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Iron is one of the crucial elements required for the growth of Mycobacterium tuberculosis. However, excess free iron becomes
toxic for the cells because it catalyzes the production of reactive oxygen radicals, leading to oxidative damage. Hence, it is essen-
tial for the pathogen to have the ability to store intracellular iron in an iron-rich environment and utilize it under iron depletion.
M. tuberculosis has two iron storage proteins, namely BfrA (Rv1876; a bacterioferritin) and BfrB (Rv3841; a ferritin-like pro-
tein). However, the demonstration of biological significance requires the disruption of relevant genes and the evaluation of the
resulting mutant for its ability to survive in the host and cause disease. In this study, we have disrupted bfrA and bfrB of M. tu-
berculosis and demonstrated that these genes are crucial for the storage and supply of iron for the growth of bacteria and to with-
stand oxidative stress in vitro. In addition, the bfrA bfrB double mutant (H37Rv �bfrA �bfrB) exhibited a marked reduction in
its ability to survive inside human macrophages. Guinea pigs infected with H37Rv �bfrA �bfrB exhibited a marked diminution
in the dissemination of the bacilli to spleen compared to that of the parental strain. Moreover, guinea pigs infected with H37Rv
�bfrA �bfrB exhibited significantly reduced pathological damage in spleen and lungs compared to that of animals infected with
the parental strain. Our study clearly demonstrates the importance of these iron storage proteins in the survival and pathogene-
sis of M. tuberculosis in the host and establishes them as attractive targets for the development of new inhibitors against myco-
bacterial infections.

Iron is an essential nutrient for almost all microbes, including
pathogens such as Mycobacterium tuberculosis (8, 15, 21). It is an

indispensable cofactor for proteins involved in critical cellular
processes, such as electron transfer, oxygen transport, DNA syn-
thesis, etc. (21). Although iron is essential, excess free iron is po-
tentially toxic for the cells because it catalyzes the production of
reactive oxygen radicals by a Fenton reaction, leading to oxidative
damage (3). Thus, all living organisms tightly regulate the cellular
levels of iron by employing efficient iron acquisition and storage
mechanisms. Microorganisms have evolved two types of proteins
for storing iron, ferritins (Ftn) and bacterioferritins (Bfr) (3);
these are distinguishable by the presence of heme in the latter. The
primary function of bacterioferritins and ferritins is to store iron
during iron adequacy and supply it to the cell for various func-
tions. It has been observed that prokaryotes possess a homolog of
either an Ftn or Bfr; however, some microorganisms, such as Esch-
erichia coli, Vibrio cholerae, Clostridium acetobutylicum, and M.
tuberculosis, have evolved with the presence of both Ftn and Bfr.
Although a close structural similarity exists between Ftn and Bfr
proteins, their amino acid sequences exhibit little homology with
no immunological cross-reactivity, suggesting different origins.
These proteins, which exist as macromolecular assemblies, char-
acteristically are composed of 24 identical subunits of 18 to 20
kDa. Once assembled into a spherical protein shell, they can con-
tain �600 to 2,400 iron atoms per molecule. These subunits are
assembled into a complex with 4-, 3-, and 2-fold symmetry axes
(6). Even though the exact mechanism of iron storage in vivo
remains elusive, there is enough evidence to demonstrate that the
formation of iron core requires the binding of ferrous iron to
ferritin/bacterioferritin protein followed by migration to the fer-
roxidase catalytic site, where ferrous (Fe2�) iron is oxidized to the
ferric (Fe3�) state.

The sequencing of the M. tuberculosis H37Rv genome revealed
the presence of two putative iron storage proteins, namely, BfrA
(Rv1876), a bacterioferritin, and BfrB (Rv3841), a ferritin-like
protein (7). The expression of both bfrA and bfrB is regulated by
the binding of iron-activated IdeR (iron-dependent regulator) to
the tandem operator sites present upstream of these iron storage
genes. The regulation of the expression of bfrA in response to iron
levels perhaps serves as a crucial mechanism for the adaptation
and survival of M. tuberculosis in the host (22). Moreover, the
expression of bfrB was found to be upregulated during adaptation
to stationary phase and low-oxygen conditions (22, 24, 27). In the
past, there have been several suggestive pieces of evidence for
the role of these proteins in iron storage and release, such as (i) the
induction of BfrA and BfrB production in high-iron culture me-
dium (22) and (ii) their reduced expression in iron-starved cul-
tures of M. tuberculosis (10). However, recently we have published
the crystal structures of BfrA and BfrB to elucidate the structural
aspects related to iron storage and have provided evidence to show
that BfrA is bound to iron atoms at the ferroxidase center (12).
Similarly, BfrB has been experimentally shown to take up iron and
carry out ferroxidase activity as well as the release of stored iron
(14).

