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Burkholderia pseudomallei, the causative agent of melioidosis, has often been called the great “mimicker,” and
clinical disease due to this organism may include acute, chronic, and latent pulmonary infections. Interestingly,
chronic pulmonary melioidosis is often mistaken for tuberculosis, and this can have significant consequences, as the
treatments for these two infections are radically different. The recurrent misdiagnosis of melioidosis for tuberculosis
has caused many to speculate that these two bacterial pathogens use similar pathways to produce latent infections.
Here we show that isocitrate lyase is a persistence factor for B. pseudomallei, and inhibiting the activity of this
enzyme during experimental chronic B. pseudomallei lung infection forces the infection into an acute state, which can
then be treated with antibiotics. We found that if antibiotics are not provided in combination with isocitrate lyase
inhibitors, the resulting B. pseudomallei infection overwhelms the host, resulting in death. These results suggest that
the inhibition of isocitrate lyase activity does not necessarily attenuate virulence as previously observed for Myco-
bacterium tuberculosis infections but does force the bacteria into a replicating state where antibiotics are effective.
Therefore, isocitrate lyase inhibitors could be developed for chronic B. pseudomallei infections but only for use in

combination with effective antibiotics.

Burkholderia pseudomallei is a gram-negative soil bacterium
that causes the disease melioidosis (5). Melioidosis was origi-
nally recognized and is known to be endemic to Southeast Asia
and Northern Australia; however, cases have been reported for
other areas in the southern hemisphere (4). Presentations of B.
pseudomallei infections can result in an asymptomatic state,
benign pneumonitis, acute pneumonia, chronic pneumonia, or
overwhelming septicemia (39). As the clinical manifestations
are vast and varied, infections due to B. pseudomallei are often
misdiagnosed (13). The most common misdiagnosis for pul-
monary B. pseudomallei infections is tuberculosis (25, 37). This
misdiagnosis has serious repercussions, as the treatments for B.
pseudomallei and Mycobacterium tuberculosis infections are
very different (10, 26). In addition to these clinical similarities,
we have described significant similarities between the patho-
logical changes associated with tuberculosis and those seen in
a chronic melioidosis animal model that we have developed,
which include multiple-granuloma formation (36). Besides the
similar lung pathology, both B. pseudomallei and M. tubercu-
losis infections can enter into a dormant phase, where there are
no signs of infection (8, 24).

Latency is a well-defined stage during M. tuberculosis infec-
tions, and a number of recent studies have described factors
involved in the establishment of a latent infection (29). Little is
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known about latent B. pseudomallei infections, but the striking
similarity to M. tuberculosis infections has led to speculations
that these organisms use similar pathways to produce latency
(8). For example, both M. tuberculosis and B. pseudomallei are
able to survive for long periods of time in a dormant or non-
dividing state in vitro (20, 38), and it has been hypothesized
that these organisms may remain in a similar state during
latent pulmonary infections. Both B. pseudomallei and M. tu-
berculosis are intracellular pathogens and clearly have meta-
bolic systems enabling survival in this environment. Very little
is known about the in vivo metabolism within phagocytic cells;
however, the likely major carbon source during chronic M.
tuberculosis lung infections is fatty acids, which can be metab-
olized by the glyoxylate shunt and the B-oxidation cycles (17,
21, 22). It was previously determined that M. tuberculosis re-
quires isocitrate lyase (ICL) from the glyoxylate shunt, an
enzyme involved in the metabolism of fatty acids for the pro-
duction of a persistent infection (17, 21). M. tuberculosis pro-
duces two distinct ICL enzymes, ICL-1 and ICL-2, that are
jointly required for growth in vivo (21). Having demonstrated
that B. pseudomallei is an intracellular pathogen that causes
lung pathology similar to that caused by tuberculosis (36), we
wished to determine if fatty acid metabolism is required for
persistent B. pseudomallei infections.

