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A new strategy known as multiplex PCR amplimer conformation was developed for detection of mutation in
the gyrA gene of 138 clinical isolates of Mycobacterium tuberculosis. The method generated a single-stranded and
heteroduplex DNA banding pattern of multiplex PCR amplimers of the region of interest that was extremely
sensitive to specific mutations, thus enabling much more sensitive and reliable mutation analysis compared to
the standard single-stranded conformation polymorphism technique. The genetic profiles of the gyrA gene of
the 138 isolates as detected by MPAC were confirmed by nucleotide sequencing and were found to correlate
strongly with the in vitro susceptibilities of the mutant strains to six fluoroquinolones (ofloxacin, levofloxacin,
sparfloxacin, moxifloxacin, gatifloxacin, and sitafloxacin). All 32 isolates that contained gyrA mutations ex-
hibited cross-resistance to the six fluoroquinolones (ofloxacin MIC for 90% of strains > 16 mg/liter), although
moxifloxacin, gatifloxacin, and sitafloxacin (MIC for 90% of strains < 4 mg/liter) were apparently more active
than ofloxacin, levofloxacin, and sparfloxacin (MIC for 90% of strains > 16 mg/liter). All gyrA mutations were
clustered in codons 90, 91, and 94, and aspartic acid 94 was most frequently mutated. Twenty-three isolates
without gyrA mutations were also found to exhibit reduced susceptibility to ofloxacin (MIC for 90% of strains
� 4 mg/liter), but largely remained susceptible to other drugs (MIC for 90% of strains < 1 mg/liter). Another
83 isolates without mutations were fully susceptible to all six fluoroquinolones (ofloxacin MIC for 90% of
strains � 1 mg/liter). In conclusion, high-level phenotypic resistance to fluoroquinolones among M. tuberculosis
clinical isolates, which appears to be predominantly due to gyrA mutations, may be readily detected by
genotyping techniques such as multiplex PCR amplimer conformation.

Fluoroquinolones have antimycobacterial activities that pos-
sibly contribute a pivotal role in the second-line drug regimens
used in the treatment of multidrug-resistant tuberculosis (32).
However, in some communities, the resistance rates of Myco-
bacterium tuberculosis to these agents are surging (6, 9). To
date, the genetic basis of this phenomenon has been attributed
predominantly to mutations in the quinolone resistance-deter-
mining region of the gyrA gene (1, 10, 28, 31).

It would be of great relevance not only to study the genetic
mutations responsible for fluoroquinolone resistance, but also
to establish, as far as possible, their correlation with the resis-
tance phenotypes of clinical isolates of M. tuberculosis. Such
information facilitates rapid determination of the fluoroquin-
olone susceptibility status of the isolates and helps improve the
clinical utility of these drugs in the settings of multidrug-resis-
tant tuberculosis, as in cases involving streptomycin- and ri-
fampin-resistant strains of M. tuberculosis (19, 21). Hence, the
major objective of this study was to identify the gyrA muta-
tion(s), if any, in 138 clinical isolates of M. tuberculosis from
Hong Kong that exhibited a range of in vitro susceptibility
levels to ofloxacin as well as to newer members of the fluoro-

quinolone class. The relationships between the mutations and
the phenotypic resistance profiles of the clinical isolates were
analyzed, with the goal of establishing correlations that would
permit the application of genotyping methods for rapid iden-
tification of fluoroquinolone resistance phenotypes among
clinical isolates of M. tuberculosis.

To this end, we recently developed a new method for rapid
and more reliable detection of mutations in DNA fragments
compared to the traditional single-stranded conformation
polymorphism technique. A second objective of this study was
to evaluate this method, termed multiplex PCR amplimer con-
formation (MPAC) analysis, in detection of gyrA mutations
that are highly correlated with phenotypic resistance in M.
tuberculosis, and hence its potential in facilitating rapid iden-
tification of fluoroquinolone-resistant isolates of this slowly
growing organism.

