). The current recommended
treatment for melioidosis consists of 2–8 weeks of intravenous antimicrobial therapy followed
by 3–6 months of oral antimicrobial therapy (1). For Bpm, both treatment failure and chronic
infection have been linked to persistence (4).

Bacterial persistence is a cell cycle arrest phenomenon in which phenotypic variants that
are highly tolerant to antimicrobial treatment, among other environmental stresses, exist
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within bacterial communities (5, 6). This phenomenon differs from antibiotic resistance
because persister bacteria do not express gene products that enable the organism to
grow in the presence of the antibiotic, so they do not proliferate. Persisters’ biological
relevance lies in the fact that this phenomenon has been associated with latent and
chronic infections, as well as implicated in nearly all bacterial infections that result in
treatment failure (4). This cellular phenotype has already been linked to the ability of the
bacterium to generate latent infections in tuberculosis, skin infections by Staphylococcus
aureus, and Escherichia coli urinary tract infections (4, 7).

At a molecular level, the switching mechanism between growth and persistence pheno-
types has been associated with toxin–antitoxin (TA) systems, which were first described
in E. coli with the hipQ gene (8). These TA modules are small genetic elements broadly
distributed in bacteria, which encode a two-component system constituted by a toxin
and its associated antitoxin. A typical TA pair comprises a stable toxin protein that interferes
with multiple cellular processes and an unstable protein or RNA antitoxin that neutralizes
the toxic effect of the active form of the toxin (6, 9). According to the genetic structures and
their regulation, these systems are assigned to four main classes, although eight different
classes have been described. Differences among the classes rely on how the antitoxin inter-
feres and neutralizes the toxin effect (6, 9–11).

Among all of them, the type II is still the largest and best-studied class of TA systems.
In them, the antitoxin (protein) neutralizes the toxic effect through two main mechanisms:
directly forming a complex toxin–antitoxin, or as a transcriptional regulator that represses
the expression of the operon (10). Under normal growth conditions, the antitoxin forms a
protein–protein complex with the toxin that counteracts its toxic effect and regulates the
transcription of the operon. However, under different stressful stimuli, the antitoxin could
be rapidly degraded by proteases while the toxin is released, changing into its active form
(9). This regulation, especially in type II TA systems, could be flexible or promiscuous, because
a toxin belonging to a superfamily can also form a complex with the antitoxin from another
system, or an antitoxin can counteract the toxicity from different noncognate toxins from
same or different superfamilies (6, 12). Emerging evidence has shown that some type II sys-
tems are involved in pathogen adaptation to host tissues during chronic or recurrent infec-
tions, which is linked to the persister phenotype (13–15). For example, the HigBA system in
Pseudomonas aeruginosa has been shown to participate in biofilm formation, iron uptake,
carbon metabolism, and virulence involving Type 3 and Type 6 secretion systems (16, 17).
More recently, a transcriptional regulatory role of virulence genes has been attributed to the
antitoxin HigA (18).

Through bioinformatics prediction approaches, between 62 and 106 toxin–antitoxin systems
have been identified in B. pseudomallei genomes. Using transcriptional analysis data, many
of these were associated with responses to different stresses or host conditions (19, 20). Some
isogenic mutants lacking these toxins demonstrated an attenuation in a murine model of
chronic melioidosis infection, with a lower bacterial burden in target organs (19, 21).

In this study, we have analyzed the expression of 11 of those predicted TA systems. While
several pairs were differentially expressed under the persister-induced conditions evaluated,
we focused on one predicted system encoded by BPSL3343 (toxin) and BPS_RS18025 (anti-
toxin) genes that encode a putative type II HigB-HigA system. The toxin mutant (DBPSL3343,
named ICG001) showed a defect on intracellular survival in macrophages, a phenotype which
was eliminated after levofloxacin treatment. The absence of the toxin provides an advantage
over the wild-type (WT) strain, both in vitro and in vivomodels, during persister-induced con-
ditions. In most of these conditions, the differential responses after levofloxacin treatment dis-
appeared when both toxin and antitoxin genes were deleted, which might suggest a role of
the antitoxin in the regulatory process.

RESULTS
Genomic annotation and gene expression. The genome sequence from the refer-

ence Bpm strain K96243 was obtained from the NCBI database. Both Prokka (22) and RAST
(23) databases were used to annotate the genome and search for toxin–antitoxin predicted
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modules. Both databases were used to compare predictions between them, because RAST
mainly annotates described genes with Enterobacteriaceae names, while Prokka utilizes spe-
cific assigned names when they are available (24). The presence of genomic islands (GIs)
was also checked with Prokka software, because the toxin–antitoxin (TA) systems are usu-
ally predicted to be located in relationship with those genomic structures, due to their first-
described role as plasmid maintenance systems (25, 26). The predicted/annotated systems
were compared with the TA-encoding genes that we have previously assigned into three
clusters, based on their transcriptomic profile and their association with host–environment
conditions and antibiotic treatment (19). Those three clusters were manually established
according to specific expression patterns when Bpm was exposed to different host-like con-
ditions or to antibiotics. Both independent approach results were evaluated, and results
compared. Finally, orthologues of the chosen systems were identified in a second Bpm ref-
erence strain (1026b) to determine whether they were present and conserved across differ-
ent strains. The genes, the identified systems, their association to a previously described
cluster, and their link to any genomic island are shown in Table 1.

The results for gene expression are shown as a heatmap in Fig. 1A. Antibiotic treatment
upregulated most TA systems, while meropenem resulted in a general downregulation
across most of those modules, where we hypothesized that Bpm may exhibit resistance to
the high concentration of this antibiotic (Fig. 1B and C) and that hence the toxin–antitoxin
systems are not needed. For most of them, both toxin and antitoxin predicted genes were
upregulated because they are usually cotranscribed (Fig. 1A). The most upregulated TA systems
were observed with levofloxacin, especially the pairs encoded by BPSL3343/BPS_RS18025
(annotated as HigB/HigA), BPSS0395/BPSS0394 (annotated as BrnT/BrnA), and BPSS1584/
BPSS1583 (annotated as HipA/HipB), the three of them belonging to the type II TA class
(Table 1). The expression of those predicted TA systems genes, summarized in Table 1, was
evaluated in the surviving bacteria after supralethal concentration of five different clinically
relevant antibiotics (e.g., levofloxacin, ciprofloxacin, doxycycline, ceftazidime, and meropenem)
(Fig. 1B and C) (21). The HigB/HigA (BPSL3343/BPS_RS18025) and BrnT/BrnA (BPSS0395/
BPSS0394) predicted systems also showed higher overexpression after ciprofloxacin treat-
ment (Fig. 1A). In Fig. 1B, the total bacteria after 24 h of antibiotic treatment or nonsupple-
mented LB (control) is shown. Using the input numbers (2� 108 CFU/mL) and the CFU enu-
meration after 24 h, the survival rates were established as % survival (Fig. 1C). The antibiotics
impacted bacterial CFU (Fig. 1B) compared with the nontreated group, particularly those
exposed to fluoroquinolones (levofloxacin, ciprofloxacin), which showed the lower survival
rates (Fig. 1C).