MATERIALS AND METHODS

Bacterial strains and plasmids. The parental Burkholderia pseudomallei
strains used in this study were 1026b, a clinical isolate, and DD503, a derivative
of 1026b (AamrR-oprA) rpsL (18). Escherichia coli TOP10 (Invitrogen) and E.
coli SM17\pir (6) cells were routinely used for transforming cloned plasmids and
mating procedures, respectively. Bacterial cells were grown in Luria-Bertani
(LB) broth at 37°C for all procedures unless otherwise indicated. The following
plasmids were utilized in this study: pCR2.1-TOPO (Invitrogen), pBluescript
SKII (Stratagene), pKAS46 (30), pTNS2, and pUC18Tmini-Tn7-Gm (3).
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Mutant strain construction. B. pseudomallei deletion mutants were con-
structed using a previously described allelic exchange protocol (27). The genes
for this study were selected using the metabolic pathway information in the
KEGG database for the K96243 annotated genome (http:/www.genome.jp
/kegg/) (15). The primers were then designed using the K96243 annotated ge-
nome sequences. Genes were PCR amplified from 1026b genomic DNA using a
HotStarTaq master mix kit (Qiagen). In-frame deletions of approximately 600 bp
were created by PCR cloning and ligation of up- and downstream fragments or
SOEing PCR (11) (see the supplemental material). All of the deletion mutants
were sequenced, and their sequences were compared directly to the K96243
genome sequence. All mutant sequences were identical to the K96243 genome
sequences for the selected annotated genes. The in-frame stitched deletion
fragments were then cloned into pKAS46 using the 5" Kpnl and 3’ Xbal sites and
transformed into E. coli SM17\pir cells. The pKAS46 plasmid containing the
desired deletion fragment was then mated into B. pseudomallei DD503 cells and
selected first on LB broth containing 100 pg/ml polymyxin B (Sigma) and 25
pg/ml kanamycin (Sigma), followed by selection on LB broth containing 250
pg/ml streptomycin (Sigma). Allelic exchange of the deletion fragment was
confirmed using PCR. Primer sequences are listed in the supplemental material.
The pGSV3-lux ICL mutant was constructed using a 500-bp internal fragment of
the ICL gene using a previously described protocol (19).

Complementation studies. The B. pseudomallei in-frame deletion mutants
were complemented using the mini-Tn7 system (3). The genes were PCR am-
plified from 1026b genomic DNA with 200 bp upstream and downstream of the
start and stop codons, respectively, and contained Kpnl sites on both the 5’ and
3’ ends. The resulting fragments were digested with Kpnl, ligated into plasmid
pUCI8T mini-Tn7T-Gm, and transformed into E. coli TOP10 cells. The resulting
plasmids were purified using a QIAprep Spin miniprep kit (Qiagen) and elec-
troporated into the DD503 mutant strain with helper plasmid pTNS2. Transfor-
mants were selected on LB broth containing 50 pg/ml gentamicin, and positive
clones were confirmed using PCR primers for the three glmsS genes and the
mini-Tn7 within the B. pseudomallei genome. All of the complement fragments
were inserted within the a#tTn7 site downstream of the BPSL1312 gimS gene
(data not shown). Primer sequences are listed in the supplemental material.

Rat infections. Male Sprague-Dawley rats (200 to 220 g) were infected with B.
pseudomallei strains either in phosphate-buffered saline (PBS) or encased in agar
beads via the intratracheal route as previously described (36).

Acute infections. Six rats per group were inoculated intratracheally with one of
four different doses made in PBS (10 103, 10% and 10° cells) of each B.
pseudomallei parental, mutant, or complemented strain as previously described
(36). Animals were monitored carefully for three consecutive days for signs of
morbidity and mortality. Fifty percent lethal doses were calculated according to
a method described previously by Reed and Muench (28).

Chronic infections. Four groups of eight rats per group were used for the chronic
infection experiments. All animals in each group were inoculated intratracheally
with 10° B. pseudomallei strain 1026b cells encased in agar beads as previously
described (36). The rats in one group remained untreated. At day 7, 100 pl of
itaconic acid solution in normal saline (0.9% [volivol] NaCl) was administered
intranasally (50 pl per nostril) to all animals in two of the groups. This intranasal
treatment was repeated 2 days later, at which point all of the rats in one of these
itaconic acid-treated groups and all of the rats in one of the untreated groups were
treated with 100 pl of 300 pg/ml ceftazidime via intraperitoneal injection. Two days
after the ceftazidime treatment, the lungs from five surviving animals in each group
were removed aseptically and homogenized in 3 ml PBS followed by serial dilution
and plating onto LB agar. Statistical analysis (analysis of variance) of differences in
quantitative bacteriology between groups was performed using GraphPad Prism,
version 5.00, for Windows (GraphPad Software). In addition, the lungs of three
surviving animals from each group were removed and fixed using 10% formalin,
followed by staining with hematoxylin and eosin. Mounted lung sections were ex-
amined by light microscopy for qualitative pathological changes using an Olympus
IX70 microscope, and images were taken using a cooled 12-bit charge-coupled-
device Retiga EXi camera (QImaging). Image analysis was performed using Voloc-
ity 4.2.0 software (Improvision Ltd.).