In view of the well-established importance of iron for M. tu-
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berculosis, the role of BfrA and BfrB in iron storage and supply as
well as in protection against iron-mediated oxidative stress and
their overexpression during hypoxic conditions, which is often
associated with the latent phase (20, 23, 27), these proteins repre-
sent attractive targets for the development of new therapeutic
molecules against tuberculosis (4, 10). However, the biological
significance of these iron-storing proteins for M. tuberculosis has
not been genetically proven. In this study, we have disrupted both
bfrA and bfrB in M. tuberculosis H37Rv to evaluate their impor-
tance in the survival and pathogenesis of M. tuberculosis in the
host.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. Mycobacterial strains were
grown on Middlebrook 7H11 (MB7H11) solid medium or in MB7H9
medium supplemented with 10% albumin dextrose catalase (ADC), 0.2%
glycerol, and 0.05% Tween 80 at 37°C and with spinning at 200 rpm. M.
tuberculosis H37Rv was transformed with pJV53 to overexpress recom-
bineering proteins that enhance the recombination frequency for the gen-
eration of M. tuberculosis mutants (25). Thus, for all of the experiments
carried out in this study, we have used M. tuberculosis H37Rv/pJV53 as the
wild-type strain. E. coli strains XL-1 Blue (Stratagene) and HB101 (Life
Technologies) were used for cloning. Kanamycin, hygromycin, and chlor-
amphenicol were used at a concentration of 25, 50, and 30 �g/ml, respec-
tively, for mycobacteria or at 25, 150, and 30 �g/ml, respectively, for E.
coli. 2=2=-Dipyridyl (DPI), an iron chelator, was added to MB7H9 me-
dium at a final concentration of 100 �M for growing M. tuberculosis in
iron-depleted conditions.

Disruption of bfrA and bfrB genes in M. tuberculosis. Primers were
designed to amplify (i) an �700-bp amplicon comprised of �200 bp of
the 5=-proximal end of the bfrA and bfrB genes and �500 bp of the im-
mediate upstream regions of bfrA and bfrB (amplicon I), and (ii) an
�700-bp amplicon comprised of �200 bp of the 3=-distal end of bfrA and

bfrB genes and �500 bp of the immediate downstream region of bfrA and
bfrB genes (amplicon II). The amplicons I and II were PCR amplified and
cloned into the vector pYUB854 flanking the hygromycin cassette at
KpnI/XbaI and XhoI/SpeI restriction sites, respectively, to generate
pVR�A and pVR�B. The linear allelic exchange substrate (AES) of
�bfrA::hyg and �bfrB::hyg was excised from pVR�A and pVR�B by using
KpnI/SpeI and electroporated into M. tuberculosis strains separately as
described earlier (25) to generate the mutant bfrA (H37Rv �bfrA) and
bfrB (H37Rv �bfrB) strains of M. tuberculosis. For the generation of the
double mutant of M. tuberculosis (mutated in bfrA and bfrB genes), the
bfrB gene was disrupted in the H37Rv �bfrA strain. Briefly, a hygromycin
resistance cassette in pVR�B was removed by using XbaI and XhoI and
was replaced with the chloramphenicol resistance gene expressed under
the mycobacterial Trrn promoter to generate pVR�AB, which was di-
gested with SpeI to generate �bfrB::CATtrrn AES. The AES then was elec-
troporated into H37Rv �bfrA to generate the double mutant of M. tuber-
culosis, namely, H37Rv �bfrA �bfrB.

Disk diffusion assay. To evaluate the ability of H37Rv �bfrA �bfrB to
withstand oxidative stress, wild-type and mutant strains were subjected to
oxidative stress-inducing agents, such as cumene hydroperoxide and
plumbagin, by employing the disk diffusion assay as described previously
(22). Briefly, all of the mycobacterial strains were grown to an A600 of 0.7
to 0.8 in MB7H9 supplemented medium. The cells were washed once with
equal volumes of phosphate-buffered saline (PBS) (pH 7.4), followed by
dilution to an A600 of 0.5. Two hundred fifty �l (1 � 106 cells) was plated
on MB7H11 agar supplemented with 10% oleic acid-albumin-dextrose-
catalase (OADC). The plates were allowed to dry for 10 min, and a 5-mm
sterile disk was placed on the plate. The oxidative agents were added to the
disk at various concentrations, and the plates were incubated at 37°C for
15 days to measure the zone of inhibition.