Because host-associated conditions and the intracellular life cycle of the pathogen are
interconnected, intracellular survival bacteria from macrophages were also used to analyze
gene expression at 12 h and 24 h (Fig. 1A). In both cases, antibiotic-induced and intracellular
conditions, bacteria grown in nonsupplemented media (LB or Dulbecco's modified Eagle
medium [DMEM]) were used as baseline expression to establish the fold change (Fig. 1A,
Fig. 2A and B). During intracellular conditions, all the systems are upregulated at 24 h

TABLE 1 List of toxin–antitoxin predicted systems in Bpm K96243a

Toxin Antitoxin System predicted GIs Cluster 1026b orthologue Chromosome
BPSS0390 BPSS0391 HicA/HicB 13 3 No 2
BPSS0395 BPSS0394 BrnT/BrnA 3 Yes 2
BPSS1584 BPSS1583 HipA/HipB 3 Yes 2
BPSL0175 BPSL0174 RelE/ParE 2 3 Yes 1
BPSL0559 BPSL0558 HipA/XRE regulator 3 No 1
BPSL2333 BPSL2334 RelE/ParE 3 Yes 1
BPSL3261 BPSL3260 PtaRNA1/HigA 11 No 1
BPSS1060 BPSS1061 RelE/ParE 3 Yes 2
BPSL3343 BPS_RS18025 HigB/HigA 12 3 Yes 1
BPSL0034 BPSL0033 SAM-methyltransferase/MerR regulator 2 Yes 1
BPSL0952 BPSL0953 Replication protein/AlpA regulator 5 3 Yes 1
aThe list shows the chosen systems evaluated in this work, their relationship with genomic islands (GIs), if they belong to a described cluster (19), if they are present in the
Bpm 1026 strain, and in which K96243 chromosome they are located.
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postinfection compared with bacteria in DMEM, which was used as baseline. However, to
understand the activation dynamics among the systems, we only focused on the 12 h time
point. Among all of them, the system annotated as BPSL3343 (toxin) and BPS_RS18025 (anti-
toxin) demonstrated the strongest upregulation (Fig. 1A). These two genes were predicted
to be a HigBA type II toxin–antitoxin system (as shown in Table 1).

In Fig. 2 (A–B), the gene expression of BPSL3343 and BPS_RS18025 genes is shown in all
conditions as well as the ones in which they are significantly overexpressed compared with
the controls. The most potent activation of expression appears to occur with antibiotics of the
fluoroquinolone class, with levofloxacin and ciprofloxacin treatment resulting in the highest

FIG 1 Expression of predicted toxin–antitoxin systems under different conditions and Bpm K96243 survival after
antibiotic treatment. (A) Heatmap with the predicted toxin and antitoxin genes (left) from Bpm K96243 and the
conditions evaluated on the bottom (left group, antibiotics exposition; right group, intracellular survival bacteria at 12 h
and 24 h). As control of expression, bacteria were grown in media (LB or DMEM) without supplements. Each condition
was measured at least in triplicate from three independent replicates. (B) CFU enumeration and (C) survival based on
the input after 24 h of supralethal antibiotic concentration exposure of Bpm K96243 to LEV, levofloxacin; CIP,
ciprofloxacin; DOX, doxycycline; CFT, ceftazidime; MER, meropenem; Control, LB medium.
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levels of expression among all the antibiotics evaluated (Fig. 1A, 2A). The intracellular envi-
ronment also triggers elevated levels of expression, suggesting that redox and nutrient
stress might play a role in activation (Fig. 1A, 2B). Because both genes showed the same
overexpression pattern, cotranscription between them was assessed. The PCR was per-
formed using either genomic DNA or cDNA as a template with primers designed to only
amplify the genes while cotranscribed. As shown in Fig. 2C, the same amplicon size was
obtained for both template sources, confirming the fact that they are cotranscribed.

Mutant construction and phenotypic characterization. To identify the role of the
predicted HigBA toxin–antitoxin system in the persister and virulence features of Bpm, we
constructed two isogenic mutants in the Bpm K96243 background. The isogenic mutant
carrying a deletion in the predicted toxin encoded by the annotated higB gene (ICG001)
was obtained through allelic exchange using K96243 as donor strain. Construction of the
predicted antitoxin higA deletion mutant could not be accomplished, suggesting that the
lack of this antitoxin could be deleterious for the bacteria, which has been previously
described in other TA systems (27). For the double mutant (ICG002) construction, the ICG001
mutant strain was used as donor strain, with a high selection efficiency, highlighting the

FIG 2 BPSL3343 and BPS_RS18025 TA system expression. (A) BPSL3343 (toxin) and BPS_RS18025 (antitoxin)
expression under different antibiotic exposure for 24 h in LB media, using bacteria kept in nonsupplemented
LB as control for expression. LEV, levofloxacin; CIP, ciprofloxacin; DOX, doxycycline; CEFT, ceftazidime; MER, meropenem.
(B) BPSL3343 (toxin) and BPS_RS18025 (antitoxin) expression during intracellular survival in murine macrophages after
12 h or 24 h, using bacteria maintained in DMEM as control for expression. (C) Coexpression of both genes. The gDNA
(second lane) was used as template, and cDNA (third lane) and RNA (fourth lane) from Bpm K96243 were used for the
same purpose; black arrow shows the PCR product with same size between samples. 100 bp DNA ladder (NEB) was
loaded in the first lane. *, P , 0.05; **, P , 0.01.
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fact that the antitoxin deletion could not be achieved due to the unhindered activity of
the toxin.

Once all strains were obtained, a phenotypic characterization was performed to rule out
the differences in growth among the strains was dependent on a fitness loss in the different
media evaluated (Fig. S1A–C in the supplemental material). The growth in any of the media
(LB, M9, or DMEM) was not different among the strains, suggesting that the lack of these
genes does not affect its fitness in nutrient-rich, minimal, or host-like media, when no other
stresses are present. There were no differences in colony morphology while growing in
Ashdown’s selective medium (Fig. S1D).

Persister-induction after supralethal antibiotic concentrations. One of the main
problems of melioidosis disease is the failure of antibiotic treatment, which is linked to the
survival population that persists after antimicrobial exposure via growth arrest. The ability
of Bpm to survive after exposure to supralethal concentrations of clinically relevant antibi-
otics has been previously demonstrated (21). Following that premise, five antibiotics were cho-
sen, and the survival bacteria was quantified after 24 h in the presence of 100� MIC treatment
with the WT and each isogenic mutant strain (Fig. 3).

