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The Beijing family of Mycobacterium tuberculosis strains has been associated with epidemic spread and an
increased likelihood of developing drug resistance. The characteristics that predispose this family to such
clinical outcomes have not been identified, although one potential candidate, the phenolic glycolipid PGL-tb,
has been shown to mediate a fulminant lethal disease in mice and rabbits due to lipid-mediated immunosup-
pression. However, PGL-tb is not uniformly expressed throughout the Beijing lineage and may not be the only
unique virulence trait associated with this family. In an attempt to define phenotypes common to all Beijing
strains, we interrogated a carefully selected set of isolates representing the five extant lineages of the Beijing
family. Comparison of lipid production in this set revealed that all Beijing strains accumulated large
quantities of triacylglycerides in in vitro aerobic culture. This accumulation was found to be coincident
with upregulation of Rv3130c, whose product was previously characterized as a triacylglyceride synthase.
Rv3130c is a member of the DosR-controlled regulon of M. tuberculosis, and further examination revealed
that several members of this regulon were upregulated throughout this strain family. The upregulation of
the DosR regulon may confer an adaptive advantage for growth in microaerophilic or anaerobic environ-
ments encountered by the bacillus during infection and thus may be related to the epidemiological
phenomena associated with this important strain lineage.

Mycobacterium tuberculosis, the bacterial agent responsible
for the disease tuberculosis (TB), causes 100 million new in-
fections and 2 million deaths each year (49). Although early
studies considered global M. tuberculosis strains to be geneti-
cally and phenotypically restricted (37), more recent efforts
suggest that deletion events and single-nucleotide polymor-
phisms are major mechanisms of genomic plasticity with im-
portant sequelae that can impact disease (16, 42). As evolution
has shaped the host response to M. tuberculosis infection, it has
also shaped the bacterial adaptations to that response. Geo-
graphic restrictions in strain and human distribution have po-
tentially created pockets of metastable host-pathogen popula-
tions, where genomic traits of both host and pathogen have
reached a state of equilibrium. Global travel and immigration
on a large scale may upset these equilibria by bringing into
contact host and pathogen populations that have not encoun-
tered each other previously (19). There has therefore arisen an
awareness of the possibility that independent clades of strains
with differential virulence characteristics may be associated
with unique disease manifestations (30).

One family of genotypically related M. tuberculosis strains
that has attracted considerable attention over the past decade

is known as “Beijing” or “W-Beijing” (3, 17). The latter term
refers to the fact that the infamous multidrug-resistant W
strain that spread rapidly through HIV-infected individuals in
prisons and hospitals of New York City during the 1990s be-
longs to the much broader Beijing family (4). Members of the
Beijing lineage were originally identified on the basis of their
IS6110 fingerprinting and spoligotype patterns (3). More re-
cently, however, we identified several large sequence polymor-
phisms (LSPs) through genomic microarray approaches that
are unique to Beijing strains and enable their classification into
five monophyletic subgroups (16, 41). On a global basis, Bei-
jing strains at present account for approximately 10% of all TB
cases in reported studies (14, 15). Regardless of the debate
over where the lineage originated—either Central Asia or the
Beijing area of China (27, 45)—it is now highly endemic
throughout much of Eastern and Southeast Asia. In fact, more
than 50% of TB cases across this entire region are due to
infection with M. tuberculosis Beijing strains. In other parts of
the world, including Russia, Cuba, Bangladesh, South Africa,
and western Europe, the proportion of TB due to Beijing
strains has also been found to be increasing (14). The impor-
tance of this strain family is further highlighted by the fact that
the recent epidemic spread within these countries is frequently
associated with drug resistance (14, 15, 17). In a large, recent
Russian study, for example, multidrug-resistant TB was 2.4
times more likely to be due to infection with Beijing than
non-Beijing TB isolates (13). While the propensity for epi-
demic spread and drug resistance are presently the most widely
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acknowledged epidemiological traits associated with these
strains, there are a number of reports linking the Beijing family
with extrapulmonary TB or with treatment failure and relapse
(21, 22, 38). The reasons for the high incidence and emerging
nature of these strains in multiple geographic settings are not
clear, but these phenomena raise the possibility that discrete
attributes of this family of strains are responsible for changes in
the disease and transmission process. This was highlighted by
our recent description of a phenolic glycolipid (PGL-tb) that is
produced by a subset of M. tuberculosis Beijing strains that are
hypervirulent within mouse survival models of pulmonary TB
infection. Purified PGL-tb is able to inhibit macrophage proin-
flammatory cytokine release in vitro, and deletion of the
pks1-15 gene region that is required for PGL-tb synthesis com-
pletely abolishes the hypervirulence phenotype in mouse and
rabbit models of infection (30, 40). PGL-tb is clearly an im-
portant virulence factor for a fraction of Beijing isolates that
are likely to be associated with unique disease manifestations
within the human host. However, PGL-tb expression is unlikely
to explain the successful epidemic spread of the entire clade of
this extremely diverse collection of strains, the majority of
which do not produce PGL-tb. In the present study we wanted
to explore the unique properties of the M. tuberculosis Beijing
lineage that may provide a molecular explanation for the im-
portant epidemiological phenomena that are currently attrib-
uted to this strain family.