Comparison of the growth of H37Rv �bfrA �bfrB and the parental
strain in human macrophages. Human monocytic THP-1 cells were cul-
tured in complete RPMI-glutamax medium (containing 10% heat-
inactivated fetal bovine serum [FBS] and 1% antibiotic-antimycotic mix)
(Gibco) and were differentiated to macrophages by the addition of 30 nM

TABLE 1 Bacterial strains, plasmids, and cell line used in this study

Strains, plasmids, and
cell line Description Reference or source

Strains
E. coli XL-1 Blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F=[::Tn10 proAB� lacIq �(lacZ)M15]

hsdR17(rK
� mK

�)
Stratagene, Heidelberg,

Germany
E. coli HB101 F� (gpt-proA)62 leuB6 glnV44 ara-14 galK2 lacY1 (mcrC-mrr) rpsL20 (Strr) xyl-5 mtl-1 recA13 Life Technologies, CA
M. tuberculosis M. tuberculosis H37Rv expressing recombineering proteins gp60 and gp61 This study
H37Rv �bfrA M. tuberculosis H37Rv bfrA mutant This study
H37Rv �bfrB M. tuberculosis H37Rv bfrB mutant This study
H37Rv �bfrA �bfrB M. tuberculosis H37Rv bfrA bfrB double mutant This study
H37Rv �bfrA Comp H37Rv �bfrA complemented with wild-type bfrA This study
H37Rv �bfrB Comp H37Rv �bfrB complemented with wild-type bfrB This study

Plasmids
pYUB854 Cloning vector with hygromycin resistance gene cassette flanked by two multiple cloning sites 3a
pSD7 Mycobacterial promoter cloning vector carrying kanamycin resistance gene and promoterless

chloramphenicol resistance gene
7a

pJV53 Mycobacterium-E. coli shuttle vector encoding recombineering proteins gp60 and gp61 25
pVR�A pYUB854 with bfrA::hyg This study
pVR�B pYUB854 with bfrB::hyg This study
pVR�AB pYUB854 with bfrB::CATtrrn This study
pVR.BfrA pSD7 carrying bfrA gene with native promoter This study
pVR.BfrB pSD7 carrying bfrB gene with native promoter This study

Cell line
THP-1 Human acute monocytic leukemia cell line NCCS, Pune, India
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phorbol 12-myristate 13-acetate (PMA) (Sigma) for 16 h at 37°C in 5%
CO2. Cells were washed with complete RPMI medium and rested for 2 h
in fresh medium before infection. For infection, 5 � 105 macrophages
were infected with 1 � 105 mycobacteria to achieve a multiplicity of in-
fection (MOI) of 1:5 (1 bacterium per 5 macrophages) in 24-well plates for
4 h in triplicates (17). Following infection, extracellular bacteria were
removed by treatment with 200 �g/ml amikacin for 2 h. For the determi-
nation of the intracellular growth of M. tuberculosis strains, macrophages
were harvested and lysed by the addition of 0.025% SDS (Sigma) at 2, 4,
and 8 days postinfection. Appropriate dilutions of the lysates then were
plated on MB7H11 agar. Colonies were counted after 4 weeks of incuba-
tion at 37°C, and the data were expressed as CFU/ml. The same protocol
was followed at day 0 to determine the percent infection.

Studies on the influence of bfrA and bfrB disruption on the growth
of the pathogen in guinea pigs. Pathogen-free outbred female guinea pigs
of the Duncan-Hartley strain in the weight range of 200 to 300 g were
obtained from the Disease Free Small Animal House Facility, Chowdhary
Charan Singh Haryana Agricultural University, Hisar, India. The animals
were maintained in a biosafety level 3 facility and routinely cared for
according to the guidelines of the CPCSEA (Committee for the Purpose of
Control and Supervision on Experiments on Animals), India. All of the
experimental protocols included in this study were reviewed and ap-
proved by the animal ethics committee of the institute. To study the in-
fluence of bfrA and bfrB mutation on the virulence of the pathogen, guinea
pigs (n � 6) were infected by the aerosol route with 5 to 10 bacilli of the
wild-type, mutant, or respective complemented strains. Animals were eu-
thanized at 5, 10, and 16 weeks postinfection by CO2 asphyxiation. The
survival of the animals was monitored for 21 weeks postinfection. After
dissection, lungs, liver, and spleen of the animals were scored for patho-
logical changes as described previously (13). For histopathological evalu-
ation, the right lung and a portion of the left dorsal lobe of the liver were
removed and fixed in 10% buffered formalin. The left caudal lung lobe
and caudal portion of spleen were aseptically removed for the measure-
ment of the bacillary load. Histopathological changes in lungs and liver
were evaluated as described earlier (13). The detection limit in the case of
lung as well as spleen CFU was 1 log10 CFU/organ.

Statistical analysis. For comparisons between the groups, the non-
parametric Kruskal-Wallis test followed by the Mann-Whitney U test,
one-way analysis of variance (ANOVA) with the Tukey posttest, two-way
ANOVA with the Bonferroni multiple comparison test, and Student’s t
test were employed where appropriate. Differences were considered sig-
nificant when P � 0.05. For the statistical analysis and generation of
graphs, Prism 5 software (version 5.01; GraphPad Software Inc., CA) was
used.

