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Mycobacterium tuberculosis Strains of the Modern Sublineage of the
Beijing Family Are More Likely To Display Increased Virulence than
Strains of the Ancient Sublineage
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Strains of the Beijing genotype family of Mycobacterium tuberculosis are a cause of particular concern because of their increas-
ing dissemination in the world and their association with drug resistance. Phylogenetically, this family includes distinct ancient
and modern sublineages. The modern strains, contrary to the ancestral counterparts, demonstrated increasing prevalence in
many world regions that suggest an enhanced bacterial pathogenicity. We therefore evaluated virulence of modern versus an-
cient Beijing strains with similar epidemiological and genotype characteristics. For this, we selected six strains that had very sim-
ilar 24-locus mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing profiles and be-
longed to the region of difference 181 (RD181) subgroup but differed using markers (mutT2 and mutT4 genes and NTF locus)
that discriminate between modern and ancient Beijing sublineages. The strains were isolated from native patients in Brazil and
Mozambique, countries with a low prevalence of Beijing strains. The virulence levels of these strains were determined in models
of pulmonary infection in mice and in vitro macrophage infection and compared with that of a strain from Russia, part of the
epidemic and hypervirulent Beijing clone B0O/W148, and of the laboratory strain H37Rv. The results showed that two of the three
modern Beijing strains were highly pathogenic, exhibiting levels of virulence comparable with that of the epidemic Russian
strain. In contrast, all isolates of the ancient sublineage displayed intermediate or low virulence. The data obtained demonstrate
that the strains of the modern Beijing sublineage are more likely to exhibit highly virulent phenotypes than ancient strains and

suggest that genetic alterations characteristic of the modern Beijing sublineage favor selection of highly virulent bacteria.

Despite extensive surveillance, tuberculosis (TB) remains a se-
rious public health problem. In different parts of the world,
there is concern about TB caused by the East Asian/Beijing lineage
of Mycobacterium tuberculosis, demonstrating increasing preva-
lence in the global M. tuberculosis population (1). Clinical and
epidemiological studies demonstrated that emergence of the Bei-
jing strains could be associated with high levels of bacterial resis-
tance to multiple drugs (2, 3) and enhanced pathogenicity of these
strains, leading to increased transmissibility (4) and rapid pro-
gression from infection to active disease (5). However, the data on
evaluation of the virulence of Beijing isolates were inconclusive,
demonstrating a wide range of inflammatory and virulence phe-
notypes, as determined in animal models (6, 7, 8) and in vitro
models of macrophage infection (9, 10).

Such differences in the virulence of Beijing strains could be
associated with genetic heterogeneity of the Beijing M. tuber-
culosis lineage. Indeed, bacterial genotyping and sequencing
demonstrated that the Beijing lineage, having in common a
characteristic spoligotype signature and lack of the region of
difference 105 (RD105) and RD207, has evolved into several
subgroups that are defined by deletion of other regions, such as
RD181, RD150, and RD142 (11, 12). While the large RD181
deletion occurred early in evolution of the Beijing lineage and
is found in most of the Beijing strains, the more recent RD150
and RD142 deletions were described in different unrelated
strains, demonstrating their homoplasy and hence limited util-
ity for phylogeny (13). Additional subdivision of the Beijing
lineage is currently based on the presence of IS6110 insertions
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in the NTF chromosomal region (14, 15) and on detection of
alterations in putative mutator genes, mutT2 and mutT4 (13,
16). The ancient (atypical) sublineage is characterized by an
intact NTF region and includes strains with intact RD181
(“more ancient” strains), as well as strains with deleted RD181
(“classical” ancient strains). The strains of modern (typical)
Beijing sublineage differ from the ancient strains by presenta-
tion of either a single (most of the modern Beijing sublineage)
or two IS6110 insertions (W sublineage) in the NTF region (14,
15). Verification of unique missense alterations in mut genes
demonstrated that the most ancestral strains possess intact mut
genes. The downstream ancient strains were discriminated by
detection of a single nucleotide polymorphism (SNP) in codon
position 48 of the mutT4 gene, changing CGG (Arg) to GGG
(Gly), whereas the modern strains of the RD181 subgroup, and
all other descendant branches, were characterized by an addi-
tional mutT2 mutation at codon position 58, changing GGA
(Gly) to CGA (Arg), in addition to the modified NTF region
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FIG 1 Genetic polymorphisms determining phylogeny of East Asian/Beijing lineage of M. tuberculosis respective to isolates included in this study.