The so-called “dormancy regulon” of M. tuberculosis is a
transcriptional program induced by low oxygen tension or ni-
tric oxide (NO) that is utilized by the bacterium to adapt for
survival during periods of nonreplicating persistence in vitro.
This regulon has been proposed to be associated with survival
of the bacillus during latent TB infection, a chronic, asymp-
tomatic state that afflicts one-third of the total global human
population (34, 46). The 48-gene regulon is controlled by the
transcription factor DosR, which binds DNA to induce tran-
scription of the DosR regulon genes following phosphorylation
by one of two cognate sensor kinases (31, 32). The genes
contained within the DosR regulon include genes involved in
anaerobic respiration and lipid metabolism. Strains with mu-
tations in this regulon are impaired for survival under oxygen
limitation (5), a condition likely to be encountered during
latency in humans and possibly even during chronic phases of
active disease (6, 46, 48).

MATERIALS AND METHODS

Bacterial strains and media. M. tuberculosis strains other than CDC1551 (T.
Shinnick, Centers for Disease Control and Prevention, Atlanta, GA), H37Rv
(ATCC 27294), HN878 (J. Musser, Methodist Hospital Research Institute,
Houston, TX), and NHN5 (J. Musser) were all collected previously as part of our
comparative whole-genome analysis studies (16, 42). Unless otherwise stated,
strains were cultured using 7H9 liquid medium (Difco) containing 10% albumin
dextrose complex, 0.5% glycerol, and 0.1% Tween-80.

Lipid analysis. Cultures (10 to 30 ml) were grown to an A650 of 0.2, at which
point either 0.1 �Ci ml�1 [1-14C] propionic acid (American Radiolabeled Chem-
icals), 1 �Ci ml�1 [1-14C]acetic acid (GE Healthcare), or 1 �Ci ml�1 [14C(U)]-
glycerol (American Radiolabeled Chemicals) was added, and the cultures were
incubated for a further 48 h. Cell pellets were resuspended in methanol–0.3%
NaCl (aqueous) (10:1), and apolar lipids were extracted twice with petroleum
ether as described previously (36). Lipid extracts were spotted onto silica gel 60
thin-layer chromatography (TLC) plates (Merck), which were developed in pe-
troleum ether-acetone (96:4). TLC plates were visualized using a Storm 860
PhosphorImager (Molecular Dynamics) or by chemical staining with 5%

phosphomolybdic acid (Sigma) in ethanol. Liquid chromatography-mass spec-
trometry (LC/MS) was conducted on an Agilent 1100 series HPLC with attached
quadrupole mass analyzer and electrospray ionization in positive ion mode. LC
utilized a C18 column with isocratic elution using 70% methanol, 30% CHCl3,
0.1% ammonium hydroxide at a flow rate of 1 ml/min. Purified glycerol tri-
dodecanoate, tripalmitate, and triarachidate were purchased from Sigma.