RESULTS
Functional disruption of the bfrA and bfrB genes of M. tubercu-
losis and characterization of the mutants. To examine the role of
bfrA (Rv1876) and bfrB (Rv3841) in the physiology of M. tubercu-
losis, we constructed three knockout strains lacking bfrA (H37Rv
�bfrA), bfrB (H37Rv �bfrB), and both genes (H37Rv �bfrA
�bfrB) (Fig. 1A). The expression of BfrA and BfrB proteins was
analyzed in the mutants as well as in the parental strain by immu-
noblotting using antibodies raised against these proteins. It was
observed that while M. tuberculosis expressed BfrA and BfrB, as
was evident from the presence of 18- and 20-kDa bands, respec-
tively, the mutant strains H37Rv �bfrA and H37Rv �bfrB showed
no commensurate expression of bfrA and bfrB, respectively (see
Fig. S1 in the supplemental material). The restoration of BfrA and
BfrB expression was observed in M. tuberculosis bfrA and bfrB
complemented strains (see Fig. S1). Moreover, H37Rv �bfrA
�bfrB did not show any expression of either bfrA or bfrB (Fig. 1B).
Further, we assessed the growth characteristics of these mutants
under various growth conditions. No significant differences were

observed in the growth of the double mutant compared to that of
the parental strain under standard culture conditions by using
MB7H11 or MB7H9 medium (Fig. 1C). The growth of H37Rv
�bfrA and H37Rv �bfrB also was similar to that of the parental
strain in MB7H9 medium. To find out whether the cell compen-
sates for the absence of BfrB by the overproduction of BfrA and
vice versa, we analyzed the expression of BfrA in the H37Rv �bfrB
mutant and the expression of BfrB in the H37Rv �bfrA mutant of
M. tuberculosis; however, these studies revealed no compensatory
overproduction in any of these cases (data not shown).

H37Rv �bfrA �bfrB shows reduced growth in the iron-
depleted medium. To demonstrate the effect of iron deprivation
on the growth of M. tuberculosis deficient in bacterioferritin A and
B, we compared the ability of the mutant H37Rv �bfrA �bfrB to
that of the parental M. tuberculosis strain to grow in MB7H9 me-
dium in the presence of 2=2=-dipyridyl, an iron chelator. The
growth of both strains was monitored for 8 days. We observed that
the growth of H37Rv �bfrA �bfrB was significantly reduced com-
pared to that of the parental strain in the presence of 100 �M
2=2=-dipyridyl (Fig. 1D). This concentration of iron chelator had
no effect on the growth of the parental strain. Our observations
indicate that under iron-deprived conditions, H37Rv �bfrA �bfrB
was compromised for growth compared to the ability of the pa-
rental strain. Iron is an essential micronutrient that is required by
the bacterial cell for its normal functioning and growth. Under
iron-depleted conditions, BfrA and BfrB were able to supply iron
in the case of the parental strain, thus leading to a similar growth
profile for this strain under the presence or absence of an iron
chelator. However, the double-mutant strain lacking both iron
storage proteins was unable to store and, hence, supply iron to
cells under iron-starved conditions, leading to a reduction in its
growth rate (by �40%) compared to that of the parental strain. In
the absence of the chelator, the growth of the mutant and the
parental strain was comparable, indicating that iron supply in the
medium was sufficient for cell growth. These observations indeed
further emphasize the role of these ferritins in the storage and
supply of iron.

Disruption of bfrA and bfrB genes results in increased sensi-
tivity of M. tuberculosis to oxidative stress. To evaluate the role
of BfrA and BfrB in mediating the response of M. tuberculosis to
oxidative stress, H37Rv �bfrA, H37Rv �bfrB, H37Rv �bfrA �bfrB,
and the parental strain were subjected to various oxidative stress-
inducing agents, such as cumene hydroperoxide (an organic per-
oxide) and plumbagin (a superoxide generator). A concentration
range of 10 to 50 mM in the case of cumene hydroperoxide and 5
to 25 mM in the case of plumbagin was employed for the assay.
The M. tuberculosis strain lacking both iron storage proteins BfrA
and BfrB exhibited a markedly higher sensitivity to both oxidative
stress-inducing agents included in this study compared to that of
the parental strain (Fig. 2). It was observed that in response to both
stress-inducing agents, the zone of inhibition increased with in-
creasing concentrations of the agents. However, a significantly
larger zone of inhibition was observed in the case of H37Rv �bfrA
�bfrB compared to that of the parental strain. These observations
indicate a crucial role of BfrA and BfrB proteins in protecting the
pathogen against oxidative stress. The absence of both iron storage
proteins probably enhances the susceptibility of H37Rv �bfrA
�bfrB to Fenton reaction due to the increased availability of free
Fe2� ions inside the cell. The influence of the disruption of a single
gene on the ability of M. tuberculosis to withstand the oxidative
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stresses was variable. H37Rv �bfrB was significantly more sensi-
tive to peroxide stress caused by cumene hydroperoxide than the
parental strain. However, H37Rv �bfrA exhibited a marginal sen-
sitivity to a higher concentration of both cumene hydroperoxide
(50 mM) and plumbagin (20 mM). H37Rv �bfrA �bfrB exhibited
a higher sensitivity to oxidative stress induced by both agents than
the parental strain (Fig. 2). These observations indicate that the
functions of BfrA and BfrB are not entirely overlapping, and the
influence of their collective absence on the ability of the cell to
withstand oxidative stress could be more prominent than that in
the case of a single mutation.