(16). The summary of main phylogenetic markers discriminat-
ing ancient and modern strains of the Beijing lineage is pre-
sented in Fig. 1.

Epidemiological studies evaluating dissemination of differ-
ent phylogenetic groups of the Beijing M. tuberculosis family in
different regions of the world demonstrated that the growing
prevalence of Beijing TB is driven by strains of the modern
sublineage, not ancient Beijing strains (5, 17, 18). These obser-
vations lead us to speculate that the supposed enhanced viru-
lence and transmissibility, promoting dissemination of the Bei-
jing strains, could be associated predominantly with strains of
the modern sublineage.

Virulence-associated properties of modern and ancient Beijing
strains, comparing different phylogenetic subgroups of the Beijing
family, are only starting to be investigated. In a previous study,
Aguilar and colleagues investigated Beijing strains from distant
phylogenetic groups and observed increased virulence of highly
transmissible strains of the recently evolved modern sublineage
(sublineage 7, RD150 subgroup), compared with orphan strains
of the phylogenetically distant ancient sublineage (8). In the pres-
ent study, we aimed to study a more homogeneous group of
Beijing strains that belonged to the same RD181-defined phyloge-
netic group and presented considerable similarity in 24 MIRU-
VNTR-defined genotypes but differed in genetic markers charac-
teristic for ancient and modern sublineages. In an epidemiological
sense, the strains were considered sporadic, as being isolated from
unique cases of TB in countries with low prevalence of Beijing
strains.

Our results demonstrate that two of the three strains of the
modern Beijing sublineage studied, in contrast to the ancient
strains, displayed increased levels of virulence comparable with
that of the epidemic hypervirulent modern Beijing strain from
Russia. These data corroborate the hypothesis that evolution of
the Beijing M. tuberculosis lineage led to accumulation of genetic
polymorphisms that enhanced bacterial virulence.
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MATERIALS AND METHODS

Mycobacterial isolates and genotype classification. Mycobacterium tu-
berculosis strains of the Beijing genotype were collected over a 6-year pe-
riod (2001 to 2007) from native TB patients attending primary health care
clinics in Rio de Janeiro and Sao Paulo in Brazil (19) and in Maputo and
the Maputo province in Mozambique (20) as a part of molecular epide-
miology studies in these countries. The Russian M. tuberculosis isolate
1471 was isolated from a patient with pulmonary TB in the St. Petersburg
Research Institute of Phthisiopulmonology, Russia, and kindly provided
by B. Vishnevsky. This isolate was assigned to the Beijing genotype B0/
W148 clone by IS6110 restriction fragment length polymorphism (RFLP)
typing as described in our previous publication (19). The laboratory M.
tuberculosis strain H37Rv (ATCC) was obtained from the Laboratory of
Molecular Biology Applied to Mycobacteria, FIOCRUZ, Rio de Janeiro,
Brazil. The M. tuberculosis isolates were obtained as Lowenstein-Jensen
slants of low-passage-number cultures and stored frozen at —80°C as
aliquots of 10® bacilli/ml in complete 7H9 Middlebrook medium supple-
mented with 10% albumin-dextrose-catalase (ADC) enrichment (Difco)
and 0.05% Tween 80. The number of further culture passages was kept to
a minimum.

The Beijing genotype of all isolates was confirmed by spoligotyping,
and all presented the Beijing shared international type 1 (SIT 1). Addi-
tionally, the strains were tested for regions of difference (RDs), RD105,
RD142, RD150, and RD181 by multiplex PCR and analysis of amplicon
size on agarose gels (5). The strains were submitted to mycobacterial in-
terspersed repetitive-unit—variable-number tandem-repeat (MIRU-
VNTR) analysis, using standardized 24-locus MIRU-VNTR typing (21).
Verification of the presence of SNPs in the mutT2 and mutT4 genes was
performed by direct sequencing of PCR product generated as described
previously (22). Further characterization of the modern/typical and an-
cestral/atypical sublineages was done following the NTF locus-based evo-
lutionary framework of the Beijing genotype (15) and using primers
MDR6-F (MDR stands for multidrug resistance, and F stands for for-
ward), MDR6-R (R stands for reverse), MDR7-F, and MDR7-R to detect
IS6110 insertions in the NTF region (14).

