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ABSTRACT The DosR regulon, a set of 48 genes normally expressed in Mycobacte-
rium tuberculosis under conditions that inhibit aerobic respiration, is controlled via
the DosR-DosS/DosT two-component system. While the regulon requires induction
in most M. tuberculosis isolates, for members of the Beijing lineage, its expression is
uncoupled from the need for signaling. In our attempts to understand the mecha-
nistic basis for this uncoupling in the Beijing background, we previously reported
the identification of two synonymous single-nucleotide polymorphisms (SNPs) within
the adjacent Rv3134c gene. In the present study, we have interrogated the impact
of these SNPs on dosR expression in wild-type strains, as well as a range of dosR-
dosS-dosT mutants, for both Beijing and non-Beijing M. tuberculosis backgrounds. In
this manner, we have unequivocally determined that the C601T dosR promoter SNP
is the sole requirement for the dramatic shift in the pattern of DosR regulon expres-
sion seen in this globally important lineage. Interestingly, we also show that DosT is
completely nonfunctional within these strains. Thus, a complex series of evolutionary
steps has led to the present-day Beijing DosR phenotype that, in turn, potentially
confers a fitness advantage in the face of some form of host-associated selective
pressure.

IMPORTANCE Mycobacterium tuberculosis strains of the Beijing lineage have been
described as being of enhanced virulence compared to other lineages, and in cer-
tain regions, they are associated with the dramatic spread of multidrug-resistant tu-
berculosis (TB). In terms of trying to understand the functional basis for these broad
epidemiological phenomena, it is interesting that, in contrast to the other major lin-
eages, the Beijing strains all constitutively overexpress members of the DosR regu-
lon. Here, we identify the mutational events that led to the evolution of this unique
phenotype. In addition, our work highlights the fact that important phenotypic dif-
ferences exist between distinct M. tuberculosis lineages, with the potential to impact
the efficacy of diagnosis, vaccination, and treatment programs.
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Despite being an ancient disease, human tuberculosis (TB) resulting from infection
with Mycobacterium tuberculosis still remains a leading cause of death worldwide

as a consequence of multiple contributing factors, including drug resistance, HIV
coinfection, and inadequate access to high-quality health care (1). Furthermore, recent
evidence suggests that the level of genetic diversity that exists among distinct M.
tuberculosis isolates was previously underestimated and has the potential to impact
pathogenicity, as well as to limit the effectiveness of current diagnostic and therapeutic
interventions (2–4).
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The identification of specific single-nucleotide polymorphisms (SNPs) and/or large-
sequence polymorphisms (LSPs) has enabled the classification of M. tuberculosis isolates
into 7 major strain lineages (lineages 1 to 7) that show a degree of geographic
restriction (5, 6). From an epidemiological perspective, it is particularly interesting to
note that the incidence of TB resulting from the major Beijing subbranch of lineage 2
(also known as the East Asian lineage) is reported to be increasing disproportionately
in multiple settings, and it is often associated with the spread of multidrug-resistant
(MDR) M. tuberculosis (7–12). This has led to frequent speculation that strains belonging
to the Beijing lineage possess unique phenotypic attributes that confer an increased
ability to transmit and/or cause disease, as well as an increased capacity to acquire
antibiotic resistance (10, 11). Indeed, it has recently been demonstrated that members
of this lineage acquire resistance to multiple antibiotics in vitro at a rate that is up to
10-fold higher than that of lineage 4 strains (including the laboratory strain M. tuber-
culosis H37Rv), due to an increased basal mutation frequency. In the same paper,
modeling simulations used by Ford et al. indicated that the probability of de novo MDR
arising in patients infected with Beijing strains is more than 20-fold higher than for
non-Beijing strain infections (13). Although the exact mechanism(s) underlying this
enhanced mutation rate has yet to be defined, we and other groups have suggested
that perturbations in regulatory, metabolic, or structural pathways that exist in the
Beijing strains potentially account for an alteration in antibiotic sensitivity/tolerance (2,
11, 13, 14). In turn, this could provide a mechanism by which an increased proportion
of cells are able to survive drug exposure, thereby increasing the potential for the
acquisition of specific resistance mutations (15).

One striking example of a regulatory perturbation unique to the Beijing lineage
involves the DosR regulon, a 48-member regulon that includes a diverse array of genes
involved in anaerobic respiration, metabolism (nucleotide, carbon, and lipid), and stress
responses, and which is controlled through a two-component signaling system com-
prising the transcription factor DosR and one of two sensor kinases, DosS or DosT (16,
17). The DosR regulon normally serves as the primary mechanism by which M. tuber-
culosis responds to changes in the redox environment as a result of hypoxia or nitric
oxide (NO) exposure (18–21). These signals are encountered as part of the host
granulomatous response and are proposed to be among the most critical stimuli for the
development of dormancy and latent TB (22–24). Mechanistic links between DosR and
other “master regulators,” such as WhiB3 and the PhoPR two-component regulatory
system, have also recently been described, suggestive of a wider stress-associated
regulatory network linking hypoxia and redox adaptation (DosR-WhiB3), with cell wall
lipid biosynthesis (WhiB3-PhoP) (25, 26). In contrast to the other M. tuberculosis lin-
eages, the Beijing lineage constitutively overexpress members of the DosR regulon, a
phenotype we first described in 2007 (14, 27) and that has since been independently
confirmed in multiple laboratories (28, 29). Thus, the DosR regulon is always activated
in the Beijing isolates, even in the absence of the aforementioned external redox
signals.

In 2010, we reported several Beijing-specific mutations within the dosR-dosS-dosT
two-component regulatory system that coincide with the appearance of the constitu-
tive DosR phenotype (30). The one on which we initially focused as being a potential
contributor to the Beijing DosR phenotype was a frameshift mutation in the DosT
sensor kinase gene. We originally hypothesized that the C-terminal kinase domain may
have been constitutively active in the absence of the upstream regulatory sequence.
However, gene complementation assays employing both wild-type and mutant ver-
sions of dosT in diverse strain backgrounds suggested that the mutation in dosT was not
directly responsible for the constitutive DosR regulon phenotype (30). Next, we inves-
tigated a novel 350-kb gene duplication that was identified in members of the most
recently evolved Beijing strains (14, 31). The presence of this duplication, which
includes a second copy of the Rv3134c-dosR-dosS operon, does increase the extent of
DosR regulon expression; however, gene disruption studies coupled with the finding
that it is not uniformly present among all Beijing strains highlight the fact that the
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duplication is not the underlying cause of the constitutive DosR phenotype (14, 32).
Furthermore, recent work by our laboratory has shown that this large chromosomal
duplication event is rapidly selected for as a consequence of in vitro growth (32).