Metabolic analysis. B. pseudomallei parental and mutant strains were grown
overnight at 37°C on BUG agar (Biolog). The bacteria were swabbed from the
surface of the BUG agar plates and resuspended in GN/GP inoculating fluid
(Biolog) to reach a density of ~50% turbidity. The bacterial suspensions were
then added to each well of the GN2 microplate at a volume of 150 wl and
incubated overnight at 37°C. GN2 microplate assays were performed in dupli-
cate, and the results were inspected visually and at an optical density of 600 nm.
In addition, the B. pseudomallei parental and mutant strains were grown over-
night in LB broth and then washed twice with M9 minimal medium without a
carbon source. The bacteria were then resuspended in M9 minimal medium
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without a carbon source and inoculated into a microplate with wells containing
M9 minimal medium plus 0.2% glucose, 0.2% glycerol, 0.2% citrate, 0.2% ace-
tate, or 0.2% propionate and incubated overnight at 37°C. The carbon source
microplate assays were performed in duplicate, and the results were read at an
optical density of 600 nm. In addition, /ux-mediated light production was mon-
itored after 24 and 48 h of growth using 200-pl aliquots of culture in a System-
Sure luminometer (Nova Biomedical).

Enzyme assays. Both the mutant and parental strains were grown overnight at
37°C in 25 ml LB broth supplemented with 1% acetate. The cells were harvested,
resuspended in 4 ml Tris-EDTA buffer, and sonicated. ICL enzyme assays were
performed according to Sigma protocol EC 4.1.3.1 using 100 wl of cell lysate. The
aconitase (ACN) enzyme assays were performed according to Sigma protocol EC
4.2.1.3 using 50 pl of cell lysate. The quantity of protein in the cell lysates was
determined using a BCA assay (Pierce). These enzyme assays were performed in
triplicate, and Student ¢ test statistical analysis was performed using GraphPad
Prism, version 5.00, for Windows (GraphPad Software).

Macrophage infections. RAW 264.7 murine macrophage cells were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with
10% (volfvol) fetal bovine serum (Invitrogen), 100 pg/ml penicillin, 100 pg/ml
streptomycin, and 250 pg/ml amphotericin B at 37°C under 5% CO,. The cells
were seeded into 24-well tissue culture plates at a density of ~1 X 10° cells/ml
and incubated overnight for the macrophage infection assays. The B. pseudoma-
llei parental and mutant strains were grown overnight at 37°C, washed three
times with PBS, and resuspended in Dulbecco’s modified Eagle’s medium to a
multiplicity of infection of 10. The macrophage infection assays were performed
using a modified kanamycin protection assay, which was described previously (2).
At 3, 6, 12, and 24 h after infection, the culture supernatant was removed to
perform cytotoxicity assays for lactate dehydrogenase using a CytoTox 96 non-
radioactive kit (Promega). In addition, the monolayers were lysed with 0.25%
(vol/vol) Triton X-100, and serial dilutions were plated onto LB agar. These
macrophage infection assays were performed in triplicate, and Student ¢ test
statistical analysis against the DD503 parental strain was performed using
GraphPad Prism, version 5.00, for Windows (GraphPad Software).

RESULTS

Metabolic and enzymatic potential of B. pseudomallei strains.
In-frame deletion mutations were created to inactivate genes
coding for a number of enzymes from the tricarboxylic acid
(TCA) cycle, the glyoxylate shunt, and the methyl-citrate path-
ways (Fig. 1A). The TCA cycle completes the oxidation of
acetyl coenzyme A (CoA) produced by the metabolism of both
glucose and fatty acids (23). The glyoxylate shunt is used to
replenish TCA cycle intermediates during growth on fatty ac-
ids (22). Finally, the methyl-citrate pathway was used to further
oxidize propionyl-CoA produced by the B-oxidation of odd-
chain fatty acids (23). The genetic organization of the methyl-
citrate pathway is displayed in Fig. 1C.