Mouse infections. Specific-pathogen-free C57BL/6 mice (8 to 10
weeks old) were purchased from the Biotério do Instituto de Ciéncias
Biomédicas at the University of Sao Paulo (USP). The mice were main-
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TABLE 1 Genetic characteristics of the M. tuberculosis strains included in this study

Insertion of IS6110

Strain Family =~ Geographic origin ~ 24-locus MIRU-VNTR"” in NTF regions mutT2 mutT4 Sublineage
H37RV ATCC

M442 Beijing  Mozambique 223325173543424354433427  No insertion Free of mutation Free of mutation Ancient
2t272 Beijing  Brazil 223325173533424444433637  No insertion Free of mutation Mutation codon 48 Ancient
7264 Beijing  Brazil 223325173533424444433737  No insertion Free of mutation Mutation codon 48 Ancient
M467 Beijing  Mozambique 223325173543424354433427  One insertion Mutation codon 58~ Mutation codon 48 ~ Modern
1471 Beijing  Russia 223325173533424454443627  One insertion Mutation codon 58~ Mutation codon 48 ~ Modern
2172 Beijing  Brazil 223326173433425454433623  One insertion Mutation codon 58 ~ Mutation codon 48 ~ Modern
M299 Beijing  Mozambique 223325173533424354433427  One insertion ND? ND Modern

“ For the MIRU-VNTR data, the loci differed in repeat numbers are underlined.
? ND, not defined.

tained in microisolators in a biosafety level 3 animal facility at the Univer-
sidade Estadual do Norte Fluminense (UENF). All experimental protocols
were approved and performed according to the guidelines set by the In-
stitutional Animal Care and Use Committee of the UENF.

The M. tuberculosis strains were thawed and cultured for 5 days in
complete Middlebrook 7H9 broth to optimize viability of the thawed
bacteria. Suspensions were sonicated, vortexed, and kept for 10 min for
sedimentation of eventual clumps. The culture supernatant was micro-
scopically verified for the absence of clumps larger than five bacteria and
adjusted to an optical density at 600 nm (ODy,) of 0.1 using densitome-
try. Bacteria were inoculated in the mouse intratracheally (i.t.), either at
low dose (10* bacilli) or high dose (2.5 X 10 bacilli) in 60 pl of phos-
phate-buffered saline (PBS), while the control group was inoculated with
sterile PBS. Infection experiments were performed in triplicate. The effi-
ciency of targeting of the inoculum was confirmed by culture of lung
homogenates, obtained 18 h postinfection (p.i.) (day 0), on plates with
complete Middlebrook 7H10 agar supplemented with oleic acid-albu-
min-dextrose-catalase (OADC) enrichment (Becton, Dickinson, USA),
and the numbers of CFU were enumerated 21 days later.

Animal survival and lung bacillus loads. For evaluation of animal
survival, groups of 10 mice were infected with either low or high doses of
bacilli and observed during 350 or 150 days postinfection, respectively. All
mice were monitored twice per week until moribund and then sacrificed.
For quantification of the bacterial loads in the lungs, three animals from
each group infected with the low dose of bacilli were sacrificed at 28 and
120 days after infection. The entire lungs and separated upper lobes of the
right lungs, indicative for bacterial burdens, were weighed. The lobes were
homogenized, and serial dilutions of the homogenates were plated on
Middlebrook 7H10 agar for the CFU test. Results were expressed as log,
CFU per organ.

Lung pathology. The left lungs were fixed in 10% buffered formalin,
photographed to evaluate morphological changes, and subsequently em-
bedded in paraffin. For histopathological studies, serial 4- to 5-pm sec-
tions were stained with hematoxylin and eosin (H&E) to visualize tissue
alterations and by the Ziehl-Neelsen method to detect the presence of
acid-fast bacteria (BAAR). The samples were examined with an Axioplan
2 microscope (Carl Zeiss, Inc.), and the images of lung sections from four
mice per group were captured by Coolpix P995 (Nikon)-coupled device
camera. For the morphometric analysis, photographs were taken using a
magnification of X 10, and the Image J program (NIH, Bethesda, MD) was
utilized to objectively assess the area of inflammation. Color images were
converted to white/black images, and a contrast cutoff was established to
allow software identification of aerated areas (in black) and nonaerated
areas, including both inflamed and noninflamed tissue (in white). To
quantify the percentage of nonaerated area, we determined the mean per-
cent white area for 10 lung sections of control uninfected mice and each of
the different infected groups. To quantify the percentage of inflamed tis-
sue (area of pneumonia), the mean percent tissue area of control mice was
subtracted from that of each infected group.

The numbers of lung-infiltrating cells were determined by quantifica-
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tion of the cells obtained from enzymatically digested lung tissue. Two
lobes of the right lungs were mechanically dissected, resuspended in RPMI
1640 medium (Gibco, USA) complemented with Liberase (Sigma-Al-
drich; 2 pg/ml) and type IV bovine pancreatic DNase (Roche Diagnostic;
1 pg/ml), and incubated at 37°C for 45 min. Cell concentrations were
determined by Neubauer chamber cell counting.

