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We used multilocus PCR and electrospray ionization mass spectrometry (PCR/ESI-MS) to determine the
genotype and drug resistance profiles for 96 Mycobacterium tuberculosis isolates circulating in regions of high
and low tuberculosis (TB) endemicity in China. The dominant principal genetic group (PGG) circulating in
China was PGG1, and drug-resistant gene mutations were more diversified in the region of low rather than
high TB endemicity.

Tuberculosis (TB) remains a significant public health prob-
lem worldwide. In China, multidrug-resistant tuberculosis
(MDR-TB), which is defined as TB caused by organisms re-
sistant to at least isoniazid (INH) and rifampin (RIF), is
spreading, due mainly to the HIV epidemic as well as the lack
of funding for health infrastructure. This, in turn, leads to
incorrect or incomplete treatment, which increases the resis-
tance rate (21). In some provinces of China, the prevalence of
MDR-TB among new cases and previously treated cases
ranges from 10% to 30% (1, 24). In addition, extensively drug-
resistant TB (XDR-TB), which is defined as MDR-TB with
additional resistance to any fluoroquinolone (FQ) and at least
one second-line injectable drug, has been emerging in many
countries, including China (9, 24, 27). The mortality rate of
XDR-TB patients varies in different countries and depends on
the study population and their HIV status (8, 14, 16, 22,
23, 25).

A rapid, sensitive method for detecting drug-resistant phe-
notypes of Mycobacterium tuberculosis is one of the more ur-
gent requirements for effective treatment of tuberculosis pa-
tients. Molecular biology tools have been developed in order to
provide a rapid susceptibility profile through the direct detec-
tion of drug resistance-related mutations in mycobacterial ge-
nomes (10, 13, 18, 26, 28). Several commercial assays are avail-
able, including the GenoType MTBDRPlus (13, 17, 20), the
InnoLiPA Rif.TB (11), and the GeneXpert MTB/RIF. The

new GenoType MTBDRsl assay also covers FQ, amikacin-
capreomycin, and ethambutol (EMB) resistance (12).

A new strategy for the molecular determination of TB drug
resistance couples broad-range PCR to electrospray ionization
mass spectrometry (PCR/ESI-MS). The technology was ini-
tially developed for the identification of microbes in samples
where multiple pathogens may be present, primarily for bio-
defense applications (2, 4). It has since been successfully ap-
plied to the detection and identification of a variety of micro-
organisms present in cultured specimens or patient samples (3,
5, 6). Recently, a PCR/ESI-MS assay was developed for the
primary characterization of MDR-TB (15). The assay also de-
termines whether the main mutations associated with EMB
and FQ resistance are present and identifies nontuberculous
mycobacteria to the species level. The assay panel includes 16
primer pairs in 8 multiplexed reactions for multilocus PCR
amplification. Following PCR amplification, the amplicons are
analyzed by Plex-ID, an ESI-MS-based instrument (4, 15). In
the present study, we used the PCR/ESI-MS methodology to
detect and identify gene mutations associated with INH, RIF,
EMB, and FQ resistance in 96 M. tuberculosis isolates circu-
lating in regions of low and high TB endemicity in China,
representing TB annual incidence above and below 107 and
100,000, respectively (7, 27).

M. tuberculosis isolates. M. tuberculosis isolates were col-
lected from Shanghai and Chongqing Pulmonary Disease Hos-
pitals, the specialized hospitals serving TB patients locally in
China, from 2005 to 2009. None of these patients from whom
isolates were recovered were immunocompromised or HIV-1
infected. The identification of these isolates was confirmed by
using an M. tuberculosis/nontuberculosis mycobacteria (MTB/
NTM) ACE detection kit (Seegene Inc., Seoul, South Korea)
according to the manufacturer’s instructions. Among them, 88
were resistant phenotypically to at least one of the first-line
antituberculosis drugs, and 8 were phenotypically susceptible
as determined on Lowenstein-Jensen medium by the absolute-
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concentration method and interpreted according to the stan-
dards of the Clinical and Laboratory Standards Institute (19).

Nucleic acid extraction. Genomic DNA from these isolates
was extracted using the DNeasy blood and tissue kit (Qiagen
Inc., Valencia, CA) according to the manufacturer’s instruc-
tions. In brief, a loopful of the purified isolate colony was put
into 1 ml of distilled water prior to the Qiagen extraction.
Extracted nucleic acids were eluted into 200 �l of elution
buffer AE (Qiagen) and used for PCR amplifications both for
sequencing and ESI-MS analysis, as described below.

Multilocus PCR amplification and ESI-MS analysis. All
PCRs were assembled in 40-�l reaction mixtures in the 96-well
microtiter plate format using a Packard MPII liquid handling
robotic platform and an Eppendorf Mastercycler Pro (Eppen-
dorf, Hauppauge, NY). General methods and experimental
conditions of PCR/ESI-MS analysis, including the primer se-
quences specific to the M. tuberculosis resistance assay, were as
previously described (15).