RNA isolation and quantitative RT-PCR. Frozen cell pellets from cultures
with an optical density at 650 nm of 0.15 were resuspended in 1 ml of TRIzol
(Invitrogen) and transferred to 2-ml screw-cap tubes containing 0.2 ml of 0.1-
mm-diameter glass beads (BioSpec Products). Cells were disrupted by three 30-s
pulses in a FastPrep homogenizer (Thermo Electron Corporation). After cen-
trifugation, supernatants were extracted with 300 �l of chloroform/isoamyl al-
cohol, and RNA was precipitated with isopropanol. RNA pellets were washed
with 75% ethanol and resuspended in RNase-free water containing RNaseOUT
(1 unit/�l; Invitrogen). TURBO DNase (Ambion) was used per the manufac-
turer’s recommendations to remove contaminating DNA both before and after
the RNA was purified with an RNeasy minikit (QIAGEN). SuperScript III
(Invitrogen) reverse transcriptase was used to prepare randomly primed first-
strand cDNA from 200 ng of each RNA sample, and cDNA prepared in this
manner was diluted 1:10 prior to use in subsequent TaqMan reactions. The
primers and Fam-labeled TaqMan TAMRA probes (Applied Biosystems) listed
in Table 1 were used at concentrations of 300 nM and 200 nM, respectively. All
TaqMan primers and probes were designed using Primer Express Software
(Applied Biosystems). TaqMan reactions were carried out by using TaqMan
universal PCR master mix (Applied Biosystems) and the GeneAmp 7700 se-
quence detection system using standard reaction conditions as recommended by
the manufacturer.

RESULTS

PGL-tb synthesis and the M. tuberculosis Beijing lineage. We
previously demonstrated that HN878 (37) and closely related
Beijing strains (W4, W10, and 210) (3) are able to synthesize
PGL-tb (30). This complex glycolipid is not produced in strains
CDC1551 (43) and NHN5 (37) or in the sequenced laboratory

TABLE 1. Oligonucleotide primers and TaqMan probes used in
qRT-PCR analysis of DosR regulon expression

Primer or probe Sequencea

PCR primers
Rv3130c 5�-ATCCTGACCAAACTGCACCAC-3�

5�-CCCAGCTAGCAGGTGAGTCG-3�
dosR 5�-GATGGCAACGGCATTGAACT-3�

5�-ATCAGACAGCGCAGATCGG-3�
hspX 5�-GAATTCGCGTACGGTTCCTTC-3�

5�-TGTCGTCCTCGTCAGCACC-3�
fdxA 5�-GCGTGGATGTGATGGACAAG-3�

5�-ATGTAGAGCATTCGGGCGC-3�
narX 5�-AGTCCGGAGATTGGTGGGAC-3�

5�-TTGCCGTGAGTTCGGGTAG-3�
sigA 5�-TCGCGCCTACCTCAAAC-3�

5�-CTAGCTCGACCTCTTCCTCGG-3�
16S rRNA 5�-GTGGAGAAGAAGCACCGGC-3�

5�-ACGCTCGCACCCTACGTATT-3�
sigB 5�-GGGCGATTTCATCGAGGAC-3�

5�-TCGGTGTGTAACAGTTCGGC-3�

TaqMan probes
Rv3130c 5�-CATGGCCGACGGAATCGCG-3�
dosR 5�-CCGCGATCTGTTGTCCCGCAT-3�
hspX 5�-CGCACGGTGTCGCTGCCG-3�
fdxA 5�-TGTGCAGGAGTGTCCGGTCGACTG

TAT-3�
narX 5�-TGGTGTGGCAATGCGCCTCG-3�
sigA 5�-TCGGCAAGGTAGCGCTGCTCAAC-3�
16S rRNA 5�-CTACGTGCCAGCAGCCGCGG-3�
sigB 5�-TCCGCGGAGAACGCGGTCA-3�

a For primers, forward and reverse sequence pairs are listed.
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strain H37Rv (8). NHN5 lacks PGL-tb despite the fact that it
possesses an intact copy of the pks1-15 gene (30). This led to
the speculation that multiple, independent genetic alterations
have taken place and are responsible for the loss of PGL-tb
expression in diverse strain types. NHN5 was previously mis-
classified as a non-Beijing strain based upon available geno-
typic and phenotypic information (25). However, we have re-
cently established that NHN5 is indeed a member of the
Beijing family due to the presence of Beijing-specific LSPs
(16, 41).