The strains were grown in LB broth at 37°C to determine if
there were any differences during in vitro growth. There were
no significant differences between the in vitro growth rates of
the parental and mutant strains in rich medium (Fig. 1B).
Although there were no significant differences in growth rates
in vitro, there was a slight surge in growth at 2 h for the
ABPSS0209 mutant (PrpF) (Fig. 1B). Therefore, the ability of
these organisms to grow on several carbon sources was tested
to determine their metabolic potentials. Interestingly, all of the
mutants were able to grow in M9 medium supplemented with
glucose, glycerol, acetate, citrate, or propionate (data not
shown). This was unexpected, as previous reports have shown
that the inactivation of either the ACN or ICL enzyme in other
pathogenic bacteria prevents growth on acetate as the sole
carbon source (7, 17, 32). B. pseudomallei possesses an addi-
tional aconitase gene, BPSS1726, the product of which may
account for the ability of the ACN mutant to grow on acetate.
The ability of the 2-methylisocitrate lyase (MCL) and the ICL/
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FIG. 1. Glyoxylate shunt, TCA, and B-oxidation pathway mutants. (A) B-Oxidation of fatty acids produces either acetyl-CoA or propionyl-CoA,
which can be further metabolized by the glyoxylate and methylcitrate cycles, respectively. 1, ACN (ABPSS0208); 2, ICL (ABPSL2188); 3, isocitrate
dehydrogenase (ICD) (ABPSS0011, homologue to BPSL0896); 4, fumarate hydratase (FUM) (ABPSL2469); 5, MCL (ABPSS0206). These genes where
selected using the KEGG metabolic pathways for B. pseudomallei strain K96243. (B) In vitro growth characteristics of the mutants used in this study (n =
3; error bars represent means * standard errors of the means [SEM)). B. pseudomallei strains were inoculated into LB broth and monitored for growth
using the optical density at 600 nm (ODg). (C) Genomic organization of the methylcitrate operon, which is present on chromosome II of the B.
pseudomallei genome.

MCL mutants to grow on propionate was not unexpected, as it We also examined the metabolic fingerprints of parental
was previously shown that the inactivation of these enzymes and mutant B. pseudomallei strains using GN2 plates (Bi-
does not prevent the ability of Mycobacterium smegmatis to olog), and although there were notable differences between
grow on propionate as the sole carbon source (35). the parental and mutant strains, no differences in acetate



4278 vAN SCHAIK ET AL.

INFECT. IMMUN.

A 80000-
60000+
8
g DD503
S 400004 3 oL
z E3 ICL(lux)
200004 é
3° s & &
& i & &
& () v R
<& ¢

Carbon source

3 0.5+
E
2
£ 0.4
=
>
£
< 0.2
L'
@
& 0.1
[
o
£ 0.0 . :
%
ofo“ ‘9“ o
Q
Strain

S
2
1

o
'S
1

=]
18]
N

o
(=1
I

Isocitrate lyase Activity (units/img)

Strain

FIG. 2. ACL and ICL enzymatic activities of B. pseudomallei parental and mutant strains. (A) ICL expression was monitored using
relative light production after growth in LB broth or M9 medium plus 0.2% glucose for 24 h and M9 medium plus 0.2% acetate or M9
medium plus 0.2% propionate after 48 h. RLU stands for relative light units (luminescence). ODg,, optical density at 600 nm. (B) ACN
activity (1 unit catalyzes the formation of 1 wmol of citrate to isocitrate per minute; n = 3; error bars represent means = SEM). Cell extracts
were collected after sonication of B. pseudomallei cultures grown overnight in LB broth plus 1% acetate. (C) ICL activity (1 unit catalyzes
the formation of 1 wmol of glyoxylate per minute; n = 3; error bars represent means = SEM). *, significantly different (P < 0.05) from

DD503 using paired Student ¢ tests.

metabolism were observed (see the supplemental material).
The gene expression levels of ICL were examined under different
growth conditions using luciferase activity in a pGSV-lux ICL
mutant, which results in luciferase production under the control
of the ICL promoter. The activity of the ICL promoter was
significantly upregulated during growth on acetate, indicat-
ing that ICL is involved in acetate metabolism even if there
is another system in place to metabolize acetate in the
absence of ICL (Fig. 2A).

Enzymatic assays were performed to determine whether or
not the parental or mutant strains had differences in ACN
and/or ICL activity. There was no difference in the ACN ac-
tivities between parental strain DD503 and the ACN and ICL
mutant strains (Fig. 2B), which is likely due to the second ACL
gene product, which may be able to compensate for the acnA
deletion. There was no difference in the ICL activity of paren-
tal strain DD503 and the single ICL and MCL mutant strains
(Fig. 2C); however, when both the ICL and MCL genes were
inactivated, there was a significant decrease in the level of ICL
activity (Fig. 2C). This suggests that MCL has ICL activity and
can substitute for the ICL enzyme, which is not surprising
considering that ICL-1 from M. tuberculosis functions as both
an ICL and an MCL (9). Interestingly, the ACN mutant strain
had a significant increase in ICL activity (Fig. 2C). Having
characterized their enzymatic activities, we determined the
ability of the mutants to establish acute and chronic infection.