The DhigB mutant demonstrated increased fitness under levofloxacin stress, with signifi-
cantly higher survival compared to wild type K96243 and higher trend of survival versus
DhigB DhigA. The presence of the toxin did not seem to affect survival under ciprofloxacin
treatment because the DhigB and wild-type strains showed similar survival rates when
exposed to this antibiotic; both survived at higher levels compared to DhigB DhigA. This sug-
gests that the lack of the antitoxin or the entire system impacts the survival phenotype. This
was surprising considering the remarkably similar effect both fluoroquinolone compounds
had on gene expression (Fig. 1A and 2A). Conversely, meropenem treatment resulted in
decreased survival for the DhigB mutant compared to wild type and double mutant DhigB
DhigA. This antibiotic treatment caused a global downregulation of tested TA systems (Fig.
1A), suggesting that activation of TA systems during meropenem stress is not needed, which
could suggest a resistant more than a persister phenotype. However, the decreased survival
of DhigB and equitable survival between wild-type K96243 and DhigB DhigA demonstrates
that the activation of this HigBA system and other redundant TA systems might be deleteri-
ous under meropenem stress. Nevertheless, considering that persister cells do not proliferate
during antibiotic exposure, meropenem survivals seem to be due to a resistance phenotype
(Fig. 1C). Doxycycline and ceftazidime showed no significant differences or trends, reinforcing
the idea that TA activation and persister formation is specific to different stresses.

Both ceftazidime and meropenem are intravenous antimicrobials used in the treatment
of this bacterium (28); however, they showed to be the less effective for in vitro killing. Both
fluoroquinolones were the most effective compounds in vitro, exhibiting a different survival

FIG 3 Supralethal antibiotic concentration induced persister survival. Percentage of survival after 24 h
of antibiotic exposure compared with the input bacteria of Bpm K96243, DhigB, and DhigB DhigA. LEV,
levofloxacin; CIP, ciprofloxacin; DOX, doxycycline; CFT, ceftazidime; MER, meropenem. Bars represent the
average of three independent experiments in triplicate 6 standard deviation (SD). *, P , 0.05; **, P , 0.01.
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capacity among the strains with the TA HigBA system disrupted, and the different antimicro-
bials have different impacts on the Bpm K96243 survival rates.

Biofilm formation in antibiotic- or macrophage-induced persister conditions. Biofilm
formation is usually considered a virulence-associated phenotype because many chronic
infections are linked to the capacity of the pathogens to form these 3D structures (29). It
is also known that biofilm creates an environment for the survival of the persister cells
(29). For Bpm, it is suggested that biofilm may play a role in the pathogen adherence to epi-
thelial cells and participate in relapses of melioidosis disease (30, 31). As shown in Fig. 4A, the
biofilm formation capacity is significantly reduced in the isogenic DhigB mutant strain as
compared with the wild type, while biofilm is increased in the double mutant when com-
pared to both the toxin mutant and the WT strains (Fig. 4A). When the wild-type biofilm
was treated with levofloxacin, the ability to form this 3D structure was reduced as well as
in the double mutant, but the biofilm formed by the toxin mutant was slightly increased.

FIG 4 Biofilm formation in the presence or absence of levofloxacin or from intracellular bacteria. (A) White bars
represent the biofilm formed in nonsupplemented LB and the pattern labeled bars the biofilm formed in the presence
of levofloxacin. Among strains, only significant differences are shown. Bars represent the average of six independent
experiments in triplicate 6 SD. (B–C) Intracellular bacteria recovered from RAW 264.7 cells and treatment with
levofloxacin for 24 h were further incubated in LB for biofilm formation at (B) 48 h or (C) 72 h. The biofilm formed
was normalized with bacterial enumeration at the respective time points. Each bar represents six independent
replicates 6 SD. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001; ns, not significant.
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While those differences, in general, were not significant, the result highlights the differential
behavior of these strains in the presence of fluoroquinolone treatment.

Because biofilm formation is linked with the persister phenotype, the competency of the
intracellular Bpm to form this 3D structure was also evaluated. The intracellular survival Bpm
obtained from phagocytic RAW 264.7 cells treated with the permeable antibiotic levofloxa-
cin for 24 h, was used to evaluate the capacity to form biofilm when transferred into fresh
media. Because of the different input used, the quantified biofilm was normalized with the
CFU output bacteria, as previously described (32, 33). Because standard biofilm formation
assay from overnight cultures can be quantified at 24 h (Fig. 4A), we hypothesized that the
persister bacteria might take longer to resuscitate, so the incubation time was extended to
48 and 72 h (we could not detect any growth at 24 h). A significant reduction on the biofilm
formed by the wild-type strain compared with both mutant strains was found at 48 h (Fig. 4B),
but not at 72 h (Fig. 4C), highlighting the transient state of the persister phenotype and the
switch between cell growth arrest and normal growing bacteria.

Overexpression of plasmid-encoded HigB. To confirm the predicted function of
BPSL3343, we performed an overexpression assay in E. coli using an inducible pBAD plasmid
carrying the toxin gene. When the bacteria were grown in nutrient rich LB media, there was
no difference between the empty vector and the toxin expressing plasmid after arabinose
induction (Fig. 5A). However, cell growth arrest was observed in the strain expressing the toxin
when the strains were grown in minimal media M9 (Fig. 5B). These media differences rely
on the nutrient content, with the lack of nutrients from the minimal medium generating a
stress for the bacteria (34). The significant different growth rate suggests the existence of
a growth arrest when the toxin gene is induced and expressed, as previously described for
other toxins in Bpm (19), and for the HigBA system in other bacterial species (35, 36).

FIG 5 Overexpression of toxin induced system in nutrient rich or minimal media and killing curves in the presence of
quinolones. Growth curves of empty pBAD vector and the one carrying the toxin BPSL3343 (predicted HigB) after
induced with arabinose in (A) LB or (B) minimal M9 media. Killing curves of Bpm K96243, DhigB, and DhigB DhigA in
presence or supralethal concentrations of (C) levofloxacin or (D) ciprofloxacin. *, P , 0.05; **, P , 0.01.
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Killing curves in the presence of fluoroquinolones. Presence of a fluoroquinolone
in the cultured media seems to be the major trigger for the expression of the HigBA system
in Bpm, among all the stress conditions assessed. Because both mutants showed differential
survival in the presence of levofloxacin and ciprofloxacin as compared with the wild type
K96243 (Fig. 3), the response of the three strains to both antibiotics in a time course analysis
was performed (Fig. 5C and D). Like the results found at 24 h (Fig. 3), the DhigB strain
showed a significant better survival in the presence of levofloxacin than the wild-type strain,
and although the DhigB DhigAmutant also exhibited higher survival tendency, this was not
significant (Fig. 5C). In the presence of ciprofloxacin, the double mutant strain showed the
lowest survival rate compared to the other strains, while the toxin mutant also survived bet-
ter than the wild type (Fig. 5D).