MATERIALS AND METHODS

Strains and isolates. A total of 140 Mycobacterium tuberculosis strains and
isolates were included in this study: two reference strains (American Type Cul-
ture Collection [ATCC] strains ATCC 27294 H37Rv and ATCC 25177 H37Ra),
and a collection of 138 clinical isolates. Each of these isolates was collected from
different patients over a period of 10 years (1991 to 2000) in Grantham Hospital
and various other hospitals in Hong Kong. Among these 138 isolates were 92
multidrug-resistant strains which exhibited clinical resistance to two or more of
the following drugs: ofloxacin, rifampin, ethambutol, isoniazid, and parazin-
amide. Among these 92 multidrug-resistant isolates, 55 were known to be resis-
tant to ofloxacin (MIC � 2 mg/liter). The other 37 ofloxacin-susceptible multi-
drug-resistant isolates and 46 randomly selected ofloxacin-susceptible clinical
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isolates (MIC � 2 mg/liter) were included as fluoroquinolone-susceptible con-
trols. Preliminary susceptibility data showed that 53% and 56% of the 83 ofloxa-
cin-susceptible isolates were resistant to rifampin and isoniazid, respectively,
whereas all ofloxacin-resistant isolates were resistant to these two drugs. All the
138 strains were isolated from patients prior to any antibiotic treatment.

Generation of PCR-amplified DNA. Chromosomal DNA was extracted by the
conventional method (29). For gyrA, a DNA fragment of 320 bp, corresponding
to the quinolone resistance-determining region, was generated by PCR with the
primer pair 5�-CAGCTACATCGACTATGAGA and 5�-GGGCTTCGGTG
TACCTCAT. Amplification reactions consisted of a denaturation step of 3 min
at 95°C, followed by 35 cycles of 1 min at 94°C, 2 min at 50°C, and 3 min at 72°C,
and a final extension step of 5 min at 72°C (28). The amplification product was
used as the template in direct nucleotide sequencing.

PCR-single-stranded conformation polymorphism, MPAC, and direct nucle-
otide sequencing. The method of MPAC was developed with the rationale that
single-stranded conformation differences between PCR products harboring se-
quence differences would be greatly enhanced if the PCR products were mixed
with one or more reference DNA fragments prior to heat denaturation. Such
reference fragments might be in the form of multiple PCR products, each
covering part of the region of interest, thus further amplifying the single-stranded
conformation differences if mutations were present therein.

In this study, the sensitivity of MPAC was evaluated by analyzing mixtures of
different combinations of PCR products as well as the amplification products of
a single multiplex PCR involving two or more of the following primer pairs, each
covering part of the quinolone resistance-determining region of the gyrA gene:
1F, 5�-ATGACAGACACGACGTTG, 1R, 5�-TGCACGGGCTTGAGCCCGT;
2F, 5�-TCGGTTGCCGAGACCATG, 2R, 5�-TGGGTAGCACCGTCGGCTC;
3F, 5�-CAGCTACATCGACTATGCGA, and 3R, 5�-GGGCTTCGGTGTACC
TCAT. Reaction conditions were the same as for the generation of the sequenc-
ing templates as described above.

The amplification products, ranging between 154 bp and 320 bp in size, were
mixed with equal volumes of a denaturing solution (95% formamide, 0.05%
xylene cyanol solution, 0.01% bromophenol blue) and heated at 95°C for 5 min.
The mixture was immediately placed in ice-cold water. Five microliters of this
mixture was loaded onto a 12% ExcelGel (Amersham Pharmacia Biotech, Upp-
sala, Sweden) and subjected to electrophoresis under 600 V constant voltage and
a constant gel temperature of 15°C. The single-stranded and heteroduplex DNA
conformation patterns of the PCR product mixture were visualized by silver
staining. Samples that contained mutations were identified as those exhibiting
different patterns from those of the reference strains. For comparison purposes,
single-stranded conformation polymorphism analysis of each individual PCR
product was also performed.