ICL is required for production of chronic B. pseudomallei
infection and also has an effect during acute infections. The B.
pseudomallei ICL mutant was unable to establish a chronic
infection (35), similar to results obtained with M. fuberculosis
(17,21) (Table 1). The mutation of ICL-1 from M. tuberculosis
resulted in an inability to establish a chronic infection due to a
reduction in virulence (17). In contrast, the B. pseudomallei
ICL mutant was hypervirulent. It did not establish a chronic
infection but established an acute infection, as demonstrated
by an increase in the mortality rate and the number of bacteria
recovered from the lungs compared to the parental strain (Ta-
ble 1). The ability of the ACN mutant to establish a chronic
infection was also tested, since ACN activity has been linked to
virulence in several bacterial species (31, 32). Interestingly, the
ACN mutant was able to establish a chronic infection even at
bacterial inocula that would cause lethality with the parental
DD503 strain, and similar numbers of bacteria were recovered
from the lungs regardless of the infectious dose (Table 1).

The ability of the deletion mutants to cause an acute infec-
tion was also tested (Table 2). The ICL mutant was also hy-
pervirulent during an acute infection. This differs from M.
tuberculosis since an ICL-1 mutation had no effect on the acute
stage of infection (17). Furthermore, when both of the ICL
genes were mutated in M. tuberculosis, these mutants were no
longer capable of growth in vivo (21). A mutation of MCL in
B. pseudomallei resulted in a minor decrease in virulence; how-
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TABLE 1. Influence of ICL and ACN mutations on chronic Burkholderia pseudomallei rat lung infections

No. of Mean CFU (range)”
Strain (inoculum size) survivors/total
no. of rats Day 7 Day 14
DD503 (10%) 0/6 ND ND
DD503 (10%) 0/6 ND ND
DD503 (10%) 4/6 1.3 X 10* (3.7 X 10°-4.3 X 10%) 4.1 X 10* (1.6 X 10*=6.3 X 10%)
DD502 (10%) 6/6 3.8 X 10* (8.9 X 10°—7.0 X 10% 7.7 X 10° (1.5 X 10°—1.1 X 10%)
ICL (10°) 0/6 ND ND
ICL (10%) 0/6 ND ND
ICL (10°) 2/6 6.7 X 10° (3.5 X 10°—8.1 X 10°%) 7.3 X 10° (4.1 X 10°=9.0 X 10°)
ICL (10%) 4/6 4.1 X 10° (2.2 X 10°-9.1 X 10°) 1.9 X 10° (5.9 X 10°—4.4 X 10°)
ACN (10°) 6/6 4.6 X 10° (2.0 X 10°—6.3 X 10°) 2.3 X 10° (9.6 X 10*=5.5 X 10°)
ACN (10%) 6/6 3.9 X 10° (1.4 X 10°—6.7 X 10°) 2.0 X 10° (8.7 X 10*—5.5 X 10°)
ACN (10°%) 6/6 5.1 X 10° (2.4 X 10°=7.3 X 10°) 6.2 X 10° (2.9 X 10°=8.1 X 10°)
ACN (10%) 6/6 6.3 X 10° (3.0 X 10°—8.7 X 10°) 5.9 X 10° (3.3 X 10°—9.1 X 10°)

“ND, not done.

ever, the mutation of both MCL and ICL resulted in a radical
increase in virulence (Table 2). Complementation of the mu-
tant strains restored the wild-type phenotype except for ACN,
where we were unable to create a complemented strain. The
acnA gene is found in an operon with the MCL (prpB), prpC,
and BPSS0209 (prpF) genes (Fig. 1C). Therefore, we created a
deletion in BPSS0209 to show that the ACN mutant phenotype
was not due to a polar defect in this gene. The ABPSS0209
mutant was hypervirulent in the acute infection model, indicating
that the phenotype of the ACN mutant was not due to a polar
effect (Table 2). Although the mutation of the acnA gene caused
a reduction in the level of virulence of B. pseudomallei, mutations
of several other genes from the TCA cycle (fumarate hydratase
and isocitrate dehydrogenase) had little or no effect on the course
of an acute infection (Fig. 1A and Table 2).

ICL is not required for survival within unactivated macro-
phage cells; however, ICL mutants are significantly more cy-
totoxic than other B. pseudomallei strains. All of the strains
with deletion mutations that altered virulence during the
course of chronic or acute lung infections except ABPSS0209
were tested for their ability to survive within mouse RAW
264.7 macrophage cells. All of the strains were taken up by the
macrophage cells at comparable levels, as indicated by the

TABLE 2. Lethality of parental, mutant, and mutant complemented
B. pseudomallei strains during acute rat lung infections

Strain® LDsy"
DD503....oooorrvieisieeesseessisessssssss s essssnnees 4.6 x 10*
ACN....ccovirinne. >10°
ACN complement ND
| (©) DIS— 2.1 % 10°
ICL complement. 5.5 x 10*
FUM...cooommmnnnnnnrrrinns 1.1x10*
FUM complement.. 4.6 X 10
ICD s 3.9 x 10*
ICD cOMPIEMENL ..o 4.0 x 10*
LY/ (©) SRR .