Comparative whole-genome hybridization was carried out
previously in order to identify the subpopulation structure of
the M. tuberculosis Beijing family of strains (16, 41). The
RD105 (regions of difference) LSP appears in all Beijing
strains examined to date and can be used to define the set of
strains belonging to this lineage. Further subdivisions of the M.
tuberculosis Beijing lineage are made on the basis of the vari-
able appearance of the RD207, RD181, RD150, and RD142
deletions. In the present study, we refer to group 1 Beijing
strains as those that contain only the RD105 LSP, while group
2 to 5 Beijing strains also contain RD207 (group 2), RD207
and RD181 (group 3), RD207, RD181, and RD150 (group 4),
and RD207, RD181, and RD142 (group 5) (Fig. 1). Group 1
strains are atypical in that they do not have deletions of RD207
(the genomic deletion responsible for the characteristic spoligo-
type pattern of Beijing strains) and thus can be thought of as
being “ancestral” to the “classical” Beijing lineage. Other
strain families examined in this study include those referred to
as Indo-Oceanic and Euro-American (16). Indo-Oceanic
strains are defined by the deletion of RD239 (Fig. 1) and are
ancestral to “modern” M. tuberculosis strains, as they lack the
TbD1 deletion (7). The Euro-American lineage incorporates

strains previously classified under the heading of principal ge-
netic groups 2 and 3 (37) and includes CDC1551 and H37Rv.
All strains within the Euro-American clade contain the 7-bp
pks1-15 deletion, which renders them incapable of synthesizing
PGL-tb (9, 30). Specific Middle Eastern and African subline-
ages also exist within the diverse Euro-American strain family
(Fig. 1).

In order to extend our initial observations of PGL-tb expres-
sion within the Beijing lineage, an additional set of 36 Beijing
isolates representing each of the five sublineages was assayed
for PGL-tb synthesis as previously described (30). Briefly, in
vitro cultures of each of these strains were incubated in the
presence of [1-14C]propionic acid to specifically radiolabel
methyl-branched lipids derived from methyl-malonyl coen-
zyme A. Apolar organic solvent extracts were prepared for
each of the radiolabeled strains and fractionated by TLC. Each
of the strains tested in this manner has its pks1-15 sequence
intact (41). PGL-tb synthesis was detected in only 40% of
strains tested, which further confirmed the apparent dichotomy
in PGL-tb expression for the Beijing lineage. Even more strik-
ing was the finding that PGL-tb synthesis was restricted to
Beijing subgroups 3, 4, and 5. Ten percent of group 3 strains
that were tested produced PGL-tb, while 60% and 80% of
strains within groups 4 and 5, respectively, synthesized detect-
able quantities of PGL-tb (Table 2). It should be noted that at
present we only have a single confirmed group 2 strain in our
collection. Further studies are required to definitively assess
whether additional members of this subgroup are also inca-
pable of synthesizing PGL-tb. As expected, none of the 18
non-Beijing strains tested generated PGL-tb.

Triglyceride accumulation within Beijing strains. To con-
tinue our comparative studies aimed at identifying lipids that
are unique to the M. tuberculosis Beijing lineage, in vitro cul-
tures of HN878, NHN5, CDC1551, and H37Rv were incubated
in the presence of [1-14C]propionic acid. Apolar organic sol-
vent extracts were prepared for each of the radiolabeled strains
and fractionated by normal-phase TLC. After a range of mo-
bile-phase systems was explored, an abundant lipid was visu-
alized by phosphorimaging in the HN878 and NHN5 extracts
following TLC fractionation under the least polar solvent con-
ditions tested (Fig. 2A). This lipid was absent from identical
apolar lipid extracts generated from the non-Beijing strains

TABLE 2. Proportion of PGL-tb- and TAG-producing strains in
Beijing and non-Beijing lineages of M. tuberculosis

Lineage and
group LSP(s)

% (no. positive/no.
tested) producing:

PGL-tb TAG

Beijing
1 RD105 0 (0/7) 100
2 RD105, RD207 0 (0/1) 100
3 RD105, RD207, RD181 10 (1/10) 100
4 RD105, RD207, RD181,

RD150
60 (6/10) 100

5 RD105, RD207, RD181,
RD142

80 (8/10) 100

Indo-Oceanic 0 (0/5) 0

Euro-American 0 (0/13) 0

FIG. 1. Global population structure of M. tuberculosis. Numbers in
rectangles refer to lineage-defining LSPs. The geographic regions as-
sociated with specific lineages are indicated, as is the Beijing family
subgroup structure (adapted from reference 16 with the permission of
the publisher).
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CDC1551 and H37Rv. To confirm that the relative abundance
of this lipid was not just an artifact of using [1-14C]propionic
acid in the radiolabeling process, we repeated the labeling
experiment with [1-14C]acetic acid (Fig. 2A) and also chemi-
cally stained TLC fractionated lipids with phosphomolybdic
acid (Fig. 2B).