Murine macrophage uptake, survival, and persistence. It is well known that Bpm
can survive and replicate inside macrophages (37). Due to the intracellular lifestyle of this
pathogen, its survival inside these cells is one of the most studied features. However, the
bacterial gene products that participate in this process are poorly understood, but many of
those genes have been found differentially regulated during this stage (19, 38, 39). As shown
in Fig. 1A, many of the predicted TA systems are upregulated during intracellular conditions,
including BPSL3343 (higB) and BPS_RS18025 (higA), which showed the highest level of up-
regulation. For that reason, we analyzed both the uptake and the intracellular survival of the
wild type and the isogenic mutant strains in murine RAW 264.7 macrophages, under differ-
ent conditions and time points (Fig. 6).

The bacteria uptake rate was obtained through the input data, while the survival at
the different time points was established with the uptake numbers. The bacteria uptake
by the phagocytic cells was significantly increased in the toxin-deleted strain (DhigB), while
the phenotype of the double mutant (DhigB DhigA) was like the wild-type strain
(Fig. 6A). However, the intracellular survival of the DhigB strain was significantly reduced
compared to both the wild type and the double mutant after 12 h (Fig. 6D), and it was
reduced compared with the wild type at 6 h after infection (Fig. 6C). These results demon-
strated that the higB mutant had a defect on intracellular survival at least after 6 h, but no
defect at entry or at the first stage of the infection. Moreover, our results also suggested that
the antitoxin HigA might affect intracellular survival.

The DhigB strain had shown a differential phenotype after levofloxacin exposure, confirm-
ing that quinolones are the antimicrobials that trigger a persister state in association with the
HigBA system (17, 27). For that reason, the intracellular survival of the bacteria was also eval-
uated after addition of the cell-permeable antibiotic levofloxacin after 12 h (Fig. 6E) or 24 h
(Fig. 6F). The reduction in intracellular survival that the DhigB strain displayed in Fig. 6C and D
when compared with the wild type disappeared when cells were treated with levofloxacin,
showing a similar survival than the Bpm K96243 strain. In contrast, the double mutant strain
displayed a survival defect after the fluoroquinolone treatment at both time points.

Plaque formation. Another important feature of Bpm pathogenesis is the ability to
disseminate from cell to cell, which under in vitro tested conditions could lead to the
formation of plaques on monolayers of epithelial cells (40). Due to the different phenotypes of
the tested strains infecting and surviving in macrophages, we tested their ability to form pla-
ques in HeLa epithelial cells (Fig. S2). Both DhigB and DhigB DhigA strains exhibited a similar
number of plaques formed compared to wild-type K96243, which indicates that there was no
difference in cell-to-cell spread among the tested strains at the used MOIs (Fig. S2). The MOI
10 was also evaluated, but the monolayers were destroyed by the intracellular bacteria. There
were no significant differences between both mutants’ ability to form plaques; however,
DhigB seems to form slightly more plaques than DhigB DhigA, especially at the lowest MOI.

In vivo bacterial infection model. To examine the role of the HigBA system during
chronic melioidosis infection, we induced chronic-persistent melioidosis in a murine model
(19, 21). BALB/c mice were intranasally infected with wild type or DhigBmutant followed by
intraperitoneal administration of levofloxacin on days 1–5 postinfection to favor the transi-
tion of the infection into a chronic-persistent stage (relapse rates on the disease are associ-
ated with this dormant state) (4). BALB/c mice were used because of their susceptibility to
melioidosis infection (41). There were no significant differences in weight changes (Fig. 7A)
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or the survival rate (Fig. 7B) of the mice after infection with the wild-type and mutant strains.
After 21 days postinfection, surviving animals were euthanized and lungs, livers, and spleens
(these are target organs for the bacterial infection) were collected and processed to quantify
the bacterial burden. There were no significant differences in the organs’ weights between
both groups (data not shown). However, animals infected with the mutant showed higher
bacterial loads in all three collected organs as compared with the wild type, but significant

FIG 6 Uptake and survival under macrophage induced-persistence conditions. Murine macrophages
were infected (MOI 10) with the different Bpm strains for 30 min. The uptake percentage was calculated from
the input bacteria (A). After 30 min, media were removed and replaced with fresh media supplemented with
kanamycin for (B) 3 h, (C) 6 h, or (D) 12 h, or with the cell permeable levofloxacin for (E) 12 h and (F) 24 h.
Bars represent the average of three independent experiments in triplicate 6 SD. *, P , 0.05; **, P , 0.01;
***, P , 0.001; ns, not significant.
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difference was only observed in spleen colonization (Fig. 7C). Examples of the gross pathology
and abscesses observed in the spleens are shown in Fig. 7D. Most of the infected animals with
both strains carried mild to large abscesses on the spleens, while the ones infected with
the mutant strain were more compact, with some of them comprising almost half of the
organ size.

DISCUSSION

Melioidosis is a neglected and re-emerging, underreported, human disease that has a
mortality rate of up to 50%, even with treatment (1–3). Besides the problem of proper and
reliable diagnosis, which could lead to untreated or delayed treatment, the other concerning
issues are treatment failure and prevalence of latent infections (1). This disease is caused by
the Gram-negative bacteria B. pseudomallei, which is a pathogen categorized by the Centers
for Disease Control and Prevention (CDC) as a Tier 1 Selected Agent due to its possible use
as a biothreat agent (42). The treatment of the disease is challenging due to the inherent
multidrug resistance profile of the clinical isolates of Bpm, as well as the high relapse rates
associated with the latent and chronic infections (2, 5, 43, 44).

Previous work has determined the presence of many toxin–antitoxin systems in these
bacterial genomes, as well as the role of some of them in triggering the persister state (19, 21,
45, 46). However, while dozens of systems have been predicted by bioinformatics tools, only a
few have been experimentally studied (19, 21, 45, 46). Both the identification and the char-
acterization of new TA modules in human pathogens could improve our knowledge of path-
ogenic bacterial virulence, leading to more efficient or successful treatments. In the case of
B. pseudomallei, that would represent reducing the relapse rates caused by latent or chronic
infections, reducing the current treatment duration, and improving the outcomes.