A total of 96 M. tuberculosis isolates were collected for this
study. Among them, 49 and 47 were collected from Shanghai

and Chongqing areas representing regions of low and high TB
endemicity, respectively. A basic phylogenetic classification of
the isolates was provided by the determination of the principal
genetic group (PGG), based on the presence or absence of
lineage-dependent mutations at codons katG463 and gyrA95.
In both locations, PGG1 [katG(L463wt) plus gyrA(T95wt)] was
largely predominant: 42/49 (85.7%) and 42/47 (89.4%) isolates
from Shanghai and Chongqing, respectively. PGG2
[katG(L463R) plus gyrA(T95wt)] was seen in 6/49 (12.3%) and
4/47 (8.5%) isolates, while PGG3 [katG(L463R) plus
gyrA(T95S)] was characterized in a single isolate in both loca-
tions. No significant differences in the distributions into PGG1,
PGG2, and PGG3 were thus observed between the regions of
high and low TB endemicity (P � 0.05).

The INH, RIF, EMB, and FQ resistance profiles determined
by the PCR/ESI-MS assay on the 96 isolates are presented in
Table 1. Overall, the proportions of MDR isolates seen within
the Shanghai (38/49 or 78%) and Chongqing (39/47 or 83%)
populations are similar (P � 0.05). However, further compar-
ative analysis revealed that M. tuberculosis isolates circulating
in regions of low and high TB endemicity in China possessed
different mutation profiles: while no multiresistant profile was
observed in more that two occurrences in the Shanghai iso-
lates, the MDR isolates from Chongqing exhibited significant
clustering (Fig. 1). In particular, a cluster of 11 PGG1 MDR
isolates from the region of high TB endemicity (Chongqing) is
characterized by a common string of INH, RIF, and EMB
resistance mutations [katG(S315T) and inhA promoter C-15T,
rpoB(S531L), embB(M306I)]. This mutation profile was not
observed in the region of low TB endemicity (Shanghai) (P �
0.0006). In addition, a distinct cluster of 10 PGG1 MDR iso-

TABLE 1. Resistance profiles determined by PCR/ESI-MS

Drug

No. of isolates

P valueResistant Susceptible

Shanghai Chongqing Shanghai Chongqing

Isoniazid 39 39 10 8 0.671
Rifampin 42 42 7 5 0.589
Ethambutol 17 25 32 22 0.068
Fluoroquinolone 17 25 32 22 0.068

FIG. 1. Radial plots of the genotypic distribution of M. tuberculosis as determined by PCR/ESI-MS for 49 Shanghai isolates (left) and 47
Chongqing isolates (right). The area of the wedges corresponds to the number of isolates with the given genotypic signature. Wedges are primarily
colored by principal genetic group (light, medium, and dark green backgrounds for PGG1, -2, and -3, respectively). The presence of mutations
conferring resistance to isoniazid, rifampin, ethambutol, and fluoroquinolones is indicated by segments in various shades of yellow to magenta.
Yellow segments correspond to the more common mutations [e.g., katG(S315T) for INH and rpoB(S531L) for RIF], while reddish tones indicate
rarer mutations. Multiple mutations are indicated by stippling the corresponding segment.
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lates [katG(S315T) and inhA promoter mutation T-8C,
rpoB(D516G), and rpoB mutation P564(R/A)] was found in the
region of high TB endemicity and was represented by a single
isolate in the region of low TB endemicity (P � 0.0049).

We report the use of a PCR/ESI-MS assay to determine
drug resistance profiles among M. tuberculosis isolates circu-
lating in regions of low and high TB endemicity in China. The
PCR/ESI-MS assay employed 16 primer pairs targeting the
genes associated with drug resistance to RIF, INH, EMB, and
FQ. For each isolate, M. tuberculosis DNA was amplified in
eight reaction mixtures, each containing two primer pairs on a
96-well plate. From specimen processing to result reporting,
the PCR/ESI-MS assay can be completed within 8 h, providing
another rapid and accurate laboratory diagnostic tool for first-
line antituberculosis drug resistance determination. This new
technique has the potential to facilitate rapid determination of
MDR-TB in China, allowing timely guidance for individualized
treatment.

The mutation profiles obtained by the PCR/ESI-MS assay
indicated that the PGG1 profile (87.5%) was dominant across
the isolates tested, a result that is consistent with the Beijing
lineage being widespread in China (7). We further compared
the genotypic distribution of TB drug resistance-related muta-
tion profiles between M. tuberculosis isolates circulating in re-
gions of low and high TB endemicity in China. It was revealed
that a cluster of 11 isolates with katG(S315T) and inhA pro-
moter C-15T, rpoB(S531L), and embB(M306I) was observed in
Chongqing, the region of high TB endemicity, which was not
observed in Shanghai, the region of low TB endemicity.
In addition, another resistance mutation profile with
katG(S315T) and inhA promoter T-8C, rpoB(D516G), and
P564(R/A) was detected in 10 isolates in the region of high TB
endemicity, in comparison to one isolate in the region of low
TB endemicity. These data indicated that mutations conferring
drug resistance were more diversified in the region of low TB
endemicity than in the region of high TB endemicity.
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