MCL complement ..
ICL/MCL.........c.c.....
ABPSS0209......coiiiiiiiiiciiiiiic s

“ For strain descriptions, see the legend of Fig. 1A.
® LDs,, 50% lethal dose calculated according to the method described previ-
ously by Reed and Muench (28). ND, not done.

number of intracellular bacteria at the 3-h time point (Fig. 3A).
The replication of the parental DD503 strain peaked at 6 h,
whereas the replication of the hypervirulent ICL and ICL/
MCL mutants peaked at 12 h (Fig. 3A). The cytotoxicity of the
parental and mutant strains for macrophage cells was also
evaluated using lactate dehydrogenase release as a measure of
cellular viability and integrity. The hypervirulent ICL and ICL/
MCL strains were significantly more cytotoxic at the 3-, 6-, and
12-h time points (Fig. 3B, C, and D, respectively). The in-
creased macrophage cytotoxicity correlates well with the sig-
nificant increase in virulence observed with the acute infection
model (Table 2). In addition, the reduced cytotoxicity of the
ACN strain correlates well with this strain’s increased ICL
activity (Fig. 2B) and decreased virulence (Table 2). However,
there was no significant difference between the cytotoxicities of
the parental and mutant strains at 24 h (data not shown). This
suggests that these strains may actively kill the macrophage
cells due to a defective production of the glyoxylate shunt
enzyme ICL. Consequently, we hypothesize that the inhibition
of the enzymatic function of ICL forces B. pseudomallei out of
the macrophage and onto an acute infectious path.
Inhibition of ICL enzymatic activity during chronic B.
pseudomallei infection forces the infection into an acute phase.
To test this hypothesis, the ability of itaconic acid, a previously
established potent competitive inhibitor of ICL, to inhibit the
ICL activity of clinical strain 1026b was determined (Fig. 4A)
(12). The addition of 1 mg/ml itaconic acid to the 1026b ICL
enzyme assay reduces the activity to 42% of the uninhibited
control (Fig. 4A). Therefore, itaconic acid is a potent inhibitor
of the ICL activity from B. pseudomallei clinical strain 1026b.
Chronic B. pseudomallei lung infections were established in
rats using clinical strain 1026b. The establishment of a chronic
infection was confirmed by microscopic visualization of lung
pathology after 7 days of infection (Fig. 4B). Lung histopathol-
ogy clearly shows the formation of granulomas, which is similar
to previously reported lung histopathology obtained for chronic
B. pseudomallei lung infection (36). At 7 days postinfection, the
rats were treated intranasally with itaconic acid; this treatment
was repeated 2 days later with or without a concomitant intra-
peritoneal treatment with ceftazidime. Chronically infected
rats that were treated with itaconic acid had high bacterial
loads within the lungs, indicating that the bacteria were actively
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FIG. 3. Survival and cytotoxicity of B. pseudomallei parental and mutant strains in RAW 264.7 macrophage cells. (A) RAW 254.7 macrophage
cells were infected at a multiplicity of infection of 10 and allowed to invade for 1 h, and the number of intracellular bacteria was then determined
at 3, 6, 12, and 24 h postinfection. The means = SEM of data from at least three independent experiments are shown. (B to D) Cytotoxicities of
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FIG. 4. Effects of itaconic acid on chronic B. pseudomallei lung
infection. (A) Cell extracts were collected after sonication of 1026b
cultures grown overnight in LB broth plus 1% acetate. Shown are
data for ICL activity (1 unit catalyzes the formation of 1 pmol of
glyoxylate per minute in the presence of 1 mg/ml itaconic acid; n =
3; error bars represent means = SEM). *, significantly different
(P < 0.05) from 1026b using paired Student ¢ tests. (B) Microscopic
examination (hematoxylin and eosin stained; magnification, X100)
of rat lung chronically infected with B. pseudomallei strain 1026b at
7 days postinfection. (C) Microscopic examination (hematoxylin
and eosin stained; magnification, X100) of chronically infected rat
lung after intranasal treatment with itaconic acid. (D) Microscopic
examination of uninfected rat lung after treatment with itaconic
acid (magnification, X100).