Evaluating the in vitro efficiency of clinically used antibiotics has let us to show that
three of the main treatment options for melioidosis (ceftazidime, meropenem, and doxycy-
cline) were the least efficient in killing the bacteria (Fig. 1B and C). However, exposure to both
quinolones levofloxacin and ciprofloxacin showed the highest reduction in bacterial survival

FIG 7 Persistence of Bpm in vivo after levofloxacin treatment. (A) Weight change during the 21 days of infection. Vertical dotted line
represents the challenge day; horizontal dotted line shows the endpoint established in the protocol. (B) Survival graph of mice
infected with wild type K96243 or mutant DhigB for 21 days postchallenge. (C) Bacterial burden in lungs, liver, and spleen of n = 9
mice challenged with each strain 6 SD. (D) Images of gross pathology of infected spleens of mice infected with wild type of DhigB
after treatment. Two-way ANOVA was used to establish statistical differences (C). *, P , 0.05.
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rates, while a subpopulation remained alive even after supralethal concentrations were used
(Fig. 1B and C). That subpopulation of survivors is what we define as persister cells. When we
checked the expression of the 11 predicted toxin–antitoxin systems under these treatments,
we found a higher number of overexpressed systems in levofloxacin-survival cells (Fig. 1A),
which might suggest redundant or complementary functions of these systems. Among all of
them, the system formed by BPSL3343 (toxin) and BPS_RS18025 (antitoxin) had the higher
fold change values, being significantly overexpressed not only after the quinolones treatment
but also during intracellular survival of the bacteria on macrophages (Fig. 2A and B). Based on
those results, we proposed that this system might affect bacterial behavior under these
stresses and/or host-like conditions.

These genes (BPSL3343/BPS_RS18025), located in the chromosome 1 of Bpm K96243 in
the genomic island 12, encode for a predicted type II TA system annotated as HigB/HigA.
The HigBA system has been found in other human pathogens such as M. tuberculosis (47)
and P. aeruginosa (16, 48), among others. HigB is a ribosome-dependent endoribonuclease
from the RelE toxin family, enzymes that specifically cleave prokaryotic mRNA rich in A bases
(27, 49, 50). HigA is a transcriptional regulator that under normal growing conditions seques-
ters its cognate toxin, and whose regulation relies on being rapidly degraded in response to
stress signals (antibiotic treatment, host-like environment, phagocytosis) (18, 27). The genetic
pair is one of the examples from type II systems with a reverse gene organization, in which
the toxin gene is upstream of the antitoxin gene, allowing the antitoxin HigA to repress the
toxin transcription binding to its promoter (6, 18, 27). The HigBA complex was recently resolved
in E. coli, showing that both components form an heterotetrameric structure, exhibiting
high affinity for the promoter sequence, as the antitoxin homodimer does (35). The properties
of the antitoxin, as well as its role as virulence transcriptional regulator (18), might explain the
differences found with the tested strains, because the HigA antitoxin may be interfering in
other processes when its cognate toxin is not present.

To characterize the role of each gene as well as the system in those survival strategies of
Bpm, we generated isogenic mutants in the wild-type K96243, a clinical isolate widely used
as reference strain (51). While we easily achieved the toxin mutant and the toxin–antitoxin
double deletion strains, we were unable to obtain the antitoxin mutant, which suggests that
the lack of this gene product could be deleterious to the strain because the free toxin could
be lethal for the bacteria (27).

The deletion of the toxin leads to a significant increase survival after levofloxacin
treatment since the first moment of exposure (Fig. 3 and 5C). This phenomenon of differential
survival in toxin or antitoxin mutants has been previously described in other bacteria (52, 53).
In accordance with our data, other work has recently showed the dichotomous role of these
systems in which the toxin gene is induced in response to high-lethal concentrations of antibi-
otic, but at the same time, lacking of the system allows the bacteria to better survive when
exposed to it (54). In contrast, meropenem-treated bacteria showed a reduction in survival
rates of the DhigB ICG001 mutant, even though there was a reduction in the expression of the
system, although not significant (Fig. 1A and 2A). The double mutant ICG002 that lacks both
functional components showed a high reduction in survival after supralethal concentrations of
the other quinolone assessed, ciprofloxacin, compared to not only the wild type but also the
toxin mutant (Fig. 3 and 5D).

The type II TA system is considered the most adaptable because while the proteins that
belong to that class are organized in superfamilies based on their sequence, one toxin from
one superfamily can also be sequestered by the antitoxin from another (6). Moreover, the
hyperpromiscuity of some of those components have been already described, which indi-
cates that under specific conditions, a cross talk between the redundant systems is occurring
(12). Following that hypothesis, the different phenotypes observed between DhigB and
DhigB DhigA strains under the different conditions tested might be due, at least in part, to
the interaction of the antitoxin with another target, which could be influencing the observed
phenotype. In the case of the antitoxin HigA, it has been found to play a role as a virulence
regulator by itself in P. aeruginosa (18), and HigA recognizes the promoter region with same
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affinity as when is part of the intact TA complex (35), suggesting that not only the toxins from
these systems participate in the survival strategies of the bacteria.

Similarly, biofilm formation is shown to be reduced in the toxin mutant compared
with the wild-type strain, which disappears when levofloxacin is added to the culture (Fig. 4A).
After an antibiotic treatment, susceptible bacteria die, leaving only the persister cells, which
might not be cleared by the immune system if they are embedded in the biofilm structure
(29). For both wild type and double mutant, the biofilm formation is reduced after levofloxa-
cin treatment, while only the double mutant structure is significantly modified when the
antibiotic is present compared with nonsupplemented LB. However, the DhigB mutant
tends to form more biofilm in the presence than in the absence of levofloxacin (Fig. 4A).
A different behavior was also found between the wild type and the isogenic mutant
strains when biofilm formation was evaluated in the antibiotic-induced persister ex vivo
model, using the intracellular bacteria obtained from phagocytic cells treated with levofloxa-
cin (Fig. 4B and C). A defect in biofilm formation with the wild-type strain as compared with
both mutants was found (Fig. 4B), a phenotype that disappeared with time (Fig. 4C). This
experiment highlighted the transient state of the persister phenotype when the stressful
condition is removed. Those phenotypes also indicated the that different “resuscitation”
times of the persisters are associated with a functional TA system.

Also, when the toxin expression was induced in E. coli, a differential growing rate
was found if the bacteria was maintained in minimal media (Fig. 5B), suggesting that
its presence in stressful conditions triggers some types of growth arrest. This bacterio-
static but nonlethal effect of the toxin has been also seen with other predicted HigB
protein as well as other toxins (19, 35, 36).

When murine macrophages were infected with the three strains, we found differences
among all of them. The uptake rate is higher in DhigB compared with the other isolates,
which might indicate that this mutant is more easily taken by the macrophages (Fig. 6A).
However, the intracellular survival of this mutant was significantly reduced after 6 h as
compared with the wild type and after 12 h as compared with both the wild type and
double mutant strain, which highlights a defect in intracellular survival within the macrophage
(Fig. 6C and D). In the case of DhigB DhigA, the phenotype obtained was like the one
observed with the wild-type strain. On the other hand, due to the different responses of
these two isolates to levofloxacin, we replaced the treatment with kanamycin to test the
role of this compound on their intracellular survival properties. Under these conditions,
the survival differences between the DhigB and wild-type strains were eliminated (Fig. 6E
and F), indicating that these bacteria react differently to the presence of the broad-spec-
trum quinolone. However, the loss of both TA genes resulted in a survival defect under
this condition, as it occurred when it was treated in vitro compared with the single mutant
strain (Fig. 3 and 5C). During the evaluation of the cell-to-cell dissemination capacity of these
strains in epithelial cells, both mutants showed a similar ability as the wild type in forming
plaques (Fig. S2). Also, no major differences were observed between the two mutants, except
for a relative reduced number of plaques in the double mutant at MOI 0.1 compared with the
toxin mutant strain.