Cell culture of bone marrow-derived macrophages and macrophage
infection. The bone marrow-derived macrophages (BMDM) were ob-
tained through the cultivation of bone marrow cells of C57BL/6 mice in
Dulbecco’s modified Eagle medium—nutrient mixture F-12 (DMEM/F12)
complemented with 20% L1929 cell-conditioned medium (as a source of
macrophage colony-stimulating factor [M-CSF] to induce macrophage
differentiation), as previously described (23). The cells were infected with
the mycobacterial strains at a multiplicity of infection (MOI) of 1:1 bac-
terium/macrophage. After 3-h incubation, the cultures were washed with
PBS and cultured in DMEM-F12 medium containing 2% fetal bovine
serum (FBS) for 6 days. The CFU test was employed to quantify intracel-
lular growth of mycobacteria. For this, the infected cultures were lysed on
day 0 and day 6 by adding 0.1% saponin for 10 min, and homogenates
were cultured in triplicate by plating onto complete Middlebrook 7H10
agar. Induction of necrotic cell death was evaluated in the BMDM cultures
infected at an MOI of 10:1 by the lactate dehydrogenase (LDH) test, using
LDH cytotoxicity assay kit (Doles, Goiania, Brazil). Cell lysates obtained
via treatment with 1% Triton X-100 were used as a positive control, and
the rate of LDH release was calculated using the formula: (supernatant
value — blank value)/(lysate value — blank value) X 100%.

Statistical analysis. Statistical analysis was performed using Prism4
GraphPad software. Survival Kaplan-Meier curves were compared by log
rank test. To compare multiple groups, one-way analysis of variance
(ANOVA) was used, followed by Bonferroni’s multiple-comparison test.

RESULTS

Genetic characteristics of the Beijing strains selected for viru-
lence evaluation. In our previous study, we performed genotyp-
ing of 28 Beijing M. tuberculosis strains isolated from native TB
patients in Brazil (n = 10) and Mozambique (n = 18) from native
patients with TB (L. L. Gomes, S. Vasconcellos, H. M. Gomes, A.
Elias, A. Rocha, S. Ribeiro, A. Panunto, L. Ferrazoli, M. Telles, M.
Ivens de Araujo, A. Kritski, I. Mokrousov, O. Manicheva, E. La-
sunskaia, and P. Suffys, submitted for publication). For this work,
we selected three ancient strains and three modern strains, deter-
mined by SNP analysis in the mutT2 and mutT4 genes and 1S6110
insertions in the NTF region, with similar genotype characteristics
(Table 1). These strains belonged to the RD181 Beijing subgroup,
characterized by deletion of the RD181 region, and presented re-
lated genotypes determined by 24-locus MIRU-VNTR genotyp-
ing (triple locus variation at most). The laboratory M. tuberculosis
strain H37Rv was included as a reference strain with a moderate
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FIG 2 Survival of mice after infection with M. tuberculosis Beijing strains of
modern and ancient sublineages. C57BL/6 mice were i.t. infected with low
doses (10> CFU) (A) and high doses (2.5 X 10’ CFU) (B) of each strain and
observed for 320 days and 150 days, respectively. The data were obtained in
three independent experiments with 10 to 15 mice in each group. Kaplan-
Meier curves and log rank test were used to evaluate statistical significance.
Statistically significant differences between each group infected with the indi-
vidual clinical isolate and the group infected with strain H37Rv are presented.
Three different patterns of animal survival are indicated (pattern I, II, and III).

level of virulence, and the Beijing strain 1471, representing Rus-
sian epidemic clone BO/W148 (17), was included as a reference
strain with high virulence. Genetic analysis demonstrated that
strain 1471 differed in three, four, or five MIRU-VNTR loci from
the modern isolates selected for this study (Table 1).