Further, to demonstrate that the oxidative stress response ex-
hibited by the double mutant was specific and not due to the
generally compromised health of the cells leading to nonspecific
effects, we compared the effect of the antitubercular drugs isoni-
azid, rifampin, streptomycin, and ethionamide on the growth of
H37Rv �bfrA �bfrB and the parental strain. The sensitivity of M.
tuberculosis and H37Rv �bfrA �bfrB strains to various concentra-
tions of these antibiotics for 7 and 14 days at 37°C was found to be
comparable (data not shown), thus indicating that the oxidative
stress response exhibited by the double mutant was specific in
nature.

H37Rv �bfrA �bfrB exhibits attenuated growth in human
macrophages. The intracellular growth of H37Rv �bfrA �bfrB as
well as the parental strain was analyzed in human macrophage
THP-1 cells. The uptake of the wild type and the H37Rv �bfrA
�bfrB mutant in the macrophages was found to be comparable (19
and 16%, respectively). Initially, no significant difference was ob-
served in the growth of H37Rv �bfrA �bfrB and the parental
strain; however, thereafter the wild-type strain continued to grow
normally but H37Rv �bfrA �bfrB exhibited an almost complete
attenuation of its growth. At 8 days postinfection, we observed a
5-fold difference in the CFU between H37Rv �bfrA �bfrB and the
parental strain (Fig. 3). These results substantiate the importance
of these iron storage genes in the growth and survival of the patho-
gen in the host macrophages.

Loss of BfrA and BfrB results in a markedly reduced dissem-
ination of M. tuberculosis to spleen. We evaluated the influence
of the deletion of bfrA and bfrB on the ability of the pathogen to
grow and cause disease in the host by using a guinea pig model of
experimental tuberculosis. The guinea pig model of low-dose, air-
borne tuberculosis infection with virulent M. tuberculosis has been
used most commonly to elucidate the events in the pathogenesis
of pulmonary tuberculosis. When guinea pigs are infected with

FIG 1 Characterization of H37Rv �bfrA �bfrB. (A) Disruption of bfrA and bfrB genes of M. tuberculosis by using the recombineering method. The diagram
represents homologous recombination between bfrA::hyg AES and the bfrA gene in M. tuberculosis to generate H37Rv �bfrA, followed by recombination between
bfrB::CAT AES and the bfrB gene in H37Rv �bfrA to generate H37Rv �bfrA �bfrB. (B) Confirmation of disruption of bfrA and bfrB deletion in M. tuberculosis
by immunoblotting. Five �g of cell-free protein extract of M. tuberculosis (lane 1) and H37Rv �bfrA �bfrB (lane 2) was loaded onto a 12% polyacrylamide gel and
subjected to electrophoresis. BfrA and BfrB were detected by immunoblot analysis using anti-BfrA or anti-BfrB polyclonal antiserum. BfrA and BfrB proteins
migrated as protein bands corresponding to a molecular mass of 18 and 20 kDa, respectively (lane 1). The disruption of bfrA and bfrB in H37Rv �bfrA �bfrB was
confirmed by the lack of expression of either protein (lane 2). (C) Growth kinetics of M. tuberculosis and H37Rv �bfrA �bfrB in MB7H9 medium. Cultures were
inoculated in duplicate with a starting absorbance (A600) of 0.025, and the growth was monitored for 13 days. (D) Growth curve of M. tuberculosis H37Rv and
H37Rv �bfrA �bfrB in iron-depleted medium. M. tuberculosis H37Rv and H37Rv �bfrA �bfrB were grown in MB7H9 medium supplemented with 0.05% Tween
80, 10� ADC, and 100 �M 2=2= dipyridyl. The growth of the strains was monitored by measuring the A600 for 8 days. There was a significant difference in the
growth of H37Rv �bfrA �bfrB compared to that of M. tuberculosis H37Rv under iron-deprived conditions. The values of absorbance are represented as the means
(� standard errors) of three independent samples, and the experiment was repeated three times. ��, P � 0.01; ���, P � 0.001 (two-way ANOVA).
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fewer than 10 CFU of virulent M. tuberculosis, it has been observed
that the pathogen disseminates from lungs to the pulmonary
lymph nodes via hematogenous spread within 10 to 12 days
postinfection and appears in spleens �3 weeks postinfection (18,
19). Bacilli start reseeding in the lung by �4 weeks to form sec-
ondary granulomas.