In the present study, we have reinvestigated the two SNPs we identified in the
coding region of the Rv3134c gene that lies immediately adjacent to dosR and is
included as part of the dosR-dosS operon. We originally discounted these SNPs on
account of the fact that they are both synonymous and are located quite some distance
upstream (�200 bp) of the dosR start codon (30). Herein, using a variety of approaches,
we comprehensively demonstrate that one of these SNPs is the sole cause of the
constitutive DosR overexpression phenotype that typifies the widespread Beijing lin-
eage. Our data also serve to emphasize the dramatic effect that the evolution of a single
regulatory mutation can have on shaping lineage-specific gene expression in M.
tuberculosis. In turn, these alterations in gene expression, in the absence of environ-
mental signaling, might contribute to the reputed epidemiologic success of the Beijing
strains.

RESULTS
DosR regulon is the major feature that distinguishes gene expression between

Beijing and non-Beijing strains. In order to compare the gene expression profiles of
a “modern” Beijing isolate versus a “pre-Beijing” lineage 2 (East Asian) isolate, we
performed whole-genome microarray analyses with HN878 (14, 33) and 98_1663 (5)
with reference to the H37Rv (ATCC) laboratory strain. HN878 is a modern Beijing isolate
belonging to the region of difference 142 (RD142) Beijing subbranch, while 98_1663 is
an ancestral lineage 2 strain lacking the RD207 deletion that is responsible for the
characteristic Beijing spoligotyping profile (5, 34, 35). In contrast, H37Rv is a non-Beijing
lineage 4 strain. When HN878, 98_1663, and H37Rv were grown under standard in vitro
conditions, the ancestral isolate displayed an overall pattern of gene expression very
similar to that of H37Rv. We identified only 5 genes that were differentially expressed,
although the pattern of expression of these genes appears to be shared with the
modern HN878 Beijing isolate (Fig. 1). Of particular note, members of the ESX-1 type VII
secretion system that are critical for full virulence of M. tuberculosis (36–39) were
significantly overexpressed in both of these isolates compared to H37Rv, including the
esxA (esat-6), esxB (cfp-10), and espI genes. It should be noted that for the HN878 arrays,
the relative expression level of esxA (�1.9) fell just below the Z-score threshold of �2.0.
Although there were other findings of potential interest in these comparisons, for
example, the VapBC-17 and VapBC-47 toxin-antitoxin complexes and certain mce
(mammalian cell entry) genes were differentially regulated compared to H37Rv, from
the point of view of the present study, the most striking observation was the very large
influence that DosR appears to have on shaping the differential gene expression profile
of HN878 compared to both H37Rv and the 98_1663 (pre-Beijing) isolate. Indeed, of the
34 genes that we reproducibly detected as being overexpressed in HN878 relative to
H37Rv via microarray, �40% (14/34) were members of the DosR regulon (Fig. 1).
Included in this list are dosR and dosS, encoding the main regulatory components of the
regulon. Other examples of note include tgs1, encoding a triacylglycerol synthase
whose expression has been associated with triglyceride accumulation under hypoxic
conditions (40); hspX, encoding an �-crystallin-like chaperonin that is inducible under
stress conditions, including hypoxia (41); hrp1, encoding a protein of unknown function
that is reportedly able to be used to discriminate between latent and active TB infection
(42, 43); and multiple genes from the Rv2623 to Rv2630 cluster that have recently been
described as being upregulated by isoniazid (INH) treatment, specifically within in-
fected macrophages (44).

Overall, these findings reaffirm and expand upon our initial description of the
constitutive overexpression of the DosR regulon in the Beijing lineage that was based
on comparative real-time PCR analysis of a select set of genes (14, 27, 30). Next, as a
step toward developing the tools necessary to understand the evolution and functional
significance of this dramatic shift in the pattern of DosR regulon gene expression, we
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continued our ongoing efforts aimed at identifying the underlying molecular basis of
this Beijing-specific phenotype.

Beijing-specific dosR promoter region confers constitutive overexpression of
dosR. In our 2010 publication that documents the dosT frameshift mutation, we also

FIG 1 The DosR regulon is the major feature that distinguishes gene expression between Beijing and
non-Beijing strains. Heatmaps of the microarray-based expression profiles comparing Beijing isolate
HN878 and pre-Beijing isolate 98_1663 to the Euro-American strain H37Rv are shown. Data represent the
mean from three arrays for each comparison. Only genes whose expression differs from that in H37Rv by
a Z-score of more than �2-fold are indicated. Values in green represent genes that are significantly
overexpressed relative to H37Rv, while those in red indicate genes that are significantly repressed relative
to H37Rv. Genes highlighted in yellow are members of the DosR regulon.
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reported the identification of three synonymous SNPs within the 3.9-kb region sur-
rounding dosR that includes Rv3131, dosS, and Rv3134c (30). Two of these SNPs were
termed C507G and C601T, based on their position within the Rv3134c coding region.
The C507G SNP was present in both the ancestral East Asian (95_1848) and modern
Beijing strains (HN878 and W210) that were sequenced, while the C601T SNP was
specific to the modern Beijing strains. We also identified a single G1068A substitution
within dosS of the modern Beijing strains. As indicated above, we initially discounted
the C507G and C601T SNPs on account of the fact that they are synonymous and are
located �200 bp upstream of the dosR start codon. However, after eliminating the dosT
mutation as the root cause of the Beijing constitutive DosR phenotype, we decided to
look more closely at these SNPs on account of their relative proximity to the T1 and T2

transcription start sites (TSS) that had previously been reported for dosR (45, 46). We
postulated that SNPs within this same region potentially impact dosR transcription.

To start, we sequenced the region of Rv3134c containing the C507G and C601T SNPs
from representatives of each of the 6 major M. tuberculosis lineages that had been
described at that time, including 3 to 5 representatives of each of the 5 RD-based
subgroups of the East Asian lineage/lineage 2. Of these 5 subgroups, groups 2 to 5
represent the Beijing sublineage (27, 47, 48). Interestingly, the C507G SNP is restricted
to the phylogenetically related East African/Indian (lineage 3) and East Asian lineages,
while the C601T SNP is unique to the Beijing sublineage of the East Asian lineage (Fig.
2A). Thus, as with the dosT frameshift mutation (30), the presence of the C601T SNP
correlates precisely with the occurrence of the constitutive DosR regulon phenotype.
Meanwhile, the East African/Indian strains that bear only the C507G SNP display a level
of dosR expression that is equivalent to that in H37Rv (see Fig. S1 in the supplemental
material).