PCR products that harbored mutations were sequenced with the Silver Se-
quence sequencing system (Promega, Madison, Wis.). Sequencing templates
were prepared by converting the double-stranded PCR products to single strands
by heat denaturation in the sequencing reactions, the conditions of which were
the same as that for template generation. Both forward and reverse primers used
in PCRs were also used as sequencing primers in the corresponding sequencing
reactions.

In vitro study of susceptibility to fluoroquinolones. The ofloxacin susceptibility
status of each of the 138 M. tuberculosis isolates was initially determined by the
absolute concentration method with Löwenstein-Jensen medium; a MIC break-
point of �2 mg/liter was used for defining ofloxacin resistance (2). The broth
macrodilution method, as previously described (33), was then used to obtain the
MICs of each of the six fluoroquinolones for the 138 isolates, including ofloxacin
(Daiichi, Japan), levofloxacin (Daiichi, Japan), moxifloxacin (Bayer), gatifloxacin
(Bristol-Myers Squibb), Sitafloxacin (Daiichi, Japan), and sparfloxacin (Rhone-
Poulenc, France). This assessment also served to double-check the screening
results of ofloxacin susceptibility.

RESULTS

One hundred thirty-eight M. tuberculosis clinical isolates and
two ATCC control strains were studied for detection and iden-
tification of mutations in the gyrA gene by MPAC as well as
DNA sequencing. The results of nucleotide sequencing
showed that all 138 clinical isolates carried a mutation at codon
95 (AGC3ACC), which resulted in a serine 95-to-threonine
substitution. This mutation was not detected in the two ATCC
strains. Thirty-two of the 138 isolates were found to possess

additional gyrA mutations apart from the Ser-95-Thr substitu-
tion that resulted in amino acid changes (Tables 1 and 2).
These mutations, exhibiting a total of seven mutation types,
were all clustered within nucleotides 2574 to 2586 of the gyrA
gene (codons 90 to 94). Codon 94 was the most frequently
substituted site. Twenty-three of the 32 isolates had mutations
at this position, resulting in a total of five different types of
amino acid changes (Asp3Ala, Asp3Gly, Asp3His, Asp3
Tyr, and Asp3Asn). Five isolates contained a mutation at
codon 90, with a resulting Ala3Val change. Four isolates had
a mutation at codon 91, causing a Ser3Pro change at this site.
No isolate was found to possess nucleotide changes at codons
92 and 93.

The patterns of MPAC analysis of all 138 isolates and the
two ATCC strains correlated with mutations identified through
nucleotide sequencing. Isolates that possessed a gyrA mutation
exhibited a characteristic MPAC pattern readily distinguished
by visual inspection from those of the wild-type sequence as
well as from other types of mutation. Figure 1 shows the
comparative MPAC and single-stranded conformation poly-
morphism patterns of each of the gyrA mutation types and the
wild-type sequence. The MPAC patterns exhibited a much
higher degree of complexity than those of single-stranded con-
formation polymorphism analysis. The sensitivity of MPAC
was evaluated with different combinations of multiple and mul-
tiplex PCR amplimers covering the region of interest. Each
treatment was found to give rise to a different MPAC pattern,
yet still allow successful identification of the mutation types
(Fig. 1). The temperature at which electrophoresis was per-
formed was also found to affect the patterns to be obtained
(results not shown).

Table 3 shows the fluoroquinolone susceptibility analysis of
the clinical isolates and the ATCC strains. All 32 isolates that
possessed a gyrA mutation exhibited high-level fluoroquino-
lone resistance, with a MIC for 90% of strains (MIC90) of
ofloxacin exceeding 16 mg/liter, representing an increase of
more than 64-fold compared to that of the two control strains.
On the other hand, 23 isolates without discernible gyrA muta-
tions, other than the Ser-95-Thr change, were also classified as
resistant, with a breakpoint of �2 mg/liter for ofloxacin (2). It
should be noted, however, that these 23 isolates exhibited
reduced susceptibility, mainly to ofloxacin (MIC90 � 4 mg/liter,
or 16-fold increase compared to that of the control strains) and
to a lesser extent to other drugs (Table 3). In particular, these
23 isolates did not exhibit significant differences from 83
ofloxacin-susceptible isolates (ofloxacin MIC � 2 mg/liter) in
terms of susceptibility to moxifloxacin, gatifloxacin, and sita-
floxacin, as suggested by the distribution of MICs among iso-
lates in these two categories (Table 3). For the 83 ofloxacin-
susceptible isolates which also harbored the Ser-95-Thr
substitution, all fluoroquinolones studied were found to have
good in vitro activities (MIC90s 0.25 to 1 mg/liter), with spar-
floxacin being the most active agent (83% of ofloxacin-suscep-
tible isolates exhibiting an MIC of �0.125 mg/liter, Table 3).