Guinea pigs were infected with H37Rv �bfrA �bfrB as well as
the parental strain by using the aerosol route of infection. During
the early stages of infection (up to 5 weeks), no significant differ-
ences were observed in the bacillary load in the lung and spleen of
animals infected with H37Rv �bfrA �bfrB and the parental strain

(data not shown). However, when the animals were euthanized at
10 weeks postinfection, a significant reduction in the spleen bac-
illary load was observed in the case of the animals infected with
H37Rv �bfrA �bfrB compared to that of the animals infected with
the parental strain (1.40 log10 fewer bacilli; P � 0.01) (Fig. 4A). At
this time point, we did not find any difference in the bacillary load
in lungs of animals belonging to either group. However, when the
postchallenge period was extended to 16 weeks, a significant re-
duction in the lung bacillary load was observed in the case of
animals infected with H37Rv �bfrA �bfrB compared to that of the
animals infected with the parental strain (0.7 log10 fewer bacilli;
P � 0.05) (Fig. 4B). At this time point, the H37Rv �bfrA �bfrB-
infected guinea pigs exhibited a further substantial reduction in
the spleen bacillary load (52-fold fewer bacilli) compared to that
of the animals infected with the parental M. tuberculosis strain
(Fig. 4B). There was no significant difference in the bacillary load
in lung and spleen of guinea pigs infected with either H37Rv �bfrA
or H37Rv �bfrB or their respective complemented strains at var-
ious time points during the study, indicating that the iron storage
function in the absence of either BfrA or BfrB is compensated for
by the other partner (data not shown). However, the marked re-
duction of spleen and lung bacillary load in the guinea pigs in-
fected with H37Rv �bfrA �bfrB suggests that both BfrA and BfrB
together play a crucial role in hematogenous spread and patho-
genesis in the host.

BfrA and BfrB disruption results in a markedly reduced pa-
thology. Commensurately to the bacillary burden at 5 weeks
postinfection, we observed no significant differences in the path-
ological damage in lung, liver, and spleen of guinea pigs infected
with the mutants or the parental strain (data not shown). At 10
weeks postinfection, guinea pigs infected with the wild-type strain
exhibited the extensive involvement of lung and spleen with the
presence of numerous large tubercles. In addition, numerous
small-sized tubercles were observed in the liver. Noticeably,
guinea pigs infected with the H37Rv �bfrA �bfrB strain exhibited
a marked reduction in splenic pathology, with the presence of only

FIG 2 Influence of disruption of bfrA and bfrB on the ability of M. tuberculosis to withstand oxidative stress. Shown is the range of the inhibition zones observed
in the presence of various concentrations of cumene hydroperoxide (A) and plumbagin (B). H37Rv �bfrA exhibited a significant sensitivity toward both cumene
hydroperoxide and plumbagin, although only at higher concentrations, whereas H37Rv �bfrB exhibited a significant sensitivity toward cumene hydroperoxide.
H37Rv �bfrA �bfrB exhibited a significantly higher sensitivity to oxidative stress induced by both agents compared to that of the parental strain. The values of
zones of inhibition are represented as the means (� standard errors) of three independent samples, and the experiment was repeated three times. �, P � 0.05; ��,
P � 0.01; ���, P � 0.001 (two-way ANOVA).

FIG 3 Influence of deletion of bfrA and bfrB genes on the growth of M. tuber-
culosis in THP-1 cells. THP-1 cells were infected with M. tuberculosis or the
H37Rv �bfrA �bfrB mutant at an MOI of 1:5 (bacterium to macrophage), and
the number of intracellular viable bacteria was determined for 8 days. Cells
were lysed, and appropriate dilutions of mycobacteria were plated onto
MB7H11 agar to determine the CFU. The H37Rv �bfrA �bfrB mutant exhib-
ited a marked attenuation in its growth compared to that of M. tuberculosis
H37Rv at 8 days postinfection. The values are represented as the means (�
standard errors) of three independent infections, and the experiment was re-
peated three times. ���, P � 0.001 (two-way ANOVA).
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a few small tubercles (P � 0.001). Moreover, lungs and liver also
exhibited a moderately reduced pathology compared to that of
guinea pigs infected with the parental strain (Fig. 5A). The gross
pathological observations were further substantiated by histopa-
thology. At 5 weeks postinfection, guinea pigs infected with M.
tuberculosis and H37Rv �bfrA �bfrB exhibited scattered areas of
granulomatous inflammation encompassing �30% of the lung
section, with no significant difference observed between these two
groups. In the liver, only a mild granulomatous inflammation was
observed in these groups (5 to 10%) (data not shown). Further, at
10 weeks postinfection, animals infected with the wild-type strain
exhibited numerous coalescing granulomas, covering �40 to 50%
of the area of the lung sections. However, by this time point, a
significant reduction in pulmonary pathology was observed in the
case of animals infected with H37Rv �bfrA �bfrB compared to the
level for animals infected with the parental strain. Strikingly, lungs
of H37Rv �bfrA �bfrB-infected animals exhibited only a mild
inflammation with a substantial restoration of normal lung archi-
tecture (Fig. 5C). However, in liver, animals infected with H37Rv
�bfrA �bfrB as well as the parental strain exhibited only a mild
hepatitis with granulomas covering �10 to 15% of liver sections.