FIG 2 The Beijing-specific dosR promoter region confers constitutive overexpression of dosR. (A) Partial sequence alignment of
nucleotides 501 to 612 of the Rv3134c gene (nucleotide positions 3500444 to 3500555; numbering based on H37Rv). A total of 31 M.
tuberculosis complex isolates were analyzed, 18 of which belong to the East Asian lineage. Of these, 13 were from the Beijing
sublineage (East Asian [EA] groups 2 to 5). The positions of the C507G (left) and C601T (right) synonymous SNPs are highlighted. Only
the C601T SNP is unique to the Beijing lineage. (B) Genomic organization of the Rv3134c-dosR-dosS operon. The approximate positions
of the C507G and C601T SNPs found in the Rv3134c gene of M. tuberculosis Beijing isolates are shown. Arrows indicate previously
identified promoter sequences, while D and P refer to distal and proximal binding sites, respectively, of the DosR-dependent hypoxic
TH promoter (45, 46). A schematic representation of the inserts present in the various plasmids introduced into wild-type H37Rv is
shown: pNS3 and pDC4 contain a 3,359-bp fragment that includes Rv3134c truncated at nucleotide 305, along with the complete dosR
and dosS gene sequences; pNS5 and pDC5 contain a 1,883-bp fragment that includes 392 bp upstream of the Rv3134c gene, along
with the complete Rv3134c and dosR gene sequences; and pNS6 and pDC6 contain a 4,049-bp fragment that includes 392 bp
upstream of the Rv3134c gene in addition to the Rv3134c, dosR, and dosS genes. The pNS3, pNS5, and pNS6 plasmids contain the 507C
and 601C H37Rv allele, while pDC4, pDC5, and pDC6 contain the 507G and 601T HN878 (Beijing) allele. (C) qRT-PCR analysis of dosR
expression in H37Rv transformed with the plasmids indicated in panel B. For reference, wild-type H37Rv and HN878 are also included.
Results are shown as relative quantities (R.Q.), using sigA as the normalizing gene. The error bars represent standard deviations
calculated as indicated in Materials and Methods.
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To further investigate the specific contribution of the aforementioned SNPs to the
expression of dosR within the Beijing strain background, we generated a series of
plasmid constructs capable of integrating at the nonessential mycobacteriophage L5
attachment site (attB) and that harbor distinct segments of the Rv3134c-dosR-dosS
operon (Fig. 2B). Two versions of each of these segments were cloned: a wild-type
non-Beijing version based on the H37Rv sequence (pNS series) and a Beijing version
based on the sequence found in HN878 (pDC series). The pNS3 and pDC4 plasmids
contain dosR and dosS, along with the 3= region of Rv3134c that includes the C507G
and C601T SNPs, in the case of pDC4. This region also includes the T1 and T2 TSS that
have been reported to partially drive basal dosR expression (45, 46). Plasmids pNS5 and
pDC5 contain full-length Rv3134c and dosR (without dosS), in addition to the promoter
region of Rv3134c that includes both DosR-dependent (TH) and DosR-independent
promoter elements (45, 46). Finally, pNS6 and pDC6 contain the full-length Rv3134c-
dosR-dosS operon, including the Rv3134c promoter region. All six of these constructs
were transformed into wild-type H37Rv, and the expression of dosR was analyzed via
quantitative real-time PCR (qRT-PCR) and normalized against expression of the sigA
gene encoding the housekeeping sigma factor. In a comparison of the pNS and pDC
plasmids, which differ only by the presence of the C507G and C601T SNPs present in
the pDC series, there was a very striking effect of the Beijing-specific sequence (pDC4,
pDC5, and pDC6) on dosR expression, even when placed in the non-Beijing (H37Rv)
background (Fig. 2C). Indeed, the pNS-transformed strains all behaved much like the
parental H37Rv strain (albeit with slightly elevated dosR expression due to the presence
of a second dosR copy). On the other hand, all the pDC-transformed H37Rv strains
exhibited dosR expression levels that bore a remarkable resemblance to the wild-type
HN878 strain. In one case (pDC5), dosR expression exceeded the level observed for
HN878. This is likely attributable to the relatively small size of the plasmid insert in this
case, allowing for more efficient transcription. Together, these data are highly sugges-
tive that the C507G and/or C601T SNPs are directly contributing to the development of
the constitutive dosR phenotype displayed by the Beijing strains (including HN878).

C601T promoter SNP is sufficient to cause the Beijing DosR phenotype. To
further refine our understanding of the mechanistic requirements necessary for the
constitutive overexpression of dosR, we repeated several of the above-mentioned
transformations within the dosR knockout (KO) background, for both the H37Rv (non-
Beijing) and HN878 (Beijing) strains. In this manner, all dosR expression was derived
from the exogenous copy of dosR contained on the integrated plasmid. In addition,
several new plasmid constructs were generated to test the specific role of the individual
C601T SNP, as well as the role of dosR itself on the evolution of the Beijing phenotype
(Fig. 3A).

In both the dosR KO backgrounds, the effect of introducing the Beijing version of the
Rv3134c-dosR-dosS operon was again very striking. In a comparison of the pNS6 and
pDC6 plasmids, which differ only in the presence of the C507G and C601T SNPs (as
described above), we observed an approximately 10-fold increase in dosR expression
for both the H37Rv and HN878 transformants (Fig. 3B). Moreover, when the pAA3
plasmid (a hybrid containing the H37Rv allele at position 507 and the HN878 allele at
position 601) was introduced into both dosR KO mutant backgrounds, the level of
dosR expression was virtually identical to that seen for wild-type HN878 as well as
the pDC6-containing strains. This important result clearly demonstrated that the
presence of the Beijing-specific C601T promoter SNP is sufficient to drive the
constitutive overexpression of dosR within the Beijing lineage. Indeed, we were able
to recreate the same phenotype in the non-Beijing (H37Rv) background just by
introducing this single mutation (Fig. 3B).

Next, we investigated the impact of dosR activation status, as well as the complete
absence of dosR, on transcription arising from the Beijing promoter region. This was
done in order to determine if dosR itself has any role to play in activating transcription
in the presence of the C601T mutation. Plasmid pAA6 is a derivative of pDC6 (contain-
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FIG 3 The C601T promoter SNP is sufficient to cause the Beijing DosR phenotype. (A) Genomic
organization of the Rv3134c-dosR-dosS operon, as in Fig. 2. The position of the Asp54Glu mutation (pAA6)
is also indicated. A schematic representation of the inserts included in the plasmids used to transform
dosR KO mutants of H37Rv and HN878 is shown. pAA3 and pAA6 contain a 4,049-bp fragment that
includes 392 bp upstream of the Rv3134c gene in addition to the Rv3134c, dosR, and dosS genes. pAA3
contains a 507C (H37Rv) and 601T (HN878) hybrid allele (i.e., it has only the C601T SNP), while pAA6
contains the 507G and 601T HN878 allele along with a T/A transversion at position 161 of dosR that
replaces Asp54 with Glu54. This renders DosR nonphosphorylatable. pAR2 contains a 3,393-bp fragment
that incorporates 392 bp upstream of Rv3134c in addition to the Rv3134c and dosS genes (dashed line,
no dosR). It is also based on the 507G and 601T HN878 allele. The pNS6, pDC6, pDC4, and pDC5 plasmids
are all described in the legend to Fig. 2. (B to D) qRT-PCR analysis of dosR (B and C) and dosS (D)
expression in wild-type, dosR KO mutant, and complemented strains. Results are shown as relative
quantities (R.Q.), using sigA as the normalizing gene. The error bars represent standard deviation.
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ing both C507G and C601T SNPs) that has an Asp-to-Glu mutation at position 54 of
DosR that renders it nonphosphorylatable; hence, it is unable to be activated by either
the DosS or DosT sensor kinase (16). As seen in Fig. 3C, the level of dosR expression for
both the H37Rv and HN878 dosR KO strains transformed with pAA6 was not substan-
tially different from that of either wild-type HN878 or the pDC transformants. From this,
we conclude that activated DosR is not responsible for mediating transcription from the
novel Beijing dosR promoter region. Likewise, pAR2 is a derivative of pDC6 that lacks
dosR entirely. As expected, the KO strains transformed with this plasmid are devoid of
dosR expression (Fig. 3C). However, the level of dosS expression in these strains was
identical to that of wild-type HN878 or the pDC6 transformants (Fig. 3D). Hence, the
C601T SNP is able to exert its effect on transcription completely independently of the
DosR protein. Last, given that the level of dosS expression in the pDC6-containing
strains was approximately 10-fold higher than in the dosR KOs (Fig. 3D), yet the level of
dosR in the pDC5 and pDC6 transformants was equivalent (Fig. 3B and C), we deduce
that the C601T SNP is also able to function independently of dosS, a fact we later
confirmed in the HN878 ΔdosR ΔdosS mutant strain background that has no residual
dosS expression (data not shown). Thus, the presence of the C601T promoter SNP is the
sole feature of the dosR operon that is required for initiating the unique dosR pheno-
type displayed by the Beijing lineage.