Variations in phenotypic resistance level and profile were
observed among isolates with different gyrA mutations, with
those carrying Asp-94-Gly, Asp-94-His, and Asp-94-Tyr being
the most resistant (64- and 133-fold increase in MIC90 of
ofloxacin and sparfloxacin, respectively, compared to the con-
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trol strains, Table 2). In contrast, the Ser-91-Pro change re-
sulted in 16- and 8-fold increases in the MIC90 of ofloxacin and
sparfloxacin, respectively. While cross-resistance existed
among the fluoroquinolones tested, moxifloxacin, gatifloxacin,

and sitafloxacin apparently exhibited better activities (2- to
16-fold increase in MIC90) than ofloxacin, levofloxacin and
sparfloxacin (8- to 133-fold increase in MIC90) among the 32
ofloxacin-resistant isolates which had gyrA mutations (Table 2).

TABLE 1. Relative fluoroquinolone susceptibilities of 32 ofloxacin-resistant M. tuberculosis isolates exhibiting seven gyrA mutation typesa

Strain Amino acid change
MIC (mg/liter)

Moxifloxacin Gatifloxacin Sitafloxacin Ofloxacin Levofloxacin Sparfloxacin

ATCC 25177 None 0.25 0.25 0.25 0.25 0.25 0.06
ATCC 27294 0.25 0.25 0.25 0.25 0.25 0.06

M5 Ala903Val 1 1 0.5 8 4 2
M22 1 1 0.5 8 4 2
M93 2 1 0.5 16 8 2
FCK 2 2 1 4 2 0.5
G53211 1 1 0.5 4 2 1

SC1 Ser913Pro 1 2 1 4 2 0.5
SC14 1 2 1 2 1 0.25
469 2 4 �4 4 2 0.5
484 4 4 4 4 2 0.5

M13 Asp943Gly 2 2 1 16 �8 4
M29 4 2 1 16 8 4
M38 2 4 2 16 �8 �8
M70 2 4 2 �16 �8 �8
M83 4 4 2 �16 �8 4
M88 2 4 2 16 8 4
M96 8 4 4 �16 �8 �8
C855 1 2 1 4 2 0.5
SC15 2 2 1 8 2 1
Y777 4 4 2 8 4 1
TB72 1 4 1 8 4 0.5

M44 Asp943His 2 4 2 16 8 �8
M46 2 4 2 16 8 4
M97 2 2 1 16 8 4

M3 Asp943Tyr 2 2 4 16 8 2
M28 2 2 1 16 8 2
M47 2 4 4 �16 �8 �8
M69 1 2 1 16 8 �8
M86 2 2 2 16 8 4

M59 Asp943Ala 2 2 0.5 8 4 2
M62 1 2 0.5 8 4 2
M68 1 1 0.5 8 4 2

TB392 Asp943Asn 2 4 4 8 4 2

a The Ser953The substitution is not listed.