At 16 weeks postinfection, lung, liver, and spleen of guinea pigs
infected with the wild-type strain exhibited heavy involvement
with the presence of numerous large tubercles. In contrast, ani-
mals infected with H37Rv �bfrA �bfrB exhibited only the moder-
ate involvement of lungs and liver (P � 0.05). However, the most
striking differences were observed in the spleen of guinea pigs. The

animals infected with H37Rv �bfrA �bfrB exhibited minimal in-
volvement with only a few small visible tubercles, compared to
splenomegaly in the case of animals infected with the parental
strain (P � 0.01) (Fig. 5B).

In addition to differences observed in the bacillary load and
pathological damage, a marked difference was observed in the
survival of animals. We observed that 5 out of 6 guinea pigs died in
the case of infection with the wild-type strain, whereas only 1 out
of 6 guinea pigs died in the case of infection with the double
mutant up to 21 weeks postinfection, after which the experiment
was terminated (Fig. 6).

DISCUSSION

Iron availability during M. tuberculosis infection is regarded as a
critical factor that influences the progression and magnitude of
disease. However, to develop strategies to interfere with the iron
metabolism of this pathogen, a better understanding of the im-
portance of iron in the physiology of M. tuberculosis and in the
growth of the pathogen in the host is required at the genetic level.
In this study, we have generated mutants of M. tuberculosis lacking
bfrA (Rv1876) and bfrB (Rv3841) encoding the iron storage pro-
teins. We show that the mutant of M. tuberculosis, H37Rv �bfrA
�bfrB, which lacks the function of both bfrA and bfrB, has signif-
icantly reduced growth under iron-deprived conditions, is mark-
edly vulnerable to oxidative stress, and exhibits the attenuation of
growth in human macrophages. Moreover, reduced bacillary load
in lung and spleen of H37Rv �bfrA �bfrB-infected guinea pigs,
resulting in a significant reduction in pathology, clearly implies
that these proteins play a crucial role in the pathogenesis of M.
tuberculosis.

Mycobacteria are continuously exposed to oxidative stress
generated by the activated macrophages that they inhabit (4).
When we evaluated the ability of M. tuberculosis mutants lacking
the function of bfrA and bfrB to resist oxidative stress, we observed
that simultaneous mutations in bfrA and bfrB in M. tuberculosis
(H37Rv �bfrA �bfrB) tremendously reduced its ability to with-
stand oxidative stress, implying the role of these iron storage pro-
teins in restricting oxidative damage. BfrA and BfrB are iron stor-
age proteins that reduce the freely available ferrous form, thereby
limiting the production of oxygen radicals by Fenton reaction and
protecting the bacteria from the harmful oxidative damage. When
the M. tuberculosis mutants lacking the function of a single Bfr
protein (BfrA or BfrB) were evaluated for their ability to withstand
oxidative stress, it was observed that these mutants also exhibited
a moderate ability to withstand the oxidative damage; however,
the magnitude of influence was less than that of the double mu-
tant. Our observations thus clearly demonstrate the importance of
these iron storage proteins in the mycobacterial response to oxi-
dative stress and are in agreement with previous studies which
have shown the increased sensitivity of the ideR mutant of M.
tuberculosis to both H2O2 and plumbagin. The expression of bfrA
and bfrB is known to be regulated by the binding of Fe2�-activated
IdeR to operator sites upstream of the bfrA and bfrB transcrip-
tional start point (TSP). The deletion of these IdeR binding sites or
the inactivation of ideR has been shown to result in the enhanced
sensitivity of these mutants to oxidative agents such as H2O2 and
plumbagin (10, 22). Similar studies in the case of Pseudomonas
aeruginosa and Brucella abortus have shown that BfrA protects the
organism against the onslaught of hydrogen peroxide by sequester-
ing the excess free iron from the system and thus preventing iron-

FIG 4 Influence of disruption of bfrA and bfrB genes of M. tuberculosis on the
growth of the pathogen in guinea pigs. The figure depicts the bacillary load in
the lungs and spleen of guinea pigs (n � 6) infected with M. tuberculosis (WT)
and the H37Rv �bfrA �bfrB mutant (AB) at 10 (A) and 16 (B) weeks postin-
fection. Guinea pigs infected with H37Rv �bfrA �bfrB (AB) exhibited a signif-
icantly reduced bacillary load in spleen compared to animals infected with M.
tuberculosis (WT). Each data point represents the log10 CFU value for an indi-
vidual animal, and the bars depict means (� standard errors) for each group.
Missing data points represent the animals that succumbed to disease before the
time of euthanasia. �, P � 0.05; ��, P � 0.01 (Student’s t test).
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induced oxidative damage (2, 16). Bfr- and Ftn-deficient mutants of
Salmonella enterica serovar Typhimurium and Campylobacter jejuni,
respectively, have been shown to exhibit a significantly higher sen-
sitivity to H2O2 and paraquat than the parental strain (26, 28).
These findings demonstrate that bacterioferritins and ferritins
make a significant contribution to iron storage as well as to protection
from intracellular iron overload, which is responsible for iron-
mediated oxidative stress. Interestingly, the ferritin mutants of Heli-
cobacter pylori and Escherichia coli exhibited no change in their ability
to withstand oxidative stress mediated by paraquat and H2O2, respec-
tively (1, 29). These studies demonstrate that bacterioferritins and
ferritins may have diverse roles in different bacterial species.