Constitutive DosR regulon phenotype of the Beijing lineage does not impact
virulence within the mouse model of infection. To begin to interrogate the Beijing

DosR phenotype from a functional perspective, we performed a series of aerosol mouse
infections in order to examine the impact of constitutive (Beijing) versus inducible
(non-Beijing) DosR overexpression on bacterial growth within the lungs and spleens of
infected animals, as well as its impact on animal survival. Note that several prior studies
had already validated the mouse as being a suitable model for distinguishing Beijing
and non-Beijing M. tuberculosis strains on the basis of animal survival (49, 50). These
low-dose aerosol infections (10 to 20 CFU/lung) were carried out for the following
strains: wild-type HN878 (Beijing), HN878 in which both dosR and dosS were disrupted
(dosRS KO mutant), and the HN878 dosRS KO mutant complemented with either pNS6
(non-Beijing Rv3134c-dosR-dosS operon) or pDC6 (Beijing Rv3134c-dosR-dosS operon).
Thus, the only difference between the complemented strains is the presence of the two
dosR promoter SNPs (C507G and C601T). The expression of dosR, as well as an
independent marker of DosR regulon activation, Rv3130c (tgs1), was examined in these
strains in order to confirm their expected phenotypes prior to use (Fig. S2).

In a comparison of the growth of wild-type HN878 to that of the double-knockout
mutant (dosRS KO) in the lungs of infected mice, we observed an approximately 1-log10

reduction in CFU for the strain lacking both dosR and dosS between weeks 4 and 9
postinfection (Fig. 4A). However, as the infection progressed beyond 9 weeks, this
difference in CFU seemed to resolve. By 28 weeks postinfection, there was no longer
any detectable CFU difference. Interestingly, the reduction in bacterial CFU seen
between 4 and 9 weeks with the double-KO mutant was not observed in the spleens
(Fig. 4B). This suggests that any defect attributable to the loss of DosR and DosS may
be specific to the lungs, at least within the context of this mouse model. In terms of the
animal survival study (12 mice/group) that was halted after 9 months, disrupting both
dosR and dosS in the HN878 background had no statistically significant effect on the
median survival time of these mice compared to the wild-type group (236 versus 269
days, respectively) (Fig. 4C).

Although the pDC6-complemented strain was more closely in line with the lung CFU
of the wild-type HN878 at 4 and 9 weeks postinfection than the pNS6 complement, the
most plausible interpretation of the data presented is that there is no biologically
relevant difference between the two strains (Fig. 4A). The same observation can be
made from the spleen CFU data (Fig. 4B). For the animal survival experiments, the
median survival times of the pNS6 and pDC6 groups were 202 and 217 days, respec-
tively (Fig. 4C). Again, there was no significant difference between the two groups.
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FIG 4 The constitutive DosR regulon phenotype of the Beijing lineage does not impact virulence within
the mouse model of infection. (A and B) B6D2/F1 mice were infected via aerosol with wild-type (wt)
HN878, an HN878 dosRS KO mutant, HN878 dosRS KO::pNS6 (H37Rv allele), and HN878 dosRS KO::pDC6
(HN878 allele). Bacterial numbers were monitored at the indicated times postinfection by harvesting
lungs (A) and spleens (B) of infected mice. Results are expressed as the average log10 CFU obtained from
five mice at each time point. Error bars represent the standard deviation. *, P � 0.047 for the HN878 wt
versus the HN878 dosRS KO mutant at 28 days postinfection; **, P � 0.009 for the HN878 wt versus the
HN878 dosRS KO mutant at 63 days postinfection. (C) Survival curve for 12 mice per group infected with
the same strains as those for panels A and B. Analysis of these data was carried out using the
Kaplan-Meier method, and a log rank test was used to determine the statistical significance of observed
differences in survival (GraphPad Prism, version 3.0; GraphPad Software, CA). No significant survival
differences were observed between the 4 strains tested in this case.
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Although there was a trend early on toward the pNS6-infected animals dying more
rapidly, this was not sustained.

Overall, we conclude that in the low-dose aerosol model of infection employing
C57BL6/J � DBA/2J F1 mice, there is no impact on virulence for strains that constitu-
tively overexpress dosR along with members of the DosR regulon.

DosT sensor kinase is completely nonfunctional in the Beijing lineage. We have
previously examined the effect of the Beijing-specific dosT frameshift mutation (Fig. 5A)
on dosR expression and activation through a series of gene complementation assays
carried out in wild-type Beijing and non-Beijing strain backgrounds (30). These initial
data suggested that the mutation in dosT was not the direct cause of the constitutive
dosR overexpression seen in the Beijing lineage. Our subsequent examination of the
C601T dosR promoter mutation (see above) confirms this observation. However, a clear
interpretation regarding the effect of the dosT frameshift mutation was difficult in the
aforementioned study due to the fact that the strains examined were diploid for dosT
(wild-type and mutant copies) and also retained functional DosS. To conclusively
demonstrate whether expression of the Beijing dosT gene has any effect on dosR
expression and/or the ability of DosR to be activated in the presence of nitric oxide
(NO), herein, we generated an H37Rv strain in which both dosS and dosT were disrupted
(dosST KO mutant) prior to carrying out the complementation assays with wild-type or
mutant dosT. Thus, the strains analyzed in this case expressed only the wild-type or
mutant (Beijing) version of dosT, in the complete absence of the DosS sensor kinase.