Survival times of mice infected with M. tuberculosis strains
at low and high doses of bacilli. To determine the relative viru-
lence of the M. tuberculosis strains, we employed an established
model of pulmonary infection of C57BL/6 mice. In animals inoc-
ulated i.t. with 10> CFU of each strain, three patterns of animal
survival were observed (Fig. 2A). Eighty percent of mice of the
groups infected with modern Beijing strains 1471, 2172, and
M299 succumbed to death within a 260-day period (pattern III),
while mice infected by strain 1471 started to die earlier, at the end
of the acute phase of infection, 27 days p.i. In contrast, all mice
infected with the H37Rv strain and ancient Beijing strain M442
were alive after 1 year, demonstrating relatively low virulence of
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these strains (pattern I). The animals infected with other Beijing
strains survived up to the late phase of chronic infection of 200
days p.i., starting to die later on (pattern II). The mice infected
with the modern Beijing strains generally succumbed more rap-
idly than those infected with the strains of ancient Beijing sublin-
eage; however, only two groups of infected animals (strains 1471
and M299) presented significant differences in mortality rate
compared with the group of H37Rv-infected mice (P < 0.05).

For better discrimination of the virulence of studied Beijing
strains, the mice were also infected with a higher dose of 2.5 X 10°
bacilli/mouse (Fig. 2B). While three of the modern Beijing strains
(strains 1471, M299, and 2172) caused death of all infected ani-
mals within 35 days p.i. (pattern III), the animals infected with
strains H37Rv and M442 maintained viability during the whole
period of observation of 150 days (pattern I) (P < 0.001). The
mortality rate of mice in other groups was variable. The animals
infected with strains M467, zt272, and zt264 started to die at the
acute stage of infection, but a considerable numbers (between
30% and 70%) were able to survive within the period of observa-
tion (pattern II). Our data (Fig. 2A and B) demonstrate that three
of the four strains of the modern Beijing sublineage (strains 1471,
M299, and 2172) were highly virulent, whereas one modern strain
(M467) and two strains of the ancient sublineage displayed inter-
mediate levels of virulence. The reference strain H37Rv and strain
M442 of the ancient sublineage demonstrated relatively low viru-
lence in our experimental model.

Bacterial loads in the lungs of mice infected with low bacte-
rial dose. At the acute stage of infection, all isolates except strain
M442 grew faster in the lungs than strain H37Rv (Fig. 3). Bacterial
loads of the modern strains measured at 28 days p.i. varied on
average between log 7.0 and log 8.0, whereas that of the strain
H37Rv and ancient strain M442 was lower than log 6.0 (Fig. 3A).
The growth of the modern strains was on average higher than that
of the ancient strains; however, the difference was not statistically
significant.

Growth curves of the bacteria studied were monitored up to
day 120 p.i., with more-detailed analysis of growth kinetics of
strains 1471, zt272, and H37Rv. The data presented in Fig. 3B
demonstrated that the bacterial loads increased up to day 21 p.i.
and was then contained, suggesting inhibitory effect of acquired
immunity established 3 to 4 weeks after infection. At the chronic
phase of lung infection, the levels of viable bacteria were main-
tained without significant reduction of the CFU numbers and
were similar for all studied strains (Fig. 3B).

Pathological alterations in the lungs of mice infected with
low M. tuberculosis dose. To further define the virulence of the
studied strains, we compared their ability to induce lung pathol-
ogy, evaluating macropathological (Fig. 4) and histopathological
changes (Fig. 5).

The lungs of mice infected with the clinical isolates presented
clearly visible large or small white tuberculous nodules, hardly
detectable in mice infected with the laboratory H37Rv strain and
strain M442, defined as pattern I strains (Fig. 4A). Particularly
large and coalescing masses of the inflammatory nodes were ob-
served in the case of modern strains M299, 2172, and 1471 (pat-
tern III strains), and lung weights in these cases were 1.5- to 2.0-
fold higher than those of mice infected with the pattern I strains
(P < 0.001) and 1.3-fold higher (P < 0.05) compared with the
pattern II strains (Fig. 4B). The increase in lung mass was associ-
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FIG 3 Bacterial growth in the lungs of mice infected with M. tuberculosis
Beijing strains of modern and ancient sublineages. C57BL/6 mice were i.t.
inoculated with 10* bacilli of each strain, and lungs were examined for the
bacterial growth by CFU test. (A) Bacterial burdens in the lungs determined 28
days p.i. Each symbol represents the value for an individual mouse. (B) Bacte-
rial curves within 120 days p.i. Results of at least three experiments (three mice
in each group at each time point) are expressed logarithmically as the mean
log,, CFU = standard deviation (SD) (error bars). Mean values that were
significantly different from the mean value of the group infected by H37Rv
strain are indicated by asterisks as follows: #, P < 0.05; #:, P < 0.01; s, P <
0.001.

ated with a rise in the number of cells infiltrating infected lungs
(Fig. 4C).