dividing (log mean bacterial load * standard deviation of 6.2 +
0.25 for treatment with itaconic acid only [with a P value of
<0.001 indicating a significant difference from values for the
no-treatment group]). This was not seen in rats that received
no treatment, where the bacterial loads remained constant
throughout the infection (log mean bacterial load *+ standard
deviation of 4.6 = 0.07 for no treatment), as previously dem-
onstrated (36). The lung pathology noted for rats treated with
itaconic acid versus no treatment further supports the hypoth-
esis that itaconic acid converts a chronic/latent B. pseudomallei
lung infection into an acute infection (Fig. 4C). The lung his-
topathology clearly shows the mass infiltration of immune cells,
which is similar to previous lung histopathology obtained for
acute B. pseudomallei lung infection (36). Itaconic acid had no
effect on the lung pathology of uninfected control rats (Fig.
4C). The most remarkable finding was that treatment of rats
with itaconic acid followed by treatment with ceftazidime re-
duced the bacterial load more so than did treatment with
ceftazidime alone (log mean bacterial loads * standard devi-
ations of 4.7 £ 0.07 for treatment with ceftazidime only [with
a P value of <0.001 indicating a significant difference from
values for the no-treatment group and with a P value of <0.001
indicating a significant difference from values for the itaconic
acid-only group] and 2.7 = 0.51 for treatment with ceftazidime
plus itaconic acid [with a P values of <0.001 indicating a
significant difference from values for the no-treatment group
and a with a P value <0.001 indicating a significant difference
from values for the itaconic acid-only group]).
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DISCUSSION

Our recent development of animal infection models for
acute and chronic melioidosis has allowed us to address im-
portant questions concerning those factors that control the
outcome of lung infection due to B. pseudomallei (36). We
have determined that ICL, an enzyme of the glyoxylate shunt,
is essential for the establishment of chronic B. pseudomallei
infection (Table 1). Therefore, ICL is a persistence factor for
B. pseudomallei. Although it is tempting to conclude that the
ability to metabolize fatty acids is essential for the production
of persistent B. pseudomallei infection, our results suggest that
this is not the case. The mutation of ICL or other genes
involved in the TCA cycle or fatty acid metabolism did not
eliminate B. pseudomallei growth on C, or C; carbon sources
(data not shown). Since B. pseudomallei has a very large met-
abolic potential, it is possible that single or double mutations in
key metabolic pathways do not prevent growth on distinct
carbon sources (34).

Although ICL is a persistence factor for both B. pseudoma-
llei and M. tuberculosis (17, 21), in B. pseudomallei, in contrast
with M. tuberculosis, this is not due to an inability to metabolize
fatty acids. It could, however, be argued that even though
ICL is a persistence factor for M. tuberculosis, fatty acid
metabolism may not be the entire explanation. The muta-
tion of ICL-1 in M. tuberculosis causes no effect during acute
infection but eliminates the ability to cause a chronic infec-
tion (17). However, the M. tuberculosis ICL-1 mutant strain
can still grow on acetate as the sole carbon source because
it still has a functional ICL-2 enzyme, indicating that it can
still metabolize fatty acids (21). Furthermore, ICL-1 and
ICL-2 can also function as MCL in the methyl-citrate cycle,
which is involved in the metabolism of odd-chain fatty acids
(23). However, the mutation of other enzymes required for
the methyl-citrate cycle does not reduce the ability of M.
tuberculosis to survive in vivo (23). Furthermore, it was
previously suggested that the attenuation of ICL-1/ICL-2-
deficient strains of M. tuberculosis is not due to an inability
to metabolize fatty acids but rather is due to the accumula-
tion of toxic propionate metabolites (35).

As B. pseudomallei strains lacking essential enzymes of
the glyoxylate shunt and methyl-citrate cycle can still grow on
propionate, we cannot comment on the effects that the accu-
mulation of toxic propionate metabolites may have on viru-
lence; however, the lack of key enzymes from the glyoxylate
shunt and the methyl-citrate cycle seems to force B. pseudoma-
llei into an acute infectious phase. Therefore, it is possible that
the ability to metabolize fatty acids has no correlation to the
requirement of ICL for the establishment of a chronic infec-
tion. In addition, although the requirement of ICL may not be
correlated with its ability to metabolize fatty acids, we cannot
negate the fact that fatty acids are the likely source of carbon
during chronic pulmonary infections (22).