The relative mobility of this lipid under the solvent con-
ditions tested suggested that it belonged to the class of lipids
known as triacylglycerides (TAG) (12). This interpretation
was confirmed through the ability to specifically radiolabel
this material with [U-14C]glycerol (Fig. 2A). Several prior
studies on the TAG of M. tuberculosis, Mycobacterium smeg-
matis, and Mycobacterium bovis BCG each demonstrated an
enormous variety in the range of fatty acids that are able
to be esterified to the three positions of the glycerol back-
bone, which includes several methyl-branched fatty acid spe-
cies (10, 47). This observation is consistent with our ability
to radiolabel the HN878 and NHN5 TAG with both
[1-14C]propionate and [1-14C]acetate. Preliminary LC/MS
carried out on TAG purified from HN878 lipid extracts by
preparative TLC confirmed the presence of an extremely
diverse mixture of TAG molecules (data not presented).

Triglyceride synthesis in genetically diverse M. tuberculosis
lineages. The set of 36 isolates representing each of the five
Beijing sublineages was cultured under standard in vitro con-
ditions in the presence of [1-14C]propionic acid. Apolar lipids
were extracted and analyzed by TLC as outlined above. Each
of the Beijing strains assayed in this manner was found to
accumulate TAG as shown previously for strains HN878 (Bei-
jing group 5) and NHN5 (group 3) (Fig. 3). In contrast, of the
18 non-Beijing bacterial strains representing both the Euro-
American and Indo-Oceanic lineages, not a single strain was
found to synthesize TAG in detectable amounts when cultured
under identical conditions (Fig. 3). It should be noted that

TAG storage within the Beijing strains is not simply a function
of excess glycerol within the growth medium, as we also ob-
served TAG formation when cultures were grown in the ab-
sence of exogenous sources of glycerol (data not shown).

Expression of the dormancy regulon within the Beijing line-
age. One of the genes of the dormancy (DosR) regulon,
Rv3130c, has been shown to encode a protein with TAG syn-
thase activity (10). In the same study, synthesis and accumula-
tion of TAG were shown to occur in M. tuberculosis (H37Rv)
cultures that were subjected to low-oxygen conditions for �14
days or upon short-term exposure to NO, suggesting that TAG
accumulation was under DosR control. Transcription of the
Rv3130c TAG synthase under these conditions is induced 20-
to 40-fold (10). Disruption of Rv3130c in the H37Rv back-
ground was very recently shown to prevent TAG accumulation
under these in vitro conditions (35). Because of this associa-
tion, we decided to evaluate the transcriptional activity of
Rv3130c along with other genes of the DosR regulon for
members of the M. tuberculosis Beijing lineage.

cDNA was prepared for quantitative real-time PCR (qRT-
PCR) analysis using total RNA isolated from log-phase cul-
tures of 11 strains representing each of the five Beijing sub-
groups, as well as 8 non-Beijing strains representing both the
Indo-Oceanic and Euro-American clades. In addition to
Rv3130c, qRT-PCR was used to assay expression levels of
dosR (Rv3133c) (the response regulator that mediates tran-
scription of the dormancy regulon [29]), hspX (�-crystallin;
Rv2031c), fdxA (ferredoxin; Rv2007c), and narX (nitrate re-
ductase; Rv1736c). Aside from dosR, which is found almost
adjacent to Rv3130c, these genes were selected on the basis
that they are located in distinct regions of the M. tuberculosis
genome. After normalizing to sigA expression levels, Rv3130c
transcription was determined to be on average 10-fold greater
in Beijing strains than in non-Beijing strains, consistent with
the accumulation of TAG seen for the Beijing lineage (Fig. 4).
The greatest difference in transcript abundance was observed
for dosR, which was expressed at 50-fold-higher levels in Bei-
jing strains than in non-Beijing strains. For the other genes of
the regulon that were analyzed, the transcript levels were on
average 6 times greater within the M. tuberculosis Beijing iso-
lates (Fig. 4). In order to avoid any potential bias in these

FIG. 2. Triglyceride synthesis in Beijing strains. (A) Apolar lipids
extracted from [1-14C]propionic acid-, [1-14C]acetic acid-, or [U-14C]-
glycerol-labeled cultures of the M. tuberculosis strains indicated were
analyzed on silica gel TLC plates developed in petroleum ether-ace-
tone (96:4). Radiolabeled lipids were detected by phosphorimaging.
PDIM, phthiocerol dimycocerosate. (B) Apolar lipid extracts of
HN878 and H37Rv cultures were fractionated as for panel A and
detected by staining with 5% phosphomolybdic acid (PMA).