According to the gross pathology data, three distinct histo-
pathological patterns that differed in the severity of lesions were
observed 28 days p.i. In the lungs of mice infected with the ancient
Beijing strain M442 and strain H37Rv, exhibiting minimal signs of
gross pathology (pattern I), the tissue lesions were presented by
small numbers of granulomas, formed by recruited macrophages
and lymphocytes (Fig. 5A). Ziehl-Neelsen staining revealed few
intracellular mycobacteria in macrophages (Fig. 5B). In mice in-
fected with the more virulent pattern II strains (modern strain
M467 and ancient strains zt272 and zt264), pulmonary granulo-
mas were larger and coalescing, and the cellular lymphohistiocytic
infiltrates occupied significantly larger areas (up to 40%) of the
lung on average (Fig. 5C). The most striking differences were ob-
served in mice infected with the modern pattern III strains. These
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strains induced rapidly expanding lesions leading to occupation of
an average of 70% of the lung by inflammatory cells (Fig. 5C), also
presenting extensive areas of alveolitis, with thickened alveolar
walls and alveoli filled with histiocytic macrophages, lymphocytes,
and neutrophils. Some of the pneumonic lesions progressed to
necrosis, presenting acellular areas with disrupted alveoli (Fig. 5A)
and numerous intracellular and extracellular bacteria in necrotic
areas (Fig. 5B). Intrabronchial cellular exudates with large num-
bers of bacteria were observed only in the mice infected by highly
virulent strains (data not shown).

Evaluation of virulence-associated properties of modern and
ancient Beijing strains in the in vitro model of macrophage in-
fection. To study bacterial properties determining differential
growth of the M. tuberculosis strains in lungs at the initial stage of
infection, we compared the capacity of the studied strains to rep-
licate in cultured macrophages, as well as their capacity to induce
cell necrosis, measured by the LDH test.

Bone marrow-derived macrophages from C57BL/6 mice cul-
tured in vitro were infected, and bacterial intracellular growth
within a 6-day period, as well as macrophage death, were evalu-
ated. The data presented in Fig. 6 demonstrate that the modern
Beijing strains 1471, 2172, and M299 presented faster multiplica-
tion in macrophages than other studied strains (P < 0.01). Ata
higher dose of infection (MOI of 10), strains 1471, 2172, and
M299 and the ancient strain zt264 induced higher levels of ne-
crotic macrophage death. The release of LDH in cultures infected
by these strains was significantly higher than that in cultures in-
fected by strain H37Rv (P < 0.05). These data demonstrate that
modern Beijing strains (pattern III strains 1471, 2172, and M299)
displayed increased virulence in the macrophage model of infec-
tion, suggesting that macrophage inhibition could contribute to
the pathogenicity of these bacterial strains.

DISCUSSION

In order to understand better the recent worldwide dissemination
and increasing prevalence of the modern sublineage of Beijing/
East Asian M. tuberculosis lineage, we verified the pathogenicity of
modern and ancient Beijing strains with related genotypes and
similar epidemiological characteristics. For this, we focused our
study on the strains of the major RD181 phylogenetic subgroup of
the Beijing family, characterized by the deletion of RD181 and
without phylogenetically ambiguous deletions RD150 and
RD142. Strains of the RD181 subgroup, which includes strains of
both the ancient and modern sublineages (13), were isolated more
frequently than strains of other Beijing subgroups in non-East
Asian regions, such as the United States (24), Peru (18), and Mo-
zambique (25).

Six sporadic Beijing strains of the RD181 group, including
three modern strains and three ancient strains with relatively sim-
ilar 24-locus MIRU-VNTR genotypes, were evaluated in a well-
established model of pulmonary infection of C57BL/6 mice. Three
distinct virulence patterns were observed, the first of relatively low
virulence (pattern I), the second of intermediate virulence (pat-
tern II), and the third defined by highly virulent strains (pattern
III). High virulence was exhibited by two of the three strains with
the modern genotype that were isolated in Mozambique (strain
M299) and Brazil (strain 2172), and their level of virulence was
similar to that of the modern strain 1471 representing the success-
ful Russian clone of the Beijing genotype (17). The pattern II
strains included isolates of both sublineages (modern strain M467
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examined 28 days p.i. (A) Representative macroscopic lung images demonstrating gross pathology, observed as numerous giant inflammatory lesions (white
nodes of different size). (B and C) Lung weights (B) and numbers of cells obtained from lungs after mechanical and enzymatic tissue disruption (C). Results of
atleast three experiments (three mice in each group in each experiment). Data represent means plus standard deviations (SD) (error bars). Significant differences
were determined between the groups of pattern III strains (black columns), pattern II strains (gray columns), and pattern I strains (white columns). Values that
are significantly different for the different groups of strains (groups with different patterns) are indicated by asterisks as follows: , P < 0.05; #:, P << 0.01; sk,