The in vivo chronic melioidosis infection model with levofloxacin treatment demonstrated
that both wild type K96243 and toxin mutant DhigB showed the same lethality as well as
the same bacterial burden in lungs and livers. In contrast, the CFU burden in the spleen was
significantly higher in the animals infected with the toxin mutant (Fig. 7C), which suggested
a better capacity of the mutant strain to disseminate and persist in the spleen. Additionally,
the gross pathology showed higher spleen abscesses in those mice infected with the DhigB
ICG001 mutant (Fig. 7D). This phenotype was previously described with other toxin mutant
strains when animals were not treated with antibiotics (19).

Overall, these data suggest that both components of the type II toxin–antitoxin system
formed by BPSL3343 and BPS_RS18025, annotated as HigBA, play a role in B. pseudomallei
survival under specific conditions, being the presence of the quinolones, a major trigger of
the observed phenotypes. The toxin mutant showed a clear phenotype when the antibiotic
levofloxacin participates in all the tested assays, while the double mutant showed less distinct
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phenotypes. The DhigB strain showed better survival than the wild-type strain when exposed
in vitro to supralethal concentration of levofloxacin (Fig. 3 and 5C); the biofilm formed is appa-
rently enhanced (not significant) after levofloxacin treatment (Fig. 4A); the reduced intracellular
survival disappears when levofloxacin is present in the media (Fig. 6); and the bacteria colon-
ized better in the mice spleen when animals were treated with the quinolone (Fig. 7C).
However, the double mutant did not show different survival after levofloxacin at a supralethal
concentration, but was reduced after ciprofloxacin (Fig. 3 and 5D); the biofilm formed was sig-
nificantly reduced in the presence of levofloxacin (Fig. 4A); and the intracellular survival in
macrophages was the same than wild type in normal conditions but significantly reduced af-
ter levofloxacin supplementation (Fig. 6). Overall, there is still a need to increase knowledge
regarding how Bpm differentially responds to the different treatments, especially during an
infection course, and while there are so many TA systems encoded in their genomes, which
can easily complement the mutation and provide just partial information about the role of
HigBA in pathogenesis and survival.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. Bacterial strains used in this study are listed in Table 2. B.

pseudomallei strain K96243 was obtained from BEI Resources, Manassas, VA, USA. B. pseudomallei and E. coli
strains were routinely cultured on LB agar plates at 37°C, and antibiotics were supplemented as needed for
selection. Bacterial culture stocks were preserved in 20% glycerol (vol/vol) and stored at280°C.

Genomic annotation. The genomic sequence from the Bpm strain K96243 was obtained from the
public deposit in the NCBI website (accession numbers, NC_006350.1 [chromosome 1] and NC_006351.1
[chromosome 2]). Annotation of the genome was performed with the Rapid Annotations using Subsystems
Technology (RAST) server, as well as Prokka (version 1.13) to identify the coding sequences (CDS) predicted
as toxin or antitoxin that could belong to the TA systems category, as well as genomic islands (22, 23). When
only the toxin was predicted, antitoxin was manually annotated.

RNA extraction and cDNA synthesis. RNA from intracellular bacteria or antibiotic-treatment survival
bacteria was extracted using the Direct-zol RNA Miniprep Kit (Zymo Research) according to the manufacturer’s
instructions. RNA concentration and purity were measured using an Epoch microplate spectrophotometer
(Biotek) and samples stored at280°C for future use. The cDNA was synthesized using the different RNA samples
as templates employing the iScript cDNA Synthesis Kit (Bio-Rad), following manufacturer’s instructions,
with the following conditions: 25°C for 5 min, 42°C for 30 min, 85°C for 5 min, 25°C for 5 min, 12°C for
5 min, 4°C store. The cDNA concentration and purity were measured, and samples were stored at 220°C
for further use. For intracellular bacteria, after cell permeabilization, two steps of differential centrifugation
were used, to enhance the ratio of bacterial RNA over the eukaryotic RNA (38).

qPCR. Quantitative PCR was used to analyze the expression of the predicted pair of toxin-antitoxin
genes from the survival bacteria after antibiotic treatment or intracellular bacterial survival. Gene expres-
sion quantification was performed using QuantiNova SYBR green (Qiagen) following the manufacturer’s
instructions, after cDNA synthesis and normalization at 100 ng/mL. Bacteria grown in LB without antibiotics
(persister) or grew in Dulbecco's Modified Eagle Medium (DMEM) (intracellular survival) were used as control
for expression. All primers used for expression are summarized in Table 3, and their specificity was evaluated in
a PCR gradient (56–76°C) using Q5 High-Fidelity DNA polymerase (NEB). Expression was normalized with the
housekeeping genes rpoB and 16S for each condition, following the DDCt method (55). The PCR cycling pro-
gram was set as follows: initial heat activation step 95°C 2 min; 2-step 40 cycles of 5 s 95°C and 30 s 60°C. The
threshold cycle (CT) and melting curve of each gene were automatically established and recorded by the soft-
ware CFX Maestro Software (version 4.0). Multiple t test analysis was conducted to establish significant differen-
ces among strains and conditions.

Mutant construction. The single (DBPSL3343, DhigB, named ICG001) and double mutant (DBPSL3343
DBPS_RS18025, DhigB DhigA, named ICG002) strains were constructed using a biparental matting
approach for allelic exchange using the plasmid pMo130, as previously described (56). All the primers
used are shown in Table 3. As described (21), pMo130 was linearized with HindIII-HF (NEB) and NheI-HF (NEB)
following the established protocol. Both upstream and downstream fragments by 400–600 bp from the target
gene were amplified with Q5 High-Fidelity DNA polymerase (NEB), harboring the beginning and the end of

TABLE 2 Strains and plasmids used in the study

Strains Characteristics Reference
B. pseudomallei K96243 BEI Resources (Manassas, VA, USA) 57
B. pseudomallei ICG001 Bpm K96243 DhigB This publication
B. pseudomallei ICG002 Bpm K96243 DhigB DhigA This publication
E. coli S17 lpir pMo130higB higB cloned into pMo130 This publication
E. coli S17 lpir pMo130higA higA cloned into pMo130 This publication
E. coli DH10 pBAD Inducible vector 58
E. coli DH10 pBAD-BPSL3343 BPSL3343 in pBAD This publication