Expression of dosT containing the frameshift mutation had no impact on the basal
level of dosR expression that was observed in the parental dosST KO mutant strain (Fig.
5B). Similarly, there was no increase in dosR expression following treatment with
diethylenetriamine-nitric oxide (DETA-NO), a compound that spontaneously releases
NO when in solution. In contrast, expression of wild-type dosT resulted in dosR levels
that were slightly above those in wild-type H37Rv under both treated and nontreated
conditions. This can be explained by the fact that dosT was being overexpressed by the
hsp60 promoter in these strains compared to the normal levels seen in H37Rv (Fig. 5C).
Overall, these data confirm our original finding that the Beijing dosT gene is not
functionally contributing to the constitutive DosR regulon phenotype.

In our previous study, we also speculated that a truncated version of DosT may be
expressed in an active form that lacks the N-terminal GAF regulatory domain (Fig. 5A)
(51). To look at what forms of the DosT protein are produced as a result of the Beijing
frameshift mutation, in the present study, we have expressed N- and C-terminal FLAG
epitope-tagged DosT (mutant and wild type) in Mycobacterium smegmatis, followed by
Western immunoblotting of total protein lysates with anti-FLAG antibodies. When
wild-type DosT was expressed with a FLAG epitope located at either the N or C
terminus, we readily detected the predicted 63-kDa DosT fusion protein (Fig. 5D).
However, in the case of the mutant dosT, we did not observe any novel protein species
distinct from those appearing in the negative control (a plasmid bearing wild-type dosT
without any FLAG epitope). Therefore, it appears as if dosT bearing the Beijing frame-
shift mutation is either no longer expressed, or any translation product that arises is
rapidly being degraded. This finding is consistent with the gene expression data
described above (Fig. 5B), indicating that the mutated dosT gene is nonfunctional.

To ascertain the effect that a loss in DosT sensor kinase function has on the cell in
terms of its ability to induce the DosR regulon, we took our H37Rv dosRST triple-KO
mutant and transformed it with the integrative pNS6 and pDC6 plasmids containing
the non-Beijing and Beijing versions of the Rv3134c-dosR-dosS operon, respectively (see
Fig. 2B). We then compared the expression of dosR and Rv3130c (tgs1; a marker of DosR
regulon induction) in untreated in vitro cultures versus those treated for 2 h with 150
�M DETA-NO. With respect to the expression of dosR and Rv3130c, it is clear that the
loss of DosT had no detrimental impact on inducibility when the C601T SNP was
present (Fig. 6). However, when the wild-type non-Beijing promoter was used (pNS6),
there was an approximately 2-fold reduction in the maximal levels of dosR and Rv3130c
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FIG 5 The DosT sensor kinase is completely nonfunctional in the M. tuberculosis Beijing lineage. (A) A
schematic representation of the DosT protein showing the relative position of each of its conserved functional
domains (http://www.rcsb.org/pdb/protein/P9WGK1) is shown. The approximate location of the frameshift
mutation (G775) identified within dosT of Beijing strains that is predicted to result in the introduction of a
premature termination codon (STOP) is indicated, as is the autophosphorylation site at residue His392 (17). (B
and C) qRT-PCR analysis of dosR (B) and dosT (C) expression in the H37Rv wild type, the H37Rv dosST KO
mutant, and the H37Rv dosST KO mutant complemented with the dosT gene from either H37Rv (wt) or HN878
(mut). Results are shown as relative quantities (R.Q.), using sigA as the normalizing gene. The error bars
represent standard deviations. Gray bars indicate samples prepared from cultures treated with the NO donor
diethylenetriamine-nitric oxide (DETA-NO) for 2 h prior to RNA extraction. (D) Western immunoblotting using
anti-FLAG M2 peroxidase to probe reduced protein extracts prepared from M. smegmatis transformants
harboring N- or C-terminal FLAG epitope-tagged mutant (mut; Beijing) or wild-type (wt; non-Beijing) DosT.
The negative control (neg.) corresponds to protein extracts from M. smegmatis carrying wild-type dosT (i.e.,
with no FLAG epitope). The arrow indicates the position of the full-length DosT protein. Molecular mass
markers are indicated along the right.
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expression that were attained following induction with NO. This is likely attributable to
the fact that the “resting” levels of the two genes are 18 to 20 times higher when the
Beijing SNP is present. In the presence of DETA-NO, the level of induction of Rv3130c
when dosR was expressed from the C601T SNP-containing promoter was 9-fold, versus
75-fold when the SNP was absent (Fig. 6B). For dosR itself, there appeared to be no
further induction upon DETA-NO addition in the pDC6-complemented strain, com-
pared to a 9-fold induction for the pNS6-complement and a 1.3-fold induction in the
case of wild-type HN878 (Fig. 6A).

To summarize, the frameshift in dosT renders it a nonfunctional pseudogene in the
Beijing lineage. However, as a result of the associated dosR promoter mutation, this
dosT defect appears to have no impact on the functionality of the DosR regulon within
this same set of strains.

DISCUSSION

While we were in the process of conducting this study, Rose et al. published an
article that combined M. tuberculosis genome sequence data with transcriptomics (RNA
sequencing [RNA-seq]) in order to identify lineage-specific mutations that are associ-
ated with phenotypic diversity at the level of gene expression (29). In this manner,
these authors identified the same C3500149T synonymous SNP in the dosR promoter
region (referred to herein as the C601T SNP), which they showed correlated with a
novel dosR transcript, as well as a strong overall enhancement of the DosR regulon
response in the two Beijing strains they analyzed. While our data certainly confirm the
predictions made by Rose et al., in the present study, we have also gone one step

FIG 6 The dosT defect in Beijing isolates has no impact on the functionality of the DosR regulon. (A and
B) qRT-PCR analysis of dosR (A) and Rv3130c (B) expression in H37Rv and HN878 wild-type strains (wt),
as well as the H37Rv dosTRS triple-KO mutant complemented with either pNS6 (harboring the Rv3134c
promoter and complete Rv3134c-dosR-dosS operon from H37Rv) (Fig. 2) or pDC6 (harboring the Rv3134c
promoter and complete Rv3134c-dosR-dosS operon from HN878) (Fig. 2). Results are shown as relative
quantities (R.Q.), using sigA as the normalizing gene. The error bars represent standard deviation as per
Materials and Methods. Gray bars indicate samples prepared from cultures treated with the NO donor
diethylenetriamine-nitric oxide (DETA-NO) for 2 h prior to RNA extraction.

Domenech et al. Journal of Bacteriology

January 2017 Volume 199 Issue 2 e00696-16 jb.asm.org 12

http://jb.asm.org


further and set out to prove a causal relationship between the SNP we identified
through sequence analysis (30) (Fig. 2A) and the constitutive Beijing DosR phenotype
via a combination of traditional molecular approaches. In this manner, we have
effectively satisfied the molecular Koch’s postulates (52).