FIG. 3. All Beijing sublineages accumulate triglycerides. Apolar
lipids extracted from [1-14C]propionic acid-labeled in vitro cultures of
the Beijing and non-Beijing strains indicated were analyzed on silica
gel TLC plates developed in petroleum ether-acetone (96:4). Radio-
labeled lipids were subsequently visualized by phosphorimaging. The
position of the triglyceride fraction specific to all Beijing strains is
shown. PDIM, phthiocerol dimycocerosate.
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findings due to inherent differences in sigA mRNA levels be-
tween Beijing and non-Beijing strains, we reanalyzed all qRT-
PCR data by normalizing to 16S rRNA. The results obtained in
this manner were indistinguishable from those obtained fol-
lowing sigA normalization. To also confirm that the dormancy
regulon was not overexpressed within the Beijing isolates as
part of a more generalized “stress” response, we assayed tran-
scription of the stress-inducible sigma factor sigB (26, 46). sigB
expression did not vary significantly among the isolates tested
(data not shown).

DISCUSSION

The reasons for the apparent global success of Beijing
strains are not yet understood but could include a variety of
host-related factors, such as human population movements
(27, 44), selective pressure due to increases in worldwide BCG
vaccine coverage (24, 45), institutionalization (4, 39), and
ineffective treatment of drug-resistant strains, leading to in-
creased transmission periods. The possibility that features
inherent in the M. tuberculosis Beijing lineage may play an
important role in the success of these strains by conferring
unique virulence or transmission properties has also been high-
lighted recently by several laboratories, including ours. A small
number of Beijing strains have shown increased replication
rates within in vitro-grown macrophages (2, 23, 50) as well as
enhanced virulence (hypervirulence) within mouse models of
pulmonary TB and rabbit models of tuberculous meningitis
(24, 25, 30, 40). We have also demonstrated selective enrich-
ment of Beijing strains over non-Beijing strains in mixed in-
fections in mice (2).

The finding that PGL-tb expression appears to be confined
to Beijing subgroups 3 to 5 (10%, 60%, and 80% of strains
within groups 3, 4, and 5, respectively) supports the hypothesis
that PGL-tb synthesis has been selected against on at least two
independent occasions (due to the fact that all Beijing strains
possess an intact pks1-15 gene, unlike the Euro-American
strains). This observation also suggests that the ability to syn-
thesize PGL-tb has been maintained (or possibly reacquired)
independently in three distinct Beijing lineages. PGL-tb must
confer some form of selective evolutionary advantage upon the
strains that generate this complex immunosuppressive glyco-
lipid. The selective pressure in this case may be related to a
unique attribute of the host immune response within the pop-
ulation of patients infected with these PGL-tb-producing iso-
lates. Obviously, the fact that PGL-tb synthesis is not uniformly
distributed among the five Beijing lineages will significantly
complicate any attempts to ascertain the role of this lipid in
human TB disease.

The DosR regulon of M. tuberculosis comprises a set of 48
diverse genes that are coordinately regulated in response to
either oxygen deprivation (hypoxia) or treatment with NO (34,
46). Both of these conditions lead to inhibition of respiration
and are believed to contribute to the development of latent TB
bacilli within the granulomatous environment of the human
lung (28, 48). Many of the genes that comprise the dormancy
regulon, including those shown to be constitutively overex-
pressed in M. tuberculosis Beijing strains as part of the present
study (dosR, Rv3130c, hspX, fdxA, and narX), have been con-
firmed to be induced within the lungs of infected mice and in
extracellular bacteria isolated from a mouse artificial granu-
loma model (20, 33). Induction of each of these genes also