P < 0.001.

and ancient strains zt272 and zt264), while group I strains were
represented by the “more ancient” strain M442 (characterized by
wild-type mutT2 and mutT4 alleles [Fig. 1]) and the laboratory
strain H37Rv. The difference between the highly virulent modern
strains (pattern III) and the ancient strains, particularly strain
M442, was striking. Survival of mice infected with pattern III bac-
teria at a high dose of infection was limited to 25 to 35 days p.i.,
whereas a large proportion of mice infected with moderately vir-
ulent strains maintained viability up to 120 days p.i.; no reduction
of animal viability was observed in the group infected with pattern
I strains, including strain H37Rv. It should be noted, however,
that the laboratory strain H37Rv used in our experiments pre-
sented a lower level of virulence compared to the virulence of this
strain reported in other studies using a similar murine model of
infection (26, 27). This could be due to genetic variability of inde-
pendent sublineages of this strain that evolved in different labora-
tories and possibly is linked to phenotype variability (28).

The higher virulence of modern Beijing strains observed in this
study was based on the ability of these bacteria to induce severe
lung pathology, rather than on increased bacterial growth in lungs
that was only slightly higher than that of the ancient strains. Ex-
tensive pneumonia with areas of necrosis occupying up to 80% of
the organ was associated with enhanced inflammatory cell recruit-
ment to the lungs. The results of macrophage infection in vitro
demonstrated higher ability of these strains to induce necrotic
macrophage death known to lead to liberation of mycobacteria
and a variety of cellular components called the “danger” signals.
Release of these components enhances recruitment of phagocytic
leukocytes, including neutrophils, that promote, on one hand,
elimination of the bacteria by oxidative burst, but aggravate pa-
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thology by collateral tissue damage contributing to lung necrosis
(29).

The main limitation of this study, as well as other virulence
challenge studies comparing different phylogenetic groups of M.
tuberculosis strains in animal models of infection (8, 30), is a rela-
tively small number of strains that can be investigated in each
experimental setting. Combining analysis of published reports de-
termining virulence of the Beijing strains, that were further dis-
criminated as strains of modern or ancient Beijing sublineages,
allows comparison of larger samples of the characterized strains of
each sublineage. The strains determined in earlier studies as highly
virulent, including strains HN878, W10, 210, and SA161 (31, 32,
33, 34) were further identified as strains of the modern Beijing
sublineage (35), whereas the less virulent strains, such as strains
NHNS5 and N4 (31, 34), belonged to the ancient sublineage (35,
36). In accordance with these observations, some isolates of a re-
cently evolved modern Beijing sublineage (sublineage 7, RD150
group) were more virulent in mice than the ancient strains (8). It
should be noted that most of these modern strains came from
environments where they caused large numbers of clustered sec-
ondary cases of TB in immunocompetent individuals, therefore
demonstrating high transmissibility, whereas the ancient strains
were isolated from unique TB cases or groups of immunocompro-
mised patients. The data obtained in the present study show that
sporadic strains of the modern Beijing sublineage isolated in re-
gions with low prevalence of Beijing strains, but not the ancient
strains, could exhibit high levels of virulence comparable with
those of the epidemic modern strains in the emerging regions.
These data, however, do not exclude the possibility that some
strains of the ancient Beijing sublineage display high virulence. A
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FIG 5 Histopathological changes in the lungs of M. tuberculosis-infected mice. The lungs were obtained from infected mice as described in the legend to Fig. 3.
(A) Representative hematoxylin-and-eosin-stained lung sections, demonstrating three main pathological patterns. Bars, 200 pm. (B) Representative lung
sections stained by Ziehl-Neelsen method. In pattern I, induced by the strains H37Rv and M442, small and medium-sized peribronchial and perivascular
granulomas, consisting of macrophages and lymphocytes, are observed. Small numbers of intracellular bacteria are seen. In pattern II, induced by strains zt264,
zt272, and M467, moderate, multifocal granulomatous pneumonia is observed. Increasing numbers of intracellular bacteria are seen. In pattern III, induced by
strains M299, 2172, and 1471, extensive diffuse granulomatous pneumonia with areas of necrosis and alveolitis is observed. Large numbers of intracellular and
extracellular bacteria are seen. Bars, 200 wm. (C) Morphometric analysis of the inflammatory lung area. Results of two experiments (three mice in each group in
each experiment). Data represent means plus SD. Significant differences were determined between the groups of pattern III strains (black columns), pattern II
strains (gray columns), and pattern I strains (white columns) and indicated by asterisks as follows: #:, P < 0.01; #::, P < 0.001.