TABLE 2. MICs relative to control strainsa

Amino acid change

Relative MIC (fold)

Moxifloxacin Gatifloxacin Sitafloxacin Ofloxacin Levofloxacin Sparfloxacin

MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90 MIC50 MIC90

Ala903Val 4 8 4 8 2 4 32 64 16 32 33 33
Ser913Pro 4 16 8 16 4 16 16 16 8 8 8 8
Asp943Gly 8 16 16 16 8 8 64 64 32 32 67 133
Asp943His 8 8 16 16 8 8 64 64 32 32 67 133
Asp943Tyr 8 8 8 16 8 16 64 64 32 32 67 133
Asp943Ala 4 8 8 8 2 2 32 32 16 16 33 33
Asp943Asnb 8 16 16 32 16 33

a MICs are given relative to those for the two ATCC strains.
b Only one strain harboring the Asp-94-Asn change was detected.
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DISCUSSION

In this study, the MPAC technique was found to be a rapid
and sensitive method for detection of gyrA mutations. The
principle of this method is largely based on that of the tradi-
tional single-stranded conformation polymorphism technique
(27) and a newly reported technique, reference strand-medi-
ated conformation analysis (18). The involvement of multiple
or multiplex PCR products in the analysis allowed much im-
proved sensitivity and hence reliability in detecting mutations.

The flexibility of comparing results of different PCR product
combinations may further increase the sensitivity of mutation
detection. In addition, analysis of mutation profile and com-
parison with those of known sequences may provide an alter-
native method for detecting genetic alterations in PCR prod-
ucts other than direct nucleotide sequencing, where it is not
uncommon to miss or misinterpret mutations unless repeated
analyses with both forward and reverse primers are performed.
Importantly, the newly developed method is both economical

FIG. 1. Single-stranded conformation polymorphism and MPAC patterns of Mycobacterium tuberculosis strains harboring gyrA mutations. (a)
Single-stranded conformation polymorphism patterns of PCR products generated with primers 3F/3R. (b) MPAC patterns of multiplex PCR
products generated with primers 1F/1R, 2F/2R, and 3F/3R in a single reaction. (c) MPAC patterns of a mixture of two PCR products generated
by primers 2F/2R and primers 3F/3R, respectively. A, Strains ATCC 27294 and ATCC 25177; B, no mutation in the region encoding amino acids
90 through 94; C, Ala903Val; D, Ser913Pro; E, Asp943Gly; F, Asp943His; G, Asp943Tyr; H, Asp943Ala; I, Asp943Asn. Apart from the
two ATCC strains, all isolates contained a Ser3Thr substitution at position 95; hence, patterns A and B are different.
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and technically simple compared to nucleotide sequencing and
real-time PCR. It can be readily performed even in subopti-
mally equipped laboratories such as some of those in the Third
World countries confronting rampant drug-resistant tubercu-
losis.

A prerequisite for the use of molecular methods in delin-
eating phenotypic resistance is a good correlation between the
detected mutations and resistance phenotypes. Although it is
commonly recognized that gyrA mutations are not the sole
mechanism responsible for fluoroquinolone resistance in M.
tuberculosis, such mutations, as exemplified in this study, were
found to be consistently associated with clinically significant
phenotypic resistance among isolates of M. tuberculosis
(ofloxacin MIC90 � 16 mg/liter).

Our data also suggested that low-level phenotypic resistance
(ofloxacin MIC around 2 mg/liter) could occur without gyrA
mutations. Low-level ofloxacin resistance in the 23 isolates
without gyrA mutations (Table 3) might be related to mutations
outside the quinolone resistance-determining region of gyrA or
genetic alterations leading to impeded drug accumulation, per-
haps through changes in outer membrane permeability or en-
hanced expression of an efflux pump that exports fluoroquino-
lones (1, 14). Such resistance mechanisms may have limited
clinical relevance by themselves as their effects appeared to be
limited to ofloxacin only (Table 3), yet their possible roles in
the development of high-level fluoroquinolone resistance, es-
pecially in combinations with target site mutations, should be
further studied. The polymorphism at codon 95, encoding ei-
ther serine or threonine, was also shown in this study not to
have a significant impact on fluoroquinolone susceptibility.