Rose et al. also suggest that the C3500149T SNP generates a novel �10 TANNNT
consensus motif, thereby effectively creating a new TSS within the dosR promoter
region from which transcription is activated via the housekeeping SigA � factor (29,
53–55). Although this seems a reasonable assumption, it has not been confirmed
experimentally. Thus, it remains possible that a transcription factor other than SigA is
involved in promoting transcription from this Beijing-specific promoter region, or if
SigA is involved, it may be doing so in the presence of an additional transcriptional
activator (56).

Aside from an early defect in bacterial replication in the dosRS double-KO mutant
around weeks 4 to 9 that coincides with the early phases of development of the
adaptive immune response, the results of our mouse aerosol infections do not point to
any substantial benefit of the Beijing DosR regulon phenotype in vivo. However, as
other research groups have demonstrated, the standard mouse model of infection may
not be suitable for teasing apart differences between strains based solely around DosR
expression (57–60). The granuloma-like cellular aggregations that form in the normal
mouse lung appear not to develop areas of hypoxia; thus, any benefit to the bacteria
that may arise due to continuous DosR regulon expression during the early phases of
hypoxia development, for example, may not be observable within this model (61, 62).
In this regard, rabbits, guinea pigs, monkeys or the Kramnik mouse model may be more
informative in future efforts aimed at comparing the effect of the Beijing versus
non-Beijing DosR phenotypes on pathogenesis (57, 59, 60, 62). The early delayed-
growth phenotype seen with the dosRS KO mutant suggests that this strain may be at
a disadvantage early on after T-cell-mediated immunity develops in the lung. This
finding is interesting in light of reports that indicate that T cells specific to several DosR
regulon antigens are generated during the course of natural infection, and in some
cases, these antigens may be recognized more strongly in latently infected individuals
(42, 43). Thus, given the apparent evolutionary benefit to M. tuberculosis that main-
taining host recognition of critical T-cell antigens provides, the loss of the DosR regulon
antigens in the double-KO mutant may render it more susceptible to prolonged
inflammatory attack as a result of the diminished T-cell repertoire and, possibly, a delay
in the resulting granulomatous response (63). This hypothesis awaits further investiga-
tion.

In our original 2007 description of constitutive DosR regulon overexpression within
the Beijing lineage, we indicated a connection between the DosR phenotype and the
marked triacylglyceride (TAG) accumulation we had also observed in these strains. This
connection was made primarily on the basis of tgs1 (Rv3130c), a triacylglycerol syn-
thase, being overexpressed as part of the DosR regulon (27). In addition, TAG had been
reported to accumulate in H37Rv under hypoxia and NO treatment, both of which
induce the DosR regulon (40, 64). However, as part of the present study, we determined
that constitutive dosR expression is not the underlying cause of the TAG accumulation
seen in Beijing strains. For example, when the entire dosR-dosS-dosT system was
knocked out in the Beijing background, the accumulation of TAG was unaffected (Fig.
S3A). Similarly, when dosR-dosS was overexpressed in H37Rv from the pDC6 plasmid
bearing the Beijing dosR promoter, no increase in TAG synthesis was detectable via
thin-layer chromatography (Fig. S3A). However, an HN878 Δtgs1 mutant we have
generated does accumulate slightly less TAG than the parental strain, suggestive of a
partial role for tgs1 in Beijing TAG synthesis that is independent of DosR (Fig. S3B). Thus,
although both DosR regulon activation and TAG synthesis are associated with condi-
tions leading to growth arrest in non-Beijing M. tuberculosis strains, these two pheno-
types are seemingly uncoupled from the aforementioned signals within the Beijing
lineage (i.e., they occur natively) and appear to be independent of each other. More-
over, neither phenotype has any noticeable impact on the in vitro (aerobic) growth rate
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of Beijing strains, nor does reconstruction of the constitutive Beijing dosR phenotype in
the non-Beijing H37Rv background (data not shown). Thus, while dosR activation and
TAG synthesis may well be markers of dormancy or nonreplicative persistence, for
example, when M. tuberculosis is placed under hypoxic conditions, by themselves, they
are not sufficient to induce these physiological states. A similar observation has been
made previously by Minch et al. (65). Our data also serve to reinforce the point that
there is the potential for considerable metabolic flexibility among the different circu-
lating M. tuberculosis lineages. Thus, understanding the metabolic flux of one particular
strain, including a long-term lab-adapted strain, such as H37Rv, does not guarantee that
we understand the individual metabolic nuances of all strains. We and others have
previously highlighted the importance of considering the impact of M. tuberculosis
genetic and metabolic diversity in the generation of future treatment and diagnostic
programs (2, 4, 28, 66, 67).

Given the potential energetic cost associated with the dramatic shift in the pattern
of DosR regulon expression observed for the Beijing lineage shown herein (Fig. 1) and
elsewhere (27–30), it seems reasonable to expect that the evolution and maintenance
of this phenotype must confer a significant survival or fitness advantage to the bacteria
in response to some form of host-associated selective pressure. Presumably, the
promoter mutation responsible for the constitutive dosR overexpression phenotype
occurred early on in the evolution of the Beijing lineage, as it is conserved across all of
the Beijing sublineages in the strains we have examined to date (Fig. 2a). Furthermore,
based on the whole-genome sequences of 358 unique lineage 2 M. tuberculosis strains
representing 15 countries (most within the East Asia region, including Russia), Luo et al.
have independently determined that the C601T SNP in Rv3134c is phylogenetically
informative for defining strains that belong to the Beijing lineage (12). Although the
published estimates of exactly when the most recent Beijing sublineages evolved vary
widely (from 8,000 to 200 years ago), in any case, they appear to have origins that are
well before the modern era of antibiotics, Mycobacterium bovis BCG vaccination, or HIV
(10, 12). Thus, the original selection event(s) that led to the Beijing promoter mutation
is not related to any of these recently applied evolutionary forces. However, this
certainly does not preclude the possibility that the Beijing DosR phenotype provides an
added fitness benefit to these strains in the modern context of anti-TB drugs or the BCG
vaccine. Therefore, it is theoretically possible that the constitutive overexpression of
DosR has contributed to the recent global expansion of the Beijing lineage from its
ancestral home in East Asia to eastern Europe and other parts of the globe (7, 8, 10, 12).
Indeed, the recent associations between the Beijing lineage and drug resistance are
most often recorded for countries in which the lineage has recently emerged (8, 11).
The potential role of DosR in this process is intriguing in light of two recent reports: first,
Ford et al. have demonstrated an up to 10-fold increase in the in vitro mutation rate of
Beijing compared to non-Beijing (lineage 4) strains in response to multiple front-line
anti-TB drugs (13). Second, Liu et al. have very recently shown that a large component
of the transcriptional response of intracellular M. tuberculosis toward drug treatment is
mediated via dosR (44). Liu et al. also showed that there is considerable overlap
between the intracellular response of M. tuberculosis to anti-TB drugs and the stress
conditions encountered as a result of immune activation. Thus, within the intracellular
milieu, both antibiotic treatment and immune activation converge at the level of DosR
regulon activation. In the same study, immune activation of M. tuberculosis-infected
cells was tied to the development of antibiotic tolerance (44). Hence, it is of great
interest to investigate the possibility that constitutive DosR regulon expression in the
Beijing background contributes to either drug tolerance or resistance. This is also
interesting in light of the precedent in the literature that implicates the WhiB3 and
WhiB7 transcription factors in modifying M. tuberculosis drug susceptibility. Like DosR,
both of these transcription factors are known to regulate the cellular response to redox
stress (56, 68).