Our studies of human macrophage cells further substantiate
the role of BfrA and BfrB in the survival of M. tuberculosis against
host-induced stress. The growth kinetics of H37Rv �bfrA �bfrB
up to 8 days postinfection revealed severe attenuation of the ap-

parent growth of the mutant compared to that of the parental
strain. Earlier it was reported that the downregulation of transfer-
rin receptors in the activated macrophages limits the availability of
iron inside the macrophages, leading to the impairment of M.
tuberculosis growth in these iron-restrictive environments (5).
This triggers the release of iron-sequestering molecules by the
pathogen into the macrophage cytoplasm for acquiring iron along
with a consequent increase in the expression of iron storage pro-
teins. Since BfrA and BfrB are the only two iron storage proteins in
M. tuberculosis, their absence perhaps results in the insufficient
supply of iron to the cell, leading to the concomitant attenuation
of growth. The attenuation of M. tuberculosis growth in macro-
phages in response to the deficiency of iron in host macrophages
has been reported earlier in several studies (9, 11).

The most substantial evidence for the role of bacterioferritins
in M. tuberculosis pathogenesis emerges from our guinea pig stud-

FIG 5 Influence of disruption of bfrA and bfrB genes of M. tuberculosis on gross pathological lesions and histopathological damage in organs of infected guinea
pigs. The figure depicts representative photographs of gross pathological lesions in lung, liver, and spleen of guinea pigs (n � 6) infected with M. tuberculosis (WT)
and H37Rv �bfrA �bfrB (AB) euthanized at 10 (A) and 16 (B) weeks postinfection. Guinea pigs infected with H37Rv �bfrA�bfrB resulted in fewer and smaller
lung, liver, and spleen lesions compared to animals infected with M. tuberculosis. Each data point represents the score of an individual animal, and the bars depict
medians (� interquartile ranges) for each group. Missing data points represent the animals that succumbed to disease before the time of euthanasia. �, P � 0.05;
��, P � 0.01; ���, P � 0.001 (Student’s t test). (C) Influence of the disruption of bfrA and bfrB genes of M. tuberculosis on the histopathological damage to the
organs of infected guinea pigs. The lung tissues were fixed in 10% buffered formalin and were embedded in paraffin. Subsequently, 5-�m-thick sections were cut and
stained with hematoxylin and eosin (H&E) for histopathological examination. The figure depicts a representative photograph of the extent of pathological damage to
animals (n � 6) infected with either M. tuberculosis (A) or H37Rv �bfrA �bfrB (B) at �40 magnification at 10 weeks postinfection. H37Rv �bfrA �bfrB-infected animals
showed reduced granulomatous infiltration, with only a few small and discrete granulomas, compared to that of M. tuberculosis-infected animals.
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ies, wherein at 10 weeks postinfection a marked reduction was
observed in the CFU of H37Rv �bfrA �bfrB in the spleen of guinea
pigs compared to that of the parental strain (25-fold reduction).
The bacillary load of H37Rv �bfrA �bfrB compared to that of the
parental strain was further reduced when the disease was allowed
to progress up to 16 weeks of infection. At this time point, a 52-
fold lower bacillary load was observed in the spleen along with a
5-fold reduction in the lung of guinea pigs infected with the
H37Rv �bfrA �bfrB strain compared to that of infection with the
parental strain. Thus, we show that BfrA and BfrB together are
required for the survival and pathogenesis of M. tuberculosis in the
guinea pig model, as measured by bacillary load in lung and spleen
and the pathological insult to the organs.

In conclusion, this study demonstrates that BfrA and BfrB pro-
teins play a crucial role in protecting the pathogen against oxida-
tive stress encountered during infection. In addition, BfrA and
BfrB proteins are important for the survival and hematogenous
spread of the pathogen. We have reported earlier the crystal struc-
tures of BfrA and BfrB of M. tuberculosis. M. tuberculosis BfrA and
BfrB, unlike most other ferritins, especially those of humans, have
extended C-terminal regions, and BfrA contains an altered heme
pocket unique to M. tuberculosis (12). Our crystallographic data as
well as biochemical studies implicate this extended C-terminal
region in the iron entry from the 3-fold channels to the ferroxidase
center and in making iron more readily accessible for the oxida-
tion (14). The unique structures of these iron storage proteins,
which are not found in ferritins, and the essential requirement of
BfrA and BfrB proteins in the survival of the pathogen inside the
host, as shown in this study, clearly establish these proteins as
attractive drug targets for the development of new therapeutic
molecules against mycobacterial infections.
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