In this study, gyrA mutations were predominantly found to
occur in codons 90, 91, and 94, largely corroborating the find-
ings of some other studies (1, 14, 28, 31). Previously reported
mutations involving codon 88 (22) were not found in our
strains. Double mutations in gyrA, while not uncommon in the
isolates obtained through antimicrobial selection in the labo-
ratory (14, 35), were not found among our present collection of
clinical isolates, corroborating the findings of another group of
investigators (31). Previous data suggested a 4- to 16-fold in-

crease in MICs among laboratory mutants with a single gyrA
mutation; for mutants with double mutations, the MICs were
increased 32-fold or more compared to those for the parent
(14). In this study, it was found that a single amino acid sub-
stitution may be associated with 2- to 133-fold increases in
MIC, depending on the type of substitution as well as the test
drug (Table 1).

It is important to note that cross-resistance to all study
fluoroquinolones existed among the clinical isolates; sitafloxa-
cin, moxifloxacin, and gatifloxacin were found to exhibit better
activities than the other drugs when tested against the resistant
isolates except for those harboring the Ser-91-Pro change (Ta-
ble 1). The effective antimycobacterial activity of sparfloxacin
has been reported previously by other investigators (1, 14), yet
our results showed that this drug was not particularly active
against the resistant isolates that harbored gyrA mutations. For
moxifloxacin, gatifloxacin, and sitafloxacin, their superior ac-
tivities have been attributed to the special structure-activity
relationship of the C-8-methoxy and C-8-halogen substitution
in the chemical structure of the prototype fluoroquinolones (3,
13, 16, 17, 24, 34). These new members with this substitutions
can have stronger bacteriostatic and lethal activities against M.
tuberculosis, as shown by their lower MICs even among the
gyrA mutants (7, 8, 12, 20, 25, 30). In addition, acquired resis-
tance to these new drugs would be expected to develop less
readily, as reflected by their lower mutant prevention concen-
trations (4, 5), a new pharmacodynamic parameter that corre-
lates well with the MICs of these new members.

All six fluoroquinolones studied were found to have good in
vitro activities against the ofloxacin-susceptible isolates
(MIC90s 0.25 to 0.5 mg/liter). Sparfloxacin was found to be
particularly effective (Table 3). These observations concur with
the results of other reports (7, 8, 11, 12, 15, 20, 23, 25, 26, 30).

Finally, we believe that expansion of the present collection
of clinical isolates and continuing molecular studies may pro-
vide a gene library of DNA gyrase gene mutations which,
together with reliable and convenient molecular mutation de-
tection methods such as MPAC, would allow microbiologists
and clinicians to predict the likely profile of phenotypic resis-

TABLE 3. Comparative susceptibilities to six fluoroquinolones and distribution of MICs among isolatesa

MIC (mg/liter)

% of strains or relative MICb

Moxifloxacin Gatifloxacin Sitafloxacin Ofloxacin Levofloxacin Sparfloxacin

C S R� R� C S R� R� C S R� R� C S R� R� C S R� R� C S R� R�

�0.125 16 17 24 13 33 39 16 100 83 26
0.25 100 61 43 100 61 65 100 55 26 100 31 100 60 4 13 61 3
0.5 16 30 12 13 10 26 22 40 22 52 4 9 19
1 6 9 31 1 4 16 1 9 34 29 2 35 3 9
2 1 53 4 44 25 83 3 9 22 4 28
4 13 1 41 16 13 19 25 22
8 3 3 4 28 31

16 38 19 19
�16 13

MIC50 1 1 1 8 1 1 1 8 1 1 1 4 1 2 8 32 1 1 2 16 1 1 2 16
MIC90 1 2 2 16 1 2 2 16 1 2 2 16 1 4 16 �64 1 2 4 16 1 2 4 128

a There were four categories of M tuberculosis strains: C, the two ATCC control strains; S, 83 ofloxacin-susceptible strains (ofloxacin MIC � 2 mg/liter); R�, 23
ofloxacin-resistant isolates without gyrA mutations (ofloxacin MIC � 2mg/liter); and R�, 32 ofloxacin-resistant isolates with gyrA mutations (ofloxacin MIC �
2mg/liter).

b See Table 2, footnote a.
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tance to fluoroquinolones of a strain isolated in a setting in
which multidrug-resistant tuberculosis might be expected.
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