As with the dosR promoter mutation, the frameshift mutation that renders dosT
nonfunctional is present across all sublineages (30). Although the relative timing of the
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two events is still unknown, we feel that the evolution of the dosT mutation most likely
represents a compensatory event that occurred secondary to the initial dosR promoter
mutation, and it reflects the fact that maintaining a functional DosT kinase in this
context serves no functional purpose. This is entirely consistent with previous sugges-
tions that DosT acts as the “first responder” in terms of oxygen or NO sensing but plays
no further role once DosS is induced by virtue of being a member of the DosR regulon
and also part of the Rv3134c-dosR-dosS operon (69–72). In the context of the Beijing
DosR phenotype, the early activatory role normally attributed to DosT appears to have
been supplanted through the constitutive overexpression of dosR.

In summary, we have comprehensively demonstrated that the C601T dosR promoter
mutation is the sole factor underlying the constitutive dosR overexpression phenotype
unique to the Beijing M. tuberculosis lineage. In turn, this correlates with a dramatic shift
in the overall pattern of DosR regulon gene expression within these strains that,
bearing in mind the high energetic cost likely associated with maintaining this phe-
notype, almost certainly affords some form of survival or fitness advantage within the
environment of the host. Other host-adaptive regulatory mutations described within
the wider M. tuberculosis complex, such as those in the PhoPR and SigK systems, have
been associated with broad evolutionary shifts linked to specific host species (73, 74).
It will be intriguing in the future to determine if the lineage-specific DosR trait detailed
herein also represents a bacterial adaptation to a specific host population or host-
associated selective pressure. In addition, given the pleiotropic nature of the proteins
encoded within the DosR regulon, it is undoubtedly important that we understand the
impact of this phenotype, along with other examples of strain variation, on the
long-term success of TB diagnosis, vaccination, and treatment programs.

MATERIALS AND METHODS
Chemicals, bacterial strains, and culture conditions. All chemicals were supplied by Sigma-

Aldrich, Inc., unless otherwise noted. Escherichia coli NEB 5-alpha (NEB) used for cloning was cultured in
Luria-Bertani broth or agar (Difco). When necessary, ampicillin (100 �g · ml�1), kanamycin (50 �g · ml�1),
hygromycin (200 �g · ml�1; Wisent), or gentamicin (5 �g · ml�1; Invitrogen) was added to the medium.
M. smegmatis mc2155 and M. tuberculosis strains were grown in Middlebrook 7H9 broth (Difco) supple-
mented with 10% albumin-dextrose-catalase (ADC; 8.1 g · liter�1 NaCl, 50 g · liter�1 bovine serum
albumin [BSA] Fraction V [Calbiochem], 20 g · liter�1 glucose), 0.2% glycerol, and 0.05% Tween 80 or on
Middlebrook 7H11 agar (Difco) supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC)
enrichment (as per ADC, plus 0.6 ml · l�1 oleic acid, 3.6 mM NaOH). Kanamycin (25 �g · ml�1), hygromycin
(50 �g · ml�1), or gentamicin (10 �g · ml�1) was used as necessary. Treatment of M. tuberculosis with NO
was accomplished by adding the NO donor diethylenetriamine-nitric oxide (DETA-NO) to early log-phase
cultures (optical density at 600 nm [OD600], 0.2 to 0.3) at a final concentration of 150 �M and incubating
for 2 h at 37°C with constant mixing prior to RNA extraction. Control cultures were grown under identical
conditions in the absence of DETA-NO.

M. tuberculosis H37Rv was originally obtained from the American Type Culture Collection (ATCC
27294). The majority of clinical M. tuberculosis isolates used in this study were originally reported as part
of an earlier molecular epidemiology investigation (48) in which isolates were classified according to the
presence of large-sequence polymorphisms (LSPs) (47). Isolate 98_1663 was kindly provided by S.
Gagneux (Swiss Tropical and Public Health Institute, Basel, Switzerland) and P. Small (Stony Brook
University, Stony Brook, NY). Strain HN878 was originally obtained from J. Musser (Methodist Hospital
Research Institute, Houston, TX) (75). The HN878-27 subclone derived in our laboratory (14) lacks the
350-kb genomic duplication generated in vitro by HN878 and certain other Beijing isolates, and it is
referred to here as HN878 (32).

General nucleic acid techniques. Taq polymerase and dinucleoside triphosphates (dNTPs) were
obtained from Thermo Scientific. PCR was carried out according to standard protocols (76), except, where
necessary, 5 or 10% dimethyl sulfoxide (DMSO) was also included in the reaction mixtures. The primers
used in this study are shown in Table S1 in the supplemental material. M. tuberculosis knockout (KO)
strains were generated by homologous recombination using the system developed by Pelicic et al. (77).
The plasmids used in this study are listed in Table 1. Specific details of how these plasmids were
constructed are described in the supplemental material. The gene arrangement of each KO strain around
the site of homologous recombination was confirmed by PCR, and their gene expression phenotypes
were confirmed by qRT-PCR. The absence of the 350-kb duplication that can occur in strains belonging
to groups 3 to 5 of the East Asian lineage was confirmed by PCR, as previously described (14, 32).

Sequence analysis of the dosR promoter region. A 647-bp fragment was generated by PCR using
primers Rv3134c-M-F and dosR-B. This region corresponds to nucleotides 3499869 to 3500516 of the
genome, numbered according to the H37Rv sequence provided in TubercuList (http://tuberculist.epfl.ch/)
(78). This sequence harbors 574 bp at the 3= end of Rv3134c and 46 bp at the 5= end of dosR. Sanger
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sequencing of the reaction products was carried out at the McGill University and Génome Québec
Innovation Centre.