previous study (30) in San Francisco, CA, demonstrated that some
of the ancient Beijing strains (the RD207 subgroup) exhibited
levels of virulence similar to or even higher than those of the mod-
ern Beijing strains isolated in that region and were more transmis-
sible (24). On the other hand, in a region where TB is endemic and
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caused by ancient Beijing strains, such as Japan, the recently trans-
mitted TB cases were more frequently caused by modern Beijing
strains, whereas isolates of the ancient sublineage were associated
with cases of disease reactivation in older patients and not with
ongoing transmission (37). All these data together demonstrate
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FIG 6 Virulence-associated properties of the ancient and modern Beijing
strains evaluated in the macrophage-based model of infection. Bone marrow-
derived macrophages obtained from C57BL/6 mice were infected with differ-
ent mycobacterial strains at an MOI of 1:1 and incubated for 6 days. (A)
Intracellular growth of mycobacteria, measured as a fold increase in the num-
bers of CFU recovered from macrophages on days 0 and 6 after infection. The
bacterial growth rate is presented as mean plus SD of log increases in the
numbers of intracellular CFU measured in two separate experiments. (B) In-
duction of necrotic cell death in the macrophage cultures infected atan MOI of
10:1. LDH release from the dead cells was measured in the culture supernatants
on day 5 after infection. Asterisks indicate the isolates for which the values of
growth or cytotoxicity differed significantly from those of the H37Rv strain or
between the indicated groups: *, P < 0.05; **, P < 0.01.

that strains of the modern Beijing sublineage are more likely to
exhibit high virulence than strains of the ancient Beijing sublin-
eage. Although both ancient and modern Beijing strains can ex-
hibit highly virulent phenotypes, the proportion of circulating
strains with increased virulence is higher in the modern Beijing
subgroup, suggesting a higher propensity of these bacteria to at-
tain more pronounced virulence.

The reasons for higher virulence and general competitiveness
of the modern Beijing strains have not been fully determined, but
whole-genome sequencing of strains belonging to different Bei-
jing subgroups defined by the presence of RD deletions demon-
strated that these strains also displayed distinct mutations in vir-
ulence-associated genes (30). Some of these SNPs are shared by
the most recent common ancestor and all of its descendants,
whereas others could be detected only in the descendant strains.
The specific mutations in the mutT genes are typical for the de-
scendant modern Beijing strains and lacking in ancestral counter-

2622 jcm.asm.org

parts (16); as a consequence, the resulting weakness of DNA repair
functions in the modern strains could promote acquisition of mu-
tations increasing bacterial adaptability to the immunocompetent
host. Additionally, the accelerated general mutation rate and its
link to bacterial adaptability, leading to multifold increase in ac-
quisition of multidrug-resistant (MDR) and extensively drug-re-
sistant (XDR) mutants, were also demonstrated in strains of East
Asian/Beijing lineage, compared with those of the Euro-American
lineage (38; but see opposite opinion in reference 39) or of the East
African-Indian lineage (40). This could favor selection of viru-
lence-associated mutants as well, particularly in patients treated
with antituberculosis drugs. Highly virulent MDR mutants, ex-
pressing compensatory mutations for bacterial fitness and able to
enhanced multiplication in treated host organisms, may be se-
lected under such conditions at a higher rate than the low-viru-
lence mutants. Studies in Singapore (41) and Russia (3) demon-
strated a higher frequency of MDR isolates and higher
transmission rates of drug-resistant TB among Beijing genotype
strains than non-Beijing strains, suggesting increased virulence of
the MDR Beijing strains circulating in these regions.

In conclusion, highly virulent modern Beijing strains were
identified in countries characterized by low prevalence of the East
Asian/Beijing M. tuberculosis lineage in the local population struc-
tures of M. tuberculosis strains (Brazil and Mozambique). The data
obtained in animal models of infection provide the evidence that
modern Beijing strains, epidemic as well as sporadic ones, are
more likely to display phenotypes associated with increased viru-
lence than strains of the ancestral Beijing sublineage. These data
give new insight on the recent success of this competitive family of
strains that appears to contribute to recurrence of TB in particular
of multidrug-resistant TB in some parts of the world and demon-
strate the importance of continuous monitoring of the popula-
tions of Beijing strains in different geographic regions.
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