HigBA System of B. pseudomallei Infection and Immunity

July 2022 Volume 90 Issue 7 10.1128/iai.00035-22 14

https://www.ncbi.nlm.nih.gov/nuccore/NC_006350.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_006351.1
https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00035-22


each gene. Assembly of the three fragments was constructed using the Gibson Assembly kit (NEB) and trans-
formed into E. coli S17-1 lpir. The plasmids carrying intragenic in-frame deletions were confirmed by PCR
sequencing in the University of Texas Medical Branch Core Service. The E. coli S17-1 lpir strain was used as donor
for allelic exchange with recipient Bpm through biparental mating. For the single mutant strain construction,
Bpm K96243 wild type (WT) was used for the matting, while for the double mutant construction, the DhigB strain

TABLE 3 List of primers designed and used in this study

Primer Sequence Experiment
F1F_3343 GAGCTGATATCAGGGCCCCGTAATTCTTCTTGCTTCTACTCCATC Mutant construction
F1R_3343 TGCGGACTACAGAGGTGCGTAATGGCTAAG
F2F_3343 ACGCACCTCTGTAGTCCGCAAGAATCCCAG
F2R_3343 GATTAATTGTCAACAGCTCATGAATAGTGCGGCGCTGTC
F1F_RS GAGCTGATATCAGGGCCCCGATCTCGATCCCATCCGGC
F1R_RS TCTGCTCGCATTGTGATTTCGTTCGCTTGAC
F2F_RS GAAATCACAATGCGAGCAGACGAGCTGTG
F2R_RS GATTAATTGTCAACAGCTCAAAATTTGCTAACATGAAATTCGATTGGACG
BPSL3343-BPS_RS18025 F CCGCCTTGACCTTACTATCTG Coexpression
BPSL3343-BPS_RS18025 R GTTTGAGTTGCGTCCAAAGG
BPSL3343 F CTGGGATTCTTGCGGACTAC qPCR
BPSL3343 R GCAACTCAAACAACCCGTTAC
BPS_RS18025 F GCTCGCAGATAGTAAGGTCAAG
BPS_RS18025 R CTTGAGTCAATCCAGCCTCTT
BPSS0390 F GATGGCTGGAGGTTGGTT
BPSS0390 R CCAATCGGTAGGTCCTTCTTC
BPSS0391 F TGATCGAGCTTGGAGAAGATG
BPSS0391 R GCTTGGAATCAAGCTGAGAAAG
BPSS0394 F GACATTGTCGACGCCTTCA
BPSS0394 R CTACGCAGGCTGATGTTCC
BPSS0395 F CCTCTATTGCGTGGTGTTCA
BPSS0395 R GCTTGCTCGACATAGCTCTT
BPSL0175 F TCGGATCGAACTCATCATGC
BPSL0175 R CCTTCCATGTCGACACCTG
BPSL0174 F GAATGTCACCGCGAGTCTT
BPSL0174 R CTGGAGTCGATGTGTGATCTG
BPSL0559 F CCTGAGCACCGACTTTCAATA
BPSL0559 R CAGCCATCAGGCTCAGTATC
BPSL0558 F GGGCTTTCTACGTCATCCAT
BPSL0558 R GGAGGAGATTCAGGATGTTCAG
BPSL2333 F TTAGCCCTGGTGCAAATGA
BPSL2333 R TTGTGATGCACCACCATCT
BPSL2334 F ACCGGATGAGGTCGAGAT
BPSL2334 R CGCGCAACCATTTGTCATAG
BPSL3261 F CCTCTTTGTGGTCGTCTTCTATC
BPSL3261 R ACTTCAACTGTTCCGCATACT
BPSL3260 F GACCTTGCAGAGCAACTATGA
BPSL3260 R ATCCACCTCACCATGCAAAT
BPSS1060 F CATGGACGAGATACCGAGATG
BPSS1060 R GAAACGTGAGGAATACGCAATAG
BPSS1061 F TTCGACGGTGTTTCTGATCG
BPSS1061 R GCGGCACACGTCGTATT
BPSS1583 F AACGGCAAGACCGACAA
BPSS1583 R CATACGGCTTGATGAAGTTGAC
BPSS1584 F CGTCGAGGAACGCATCAC
BPSS1584 R TTGTCGCGCATCGTATCG
BPSL0033 F CGAGGTCGCCTCGATGTT
BPSL0033 R GAGGTCAGCCTGCGGAT
BPSL0034 F GCGAGCTTCGATACGATCATT
BPSL0034 R CGTCATGAACGGGTTCTCC
BPSL0952 F TCGCCTTGACAAGCATACAG
BPSL0952 R GTCCATGTTCAGCCTCAAGTAG
BPSL0953 F TGCCCGAAGTGCTCAAA
BPSL0953 R TCAGGCGGTCAATGTCAC
16S F GCGTAGAGATGTGGAGGAATAC
16S R ACCAGGGTATCTAATCCTGTTTG
rpoB F CCGAAGGACGTGCTGTATTT
rpoB R GTGAAGTTGTCGAAGACGAAGA
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ICG001, was used. Bpm K96243 wild type was also used as donor for the DBPS_RS18025 construction (DhigA),
but construction of that strain was not successful after multiple trials. Merodiploids were selected by supplement-
ing kanamycin (500 mg/mL) and polymyxin B (30 mg/mL) into LB agar plates. Colonies that turned yellow after
pyrocatechol exposure were selected as positive for the deletions, and they were counterselected on YT agar sup-
plemented with 15% sucrose. The intragenic deletions from the selected clones were confirmed by PCR sequenc-
ing. Because Bpm is a Tier 1 Selected Agent, complementation of the mutants was not performed, to avoid the
gain of function or enhance virulence phenotypes.

Bacterial growth curves. Growth curves were conducted to confirm that differences among the strains
were not present. Isolates from overnight (O/N) cultures were inoculated in 30 mL of LB, minimal medium M9, or
DMEM, and incubated at 37°C for 24 h with shaking at 200 rpm. The optical density (600 nm with a BioSpec-mini
spectrophotometer, Shimadzu) and CFU enumeration were measured and validated at each time point.

Antibiotic-induced persistence assays. To quantify the persister frequency or the survival popula-
tion after antibiotic treatment, wild-type and mutant strains were grown for 12 h in LB with shaking at
200 rpm at 37°C, and the overnight cultures were inoculated in LB at 2 � 108 CFU/mL containing 100�
MIC of levofloxacin (LEV), ciprofloxacin (CIP), ceftazidime (CFT), meropenem (MER), or doxycycline (DOX)
and further incubated in static conditions at 37°C for 24 h. Bacteria inoculated in LB without antibiotics
were used as control. Bacteria were serially diluted for CFU enumeration after 24 h, and the survival rates
were quantified with the input numbers. All assays were performed in triplicate.