FIG. 4. Constitutive dormancy regulon expression in the M. tuberculosis Beijing lineage. Gene expression levels within RNA samples isolated
from early-log-phase in vitro cultures were analyzed by qRT-PCR. Mean transcript abundance (ng) was determined for Beijing (n � 11) and
non-Beijing (n � 8) isolates (assayed in triplicate) relative to sigA transcript levels. Two independent RNA samples were analyzed for each M.
tuberculosis strain, and data from a single representative experiment are presented. Error bars represent standard deviations.
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occurs in in vitro-cultured macrophages that have been acti-
vated via treatment with IFN-� and is dependent upon the
generation of NO within these macrophages. In this study, we
have demonstrated for the first time that the M. tuberculosis
Beijing lineage has a basal level of transcription for several
dormancy regulon genes that is up to 50-fold higher than that
in non-Beijing strains. While it still remains to be confirmed
experimentally, it seems reasonable to assume that the ability
to constitutively overexpress genes known to be involved in
the adaptive response of M. tuberculosis to hypoxia and reac-
tive nitrogen intermediates would confer a significant advan-
tage upon these strains, since they would be “preadapted” to
one set of environmental conditions thought to predominate in
vivo during infection. Indeed, the importance of dosR for bac-
terial maintenance and survival under hypoxic conditions in
vitro has been previously demonstrated (5, 46). The hypothesis
that M. tuberculosis Beijing strains are predisposed toward
metabolism and survival within microaerophilic or anaerobic
environments is the subject of ongoing studies within our lab-
oratories.

In addition to constitutive overexpression of the DosR regu-
lon within the Beijing lineage, all Beijing strains were found to
accumulate TAG. The fact that these two phenotypes were
linked was highlighted recently by the discovery that
Rv3130c—a member of the dormancy regulon—encodes a di-
acylglycerol acyltransferase (TAG synthase) whose activity is
induced in response to hypoxia and NO treatment. Moreover,
TAG has been reported to accumulate to detectable levels
after 2 weeks within O2-depleted cultures (H37Rv) and at a
considerably higher rate during NO exposure. Disruption of
Rv3130c has also been demonstrated to prevent TAG accu-
mulation under these in vitro conditions (10, 35). Upon nutri-
ent starvation, stored TAG is able to be hydrolyzed following
lipase induction, supporting a role for this lipid as an energy
storage mechanism that provides a carbon and energy source
to support cell growth in the face of either anoxia or an ag-
gressive immune response (11). As such, the ability of M.
tuberculosis Beijing strains to accumulate fatty acids in the
form of TAG under conditions where non-Beijing strains nor-
mally do not is likely to mean that they have a readily available
energy source that could afford them a clear advantage over
other lineages during, for example, periods of latency and trans-
mission. In the present study, levels of the Rv3130c transcript
were 10-fold greater in Beijing strains than in non-Beijing strains
under standard growth conditions, consistent with the striking
accumulation of TAG in this strain family. Despite the fact that
the constitutive levels of the dormancy regulon transcripts de-
tected within the M. tuberculosis Beijing isolates appear to be
somewhat less than the levels reached in other studies following
NO exposure or within infected mice (20, 46), we are still able to
detect significant amounts of accumulated TAG within the Bei-
jing strains. Aside from M. tuberculosis, accumulation of TAG
under low-oxygen conditions also occurs in Rhodococcus opacus
(1). This led to the intriguing suggestion that TAG synthesis—by
analogy to another group of storage lipids, polyhydroxyalkanoic
acid—may serve as a sink for cellular reducing equivalents. Fatty
acid biosynthesis requires large amounts of NADPH, such that
their synthesis and storage in large quantities as TAG could avoid
the accumulation of reduced cofactors during the withdrawal of
O2. If this is indeed the case, then the constitutive accumulation

of TAG by the M. tuberculosis Beijing lineage supports the hy-
pothesis that these strains are more adept than strains of non-
Beijing lineages at evolving their metabolism to that required for
survival within host tissues.

In summary, while the role of the DosR regulon and TAG in
human TB remains to be explored, this study represents the
first description of a series of phenomena that occur uniquely
within members of a single M. tuberculosis lineage. The ability
of M. tuberculosis Beijing strains to constitutively overexpress
the DosR regulon with concomitant accumulation of TAG may
help to explain the epidemiological traits currently associated
with this important strain family. Bearing in mind that even
minor differences in inoculum can have dramatic consequences
in terms of disease outcome (2), any slight advantage that
Beijing strains have over other lineages—particularly early on
in infection—could easily translate into a dramatic effect on a
population-wide basis. In addition, if Beijing strains are pre-
disposed to adaptive metabolic or cell wall alterations upon
entering the host, this could potentially contribute to pheno-
typic antibiotic tolerance (18), lack of treatment effectiveness,
and the development of drug resistance. It will be vital to gain
insight into the range of influence that the dormancy regulon,
PGL-tb, and TAG have on the metabolism and the spectrum
of disease caused by Beijing strains if we are to successfully
control this adaptive and widely successful emerging pathogen.
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