Our results have shown that MCL can act as an ICL in the
absence of ICL activity (Fig. 2C). These observations, com-
bined with the increased virulence of the ICL mutant and the
slight decrease in virulence of the MCL mutant, indicate that
the enzymatic function of ICL is not its only function in per-
sistence (Tables 1 and 2). We argue that this is also the case for
M. tuberculosis because ICL-2 is functional in an ICL-1 mutant
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strain (21). If it was solely the enzymatic function that was
essential for persistence, the virulent phenotypes of the ICL
and MCL mutants would be similar, as they both have parental
ICL enzymatic activity (Fig. 2C). Again, for M. tuberculosis,
both ICL-1 and ICL-2 mutant strains should have the same
phenotype in vivo; however, it is only the ICL-1 mutant that is
unable to establish a chronic infection (17, 21). In addition, it
could also be concluded that the increase in ICL activity may
contribute to the decreased virulence seen for the ACN strain
and the increased ability to establish a persistent or chronic in-
fection (Tables 1 and 2 and Fig. 2C). Alternatively, B. pseudoma-
llei ACN could function as an enzyme in the TCA cycle and
also as an iron-dependent RNA binding protein like ACN of
M. tuberculosis (1). Therefore, the lack of the ACN iron-de-
pendent RNA binding function would lead to the observed
reduction in virulence, as there is no reduction in the enzy-
matic activity of the B. pseudomallei ACN mutant strain (Ta-
bles 1 and 2 and Fig. 2B).

The virulence of the B. pseudomallei parental and mutant
strains was well correlated to their cytotoxicity toward macro-
phage cells (Fig. 3B to D). The ICL mutants were significantly
more cytotoxic whereas the ACN mutant was significantly less
cytotoxic than the parental DD503 strain (Fig. 3B to D). The
differences in cytotoxicity were noted in the absence of differ-
ences in the abilities of the parental and mutant strains to
survive within unactivated macrophage cells (Fig. 3A). Again,
the increased cytotoxicity of these strains cannot be accounted
for solely by a decrease in the level of ICL enzymatic activity
because MCL can potentially substitute for ICL in the single
mutants (Fig. 2C). However, the enzymatic activity of ICL does
play a role in virulence, as the ICL-MCL double mutant that
has reduced ICL enzymatic activity is hypervirulent. There-
fore, ICL of B. pseudomallei may function like ICL of M.
tuberculosis to increase intracellular survival (14). In addi-
tion, the increases in levels of cytotoxicity correlate well with
the increased virulence of the B. pseudomallei ICL mutant
strains (Tables 1 and 2). This suggests that the loss of ICL
activity alerts the B. pseudomallei strains to activity kill the
macrophage cells, resulting in a switch from a chronic to an
acute infectious state.

Even though ICL is a persistence factor for both B.
pseudomallei and M. tuberculosis, the mutation of this gene
results in very different clinical outcomes during animal infec-
tions (17, 21). A mutation of ICL-1 in M. tuberculosis prevents
the establishment of a chronic infection and results in a de-
crease in virulence (17). On the other hand, the mutation of
ICL in B. pseudomallei prevents the establishment of a chronic
infection and results in an increase in virulence (Tables 1 and
2). Therefore, forcing a chronic M. tuberculosis infection into
an acute phase in an immunocompetent host results in the
clearance of M. tuberculosis, and this is likely due to the slow
doubling time and the potential accumulation of toxic propionate
metabolites (17, 35). However, forcing a chronic B. pseudomallei
infection into an acute phase in an immunocompetent host results
in an overwhelming acute infection that significantly increases the
morbidity and mortality of the host, and this is likely due to
intrinsic virulence and the ability to metabolize propionate in the
absence of ICL activity (Tables 1 and 2).

Therefore, caution should be used in the development of
ICL inhibitors as novel antimicrobials because the inhibition of
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ICL does not always result in a decrease in virulence. The
inhibition of ICL activity during a chronic B. pseudomallei
infection resulted in an overwhelming infection (Fig. 4C).
This is significant, as previous results observed for chronic B.
pseudomallei animal infections did not result in mortality even
after 28 days of infection (36). Again, this supports the hypoth-
esis that treatment with itaconic acid causes the nonreplicating
bacteria to resume active growth, making them once again
susceptible to antibiotic treatment. Indeed, we observed that
treatment with itaconic acid plus ceftazidime reduced bacterial
loads during chronic pulmonary B. pseudomallei infections
more so then treatment with ceftazidime alone. These results
have major implication for the development of ICL inhibitors
as novel antimicrobials. Our results suggest that ICL inhibitors
should not be developed solely as antimicrobials but could be
used in combination with conventional antibiotics to treat not
only B. pseudomallei infection but also M. tuberculosis infec-
tions.

ICL has also been implicated in the establishment of chronic
infection by other bacteria including Pseudomonas aeruginosa
(16) and Salmonella enterica serovar Typhimurium (7). One
might take advantage of this common theme for persistent
bacterial infections to determine whether itaconic acid could
be used to “wake up” other dormant bacteria. For example,
will this observation allow us to finally establish a link between
Mycobacterium paratuberculosis and Crohn’s disease by “wak-
ing up” dormant bacteria (33)? In conclusion, it appears that
itaconic acid treatment forces dormant bacteria into an actively
replicating state, and the implications for the treatment of
latent infections could be very exciting indeed.
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