Biofilms. Biofilm formation capacity was evaluated in Corning 96-well PP 1.2-mL cluster tubes. The
strains were grown overnight in LB for 12 h and diluted 1:100 in 1 mL LB in a 96-well plate, with at least 6 wells
per replicate. Cultures were statically incubated at 37°C for 24 h. In parallel, levofloxacin at a final 80mg/mL con-
centration was added to each well after 12 h of incubation then incubated for an additional 12 h. After that, the
wells were washed three times with water and stain with 1% crystal violet (vol/vol) for 30 min. Then, the stain
was discarded and the remaining was rinsed with water. The stained biofilms were solubilized with 1 mL of 33%
acetic acid. Optical density was measured at 600 nm in a BioSpec-mini spectrophotometer (Shimadzu), using
wells with LB only as blank. One-way ANOVA was used to establish statistical differences.

Overexpression assays. The inducible vector pBAD (Thermo Fisher Scientific) maintained in E. coli
DH10 (NEB) was used for the toxin overexpression. The toxin gene was amplified with Q5 High-fidelity DNA poly-
merase (NEB) using the primers (forward) att aac cat gga tcc gag ctA TGA AAT TCG ATT GGA CGG, and (reverse)
ttc gaa ttc cca tat ggt acT TAG CCA TTA CGC ACC TC. The PCR product was cleaned using the QIAquick PCR puri-
fication kit (Qiagen), and the vector was digested with KpnI-HF and SacI-HF (NEB), following the manufacturer’s
instructions. Vector and insert fragments were assembled using the Gibson Assembly kit (NEB). Selected plasmid
sequences were confirmed by sequencing at the UTMB Core Sequencing Service.

The overexpression assays were conducted in LB and minimal M9 media supplemented with ampicillin for
plasmid maintenance. Both the empty vector (pBAD) and the vector with the toxin inserted (pBAD-BPSL3343)
were cultured overnight for 12 h and diluted in 100 mL of fresh media. Toxin expression was induced with 1%
arabinose when the culture reached OD600 0.2 in M9 and 0.5 in LB, and optical density was measured every
hour for 8 h. Statistical t test analysis was conducted to establish significant differences between growth.

Killing curves. Killing growth curves were performed in the Bpm K96243 wild type and both isogenic
mutant (ICG001 and ICG002) strains, in the presence of supralethal concentrations of both fluoroquinolones
(levofloxacin and ciprofloxacin). Isolates from O/N cultures were used to inoculate 20 mL of LB broth with
1 � 106 CFU/mL, and then supplemented with the compounds. Different time points up to 12 h were estab-
lished, and CFU enumeration was measured to establish the killing rates of the different strains. Cultures were
incubated at 37°C in shaking, and the assay performed with 4 independent replicates. One-way ANOVA was
used to establish statistical differences.

Macrophage survival assays. The intracellular survival of wild-type and mutant strains were eval-
uated using the murine macrophage cell line RAW 264.7 (TIB-71). Cells were routinely grown in DMEM
supplemented with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 1 mM nonessential amino
acids, and 1% penicillin-streptomycin. B. pseudomallei strains were cultured overnight for 12 h in LB at
37°C with 200 rpm shaking. The murine macrophages were seeded at 2 � 105 cells/mL in Costar 24-well
plates (Corning), and they were infected with the different strains at an MOI of 10, for 30 min (uptake
step). After that, the supernatants were collected, cells were washed 2� with PBS and incubated with
DMEM supplemented with 250mg/mL kanamycin for extracellular bacterial killing. For bacterial enumer-
ation, cells were washed with PBS before lysis with 0.1% Triton X-100. The lysed cells were serially
diluted and plated on LB agar. The uptake percentage was determined with the input bacterial number,
while the intracellular bacteria were normalized using the uptake concentration for each strain. All the
assays were performed in triplicate.

Alternatively, to test the antibiotic-induced persister ex vivo phenotype, DMEM media were supplemented
with 80 mg/mL of the cell-permeable antibiotic levofloxacin (instead of kanamycin) then incubated for 30 min
for the uptake step, as previously described (21). The intracellular bacteria were collected at 12 h and 24 h
postinfection and plated for CFU enumeration. The intracellular bacteria were normalized using the uptake
concentration for each strain. All the assays were performed in triplicate. One-way ANOVA was used to es-
tablish statistical differences.

Biofilms from intracellular bacteria. To evaluate the biofilm formation properties of the macro-
phage-induced persisters, intracellular bacteria were used as input as follows: bacteria from RAW 264.7 cells
treated with levofloxacin for 24 h were collected and after cell lysis with 500mL, 100mL were used to inoculate
1 mL of LB per well in 24-well plates. Each strain and condition were repeated for a total of 6 replicates. Plates
were incubated for 24, 48, and 72 h, and the output at each time point was plated for biofilm normalization
(32, 33). Staining and solubilization of the biofilm with 1% crystal violet and 33% acetic acid were performed as
described above. For normalization, the OD was divided by the output of each well, as the input cannot be
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standardized because the persister cells “resuscitate” at different rates. One-way ANOVA was used to establish
statistical differences.

Plaque assay. To assess the differential plaque formation among the different strains, the human
epithelial cell line HeLa (CRM-CCL-2) was used. Cells were routinely grown in DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin. Before infection, cells were seeded at 5 � 105 cells/mL in a Costar 12-well plate
(Corning) and B. pseudomallei isolates were cultured overnight (12 h) in 20 mL LB with shaking at 200 rpm at
37°C. HeLa cells were infected with Bpm strains at MOI of 0.1 and 1 for 1 h, and media supplemented kanamycin
was replaced and incubated for 24 h. After the infection, cells were fixed with 4% paraformaldehyde (PFA) and
stained with Giemsa for 30 min.

In vivo bacterial infection model. Female, 6- to 8-week-old BALB/cJ mice, were purchased from
Jackson Laboratories (Bar Harbor, ME). Mice were housed in microisolator cages under pathogen-free conditions,
provided with rodent feed and water ad libitum, and maintained on a 12 h light cycle. Before experiments, mice
were acclimated for 7 days. Anesthetized BALB/cJ mice (n = 10 per group) were intranasally (i.n.) inoculated with
50mL (25mL/nare) of B. pseudomallei K96243 wild type or DhigB (ICG001), equivalent to 3.5 LD50 (1 LD50 = 312
CFU). Mice were daily treated with intraperitoneal (i.p.) injections of levofloxacin (25 mg/kg per day in PBS),
starting at 24 h postinfection for 5 days, using a previously established model for persister Bpm infections (18,
34). Animals were monitored and weighed daily up to 21 days postinfection, and the organs of survival mice
were collected for bacterial burden determination. Human endpoints were established and strictly monitored
every day, as described in the animal protocol IACUC #0503014D approved by the Animal Care and Use
Committee of the University of Texas Medical Branch.
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