Microarray analysis. Whole-genome transcriptome profiling was performed by microarray analysis
of RNA, according to protocols previously described (79). In brief, 4 �g of RNA was used in the
preparation of cDNA labeled with either Cy3 or Cy5-NHS esters (GE Healthcare) via the aminoallyl indirect
labeling method (80) in the presence of SuperScript III reverse transcriptase (Invitrogen). The M.
tuberculosis whole-genome microarrays used in these experiments were kindly provided by F. McIntosh
and M. Behr (McGill University) and are composed of 70-bp oligonucleotides (TB Array-Ready oligo set;
Operon) printed in duplicate. The mean fluorescence values for each spot, minus the surrounding
background, were used in the analysis. Spots flagged as misrepresentative or those with a negative value
following background correction were excluded from further analysis. The fluorescence intensity ratios
(Cy3/Cy5 or Cy5/Cy3) were calculated for each spot, log10 transformed, and then normalized with respect
to the mean value of all fluorescence ratios. A Z-score [Z � (log10 fluorescence ratio � mean)/standard
deviation] was calculated for each spot, and the Z-scores for each gene were averaged across all
replicates. Two independent biological samples were analyzed for each M. tuberculosis strain (a total of
3 arrays for each comparison).

qRT-PCR. RNA was purified from cultures with an OD600of 0.2 to 0.3, as previously described (18).
Primer pairs DosR-RT-6-f and DosR-RT-6-r, dosTSYBR-F2 and dosTSYBR-R2, Rv3130c-F and Rv3130c-R, and
DosS-F2 and DosS-R2 (Table S1) were used to quantify the expression of dosR, dosT, Rv3130c, and dosS,
respectively, while primers SigA1-F and SigA1-R were used to quantify sigA for normalization purposes.
The procedures used for first-strand cDNA synthesis and qRT-PCR were as described by Domenech and
Reed (79). The relative standard curve method was used for quantification. Standard deviations (SD) were
calculated according to the following formula as specified by Applied Biosystems (81): SD � (cv)(X),
where X is the ratio of the mean values of the nominator (n) and denominator (d). cv is the coefficient
of variation (standard deviation normalized to the mean values for each gene) calculated from the
following formula: cv � ���cvn�2��cvd�2�. Three biological replicates were each analyzed in triplicate.

Mouse infections. Prior to infection, well-dispersed liquid cultures were adjusted to an OD600 of 0.4
and stored at �70°C as 10% (vol/vol) glycerol stocks. Inocula were prepared by diluting these stocks to
4 � 106 CFU/ml in phosphate-buffered saline (PBS)–Tween 80 (0.05%). Eight-week-old B6D2/F1 mice (The
Jackson Laboratory) were infected using a Lovelace nebulizer (In-Tox) for 10 min. Bacteria were
enumerated at 1, 14, 28, 63, and 196 days postinfection (5 mice per time point) by homogenizing the
lungs and spleens of infected mice in 1 ml of 7H9 medium and plating 10-fold serial dilutions on
7H11-OADC medium containing PANTA antibiotic mixture (BD; 12 U/ml polymyxin B, 1.2 �g/ml ampho-
tericin B, trimethoprim, and azlocillin, and 4.8 �g/ml nalidixic acid) to avoid contamination of the plates.
Twelve mice were left in each group for the animal survival experiments. Survival proportions were
calculated using the Kaplan-Meier method (82), and the Mann-Whitney test was used to determine the
statistical significance of the observed survival differences (GraphPad Prism version 3.0; GraphPad
Software, CA). All animal experiments were approved and carried out in accordance with the guidelines
and regulations of the Animal Care Committee of McGill University.

Protein techniques. Crude protein extracts from M. smegmatis mc2155 transformants were prepared
by bead-beating, according to the procedure described by Parish and Wheeler (83). Samples were added
to an equal volume of 2� reducing sample buffer (containing 8 M urea), boiled, and then electropho-
resed in 10% acrylamide– bis-acrylamide (29:1) (Bio-Rad) SDS-PAGE, according to standard procedures
(76). The monoclonal anti-FLAG M2– horseradish peroxidase (HRP) clone M2 (Sigma) and the Amersham

TABLE 1 Plasmids used in this study

Name Insert

pNS3 Truncated Rv3134c-dosR-dosS from H37Rv in pMV306-Kan; 507C plus 601C allele
pNS5 Rv3134c promoter-Rv3134c-dosR from H37Rv in pMV306-Kan; 507C plus 601C allele
pNS6 Rv3134c promoter-Rv3134c-dosR-dosS from H37Rv in pMV306-Kan; 507C plus 601C allele
pDC4 Truncated Rv3134c-dosR-dosS from HN878 in pMV306-Kan; 507G plus 601T allele
pDC5 Rv3134c promoter-Rv3134c-dosR from HN878 in pMV306-Kan; 507G plus 601T allele
pDC6 Rv3134c promoter-Rv3134c-dosR-dosS from HN878 in pMV306-Kan; 507G plus 601T allele
pAA3 Rv3134c promoter-Rv3134c-dosR-dosS from HN878 in pMV306-Kan; 507C plus 601T hybrid allele
pAA6 Rv3134c promoter-Rv3134c-dosR-dosS from HN878 in pMV306-Kan; 507G plus 601T, DosR (D54E)
pAR2 Rv3134c promoter-Rv3134c-dosS from HN878 in pMV306-Kan; 507G plus 601T allele (no dosR)
pdosT-wt dosT from H37Rv in pMV361-Gent
pdosT-mut dosT from HN878 (G775 frameshift mutation) in pMV361-Gent
pN-FLAGdosT-wt 5= FLAG-wild-type dosT in pMV361-Kan
pC-FLAGdosT-wt Wild-type dosT-3= FLAG in pMV361-Kan
pN-FLAGdosT-mut 5= FLAG-mutant dosT (G775 frameshift mutation) in pMV361-Kan
pC-FLAGdosT-mut Mutant dosT (G775 frameshift mutation)-3= FLAG in pMV361-Kan
pPR23ΔdosR�S dosR-kan-dosS in pPR23; used for generating M. tuberculosis dosR-dosS KO mutants
pPR23ΔdosT/Hyg dosT-hyg-dosT in pPR23; used for generating M. tuberculosis dosT KO mutants
pΔdosSv2.0 dosS-kan-dosS in pPR23; used for generating M. tuberculosis dosS KO mutants
pPDM15 dosR-hyg-dosR in pPR23; used for generating M. tuberculosis dosR KO mutants
pPDM4 tgs1-hyg-tgs1 in pPR23; used for generating M. tuberculosis tgs1 KO mutants
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ECL detection system (GE Healthcare) were used for Western blotting, according to the manufacturer’s
instructions.

Lipid analysis. Apolar lipids were extracted as previously described (84). The presence of phthiocerol
dimycocerosate (PDIM) in all M. tuberculosis strains used in this study was confirmed by radiolabeling
cultures with 0.1 �Ci/ml of [1-14C]propionic acid (1 mCi/37 MBq; American Radiolabeled Chemicals), and
extracted lipids were analyzed by thin-layer chromatography (TLC) (silica gel 60 plates; EM Science) run
three times in hexanes/ethyl acetate (98:2 [vol/vol]) (79). Triacylglyceride (TAG) content was analyzed by
radiolabeling with 1 �Ci/ml of [14C(U)]glycerol (1 mCi/37 MBq; American Radiolabeled Chemicals) and
analyzed as described above (27). TLC plates were visualized using a Storm 840 PhosphorImager
(Molecular Dynamics).

Accession number(s). The data associated with this paper have been deposited in NCBI’s Gene
Expression Omnibus and are accessible with GEO series accession no. GSE83677.
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