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The conventional methods for identifying mycobacterial species are based on their phenotypic character-
ization. Since some problematic species are slow growers, their taxonomy takes several weeks or months to
identify. The ribosomal DNA (rDNA) sequence-based identification strategy has been adopted to solve this
problem. More recently, the gyrB sequences have been shown to be useful phylogenetic markers for the
identification of species. We determined the gyrB sequences of 43 slowly growing strains belonging to 15 species
in the genus Mycobacterium. The frequencies of base substitutions in the gyrB sequences were comparable to
those in the 16S-23S rDNA internal transcribed spacer (ITS) sequences. The ITS sequences of four species
belonging to the M. tuberculosis complex (M. tuberculosis, M. bovis, M. africanum, and M. microti) were 100%
identical, while four synonymous substitutions were found in the gyrB sequences of these strains. Based on the
differences found in the gyrB sequences, we developed PCR and PCR-restriction fragment length polymorphism
methods to discriminate these species.

The increase in the incidence of infection by mycobacteria in
humans, especially among immunocompromised patients, is a
matter of serious concern to the public. In order to control this
infection, rapid identification of the carriers of mycobacteria is
a high priority. Intensive research efforts were made to develop
rapid methods for identifying mycobacteria. Numerical taxo-
nomic matrices and 16S ribosomal DNA (rDNA)-based phy-
logenetic analyses have provided a great deal of information on
the systematics of mycobacteria (19, 24, 37). The 16S rDNA-
based methods are currently widely accepted as rapid and
accurate means for identifying mycobacteria (14, 15, 28). How-
ever, it was found that the distinctions between Mycobacterium
kansasii and M. gastri, between M. malmoense and M. szulgai,
between M. marinum and M. ulcerans, and between the mem-
bers of the M. tuberculosis complex are difficult to make based
on their 16S rDNA sequences since they are almost identical
between these strains. To solve this problem, the sequences of
the 16S-23S rDNA internal transcribed spacer (ITS) have been
used to distinguish between M. kansasii and M. gastri (20).
However, the ITS sequences are identical among the M. tuber-
culosis complex strains.

The M. tuberculosis complex consists of four closely related
groups, M. tuberculosis, M. bovis, M. africanum, and M. microti,
and they may be considered to be subspecies of M. tuberculosis
(37). Their close relatedness has been demonstrated by DNA-
DNA hybridization (1), isozyme analysis (5), and electrokaryo-
typing (5). However, their host range and pathogenicity are
quite different. The host of M. tuberculosis and M. africanum is
limited to humans (37), while M. bovis causes disease in a wide
range of wild and domestic mammals, as well as in humans
(18). M. microti has recently been reported to infect not only
voles but also humans (32).

Several efforts have been made to differentiate slowly grow-
ing mycobacterial species by using protein-encoding genes
such as the 32-kDa protein gene (22), dnaJ (26, 27, 34), hsp 65

(17, 25), the superoxide dismutase gene (21, 44), recA (31), and
rpoV (3). However, DNA sequence analyses of these genes
revealed them to be invariant among the members of the M.
tuberculosis complex.

Yamamoto and Harayama (40) have proposed that gyrB
could be a suitable phylogenetic marker for the identification
and classification of bacteria (10, 41, 42). They have shown that
the divergence of gyrB sequences reflected the taxonomical
relationships in the genera Acinetobacter (42) and Pseudomo-
nas (43). They have also shown that the average base substi-
tution rate of 16S rDNA was 1% per 50 million years, while
that of the gyrB genes at synonymous sites was 0.7 to 0.8% per
one million years (41). The gyrB analyses of other bacterial genera
have also resolved closely related strains (33, 35, 36, 39).

In this report, we analyzed the gyrB sequences of type strains
and clinical isolates of slowly growing mycobacteria, including
the M. tuberculosis complex, M. kansasii, M. gastri, M. avium,
M. intracellulare, M. malmoense, and M. simiae. In parallel, we
analyzed the ITS sequences of these strains and compared the
results with those of the gyrB analysis. Furthermore, we devel-
oped PCR-based methods to differentiate four species of the
M. tuberculosis complex.

MATERIALS AND METHODS

Strains and cultivation. The strains used in this study are shown in Table
1. They were cultivated by using Ogawa’s medium (Nissui Pharmaceutical
Co.).

Determination of gyrB gene sequences. The protocol for determining the gyrB
sequences was almost the same as that described by Yamamoto and Harayama
except for the PCR primers (40). The primers used here are listed in Table 2, the
location of each primer sequence being indicated by the numbering system for
the M. tuberculosis gyrB sequence. A 1.2-kb gyrB segment was amplified by PCR
by using the universal primers UP1TL and UP2rTL. To determine the nucleotide
sequence of both strands of the gyrB segment, shorter fragments were amplified
by using the PCR-amplified 1.2-kb gyrB segment as a template and two pairs of
primers, either UP1EM13r plus QTK-21 or GGTH-r plus UP2r-21. The ampli-
fication reaction was subjected to 35 cycles with a denaturation step at 95°C for
1 min, an annealing step at 63°C for 1 min, and an extension step at 72°C for 2
min. Sequences were determined by using the universal primers for the M13
phage vector.

Determination of ITS sequences. The ITS sequences were determined by using
the primers Ec16S.1390p (59-TTGTACACACCGCCCGTC-39) and Mb23S.44n
(59-TCTCGATGCCAAGGCATCCACC-39) (20). The amplification reaction
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was subjected to 35 cycles with a denaturation step at 95°C for 1 min, an
annealing step at 63°C for 1 min, and an extension step at 72°C for 1 min. The
amplified DNA was purified, and its sequence was determined by using
Ec16S.1390p and Mb23S.44n as sequence primers.

ETR typing. Exact tandem repeat (ETR) typing was performed by using the
combination of primers designated ETR-A and heat-treated crude lysates as
DNA templates (7). The amplification reaction was subjected to 35 cycles with a
denaturation step at 95°C for 1 min, an annealing step at 60°C for 1 min, and an
extension step at 72°C for 2 min. Amplified fragment was analyzed by 1.5%
agarose gel electrophoresis for typing.

Analysis of sequence data. The gyrB sequences were aligned by using
CLUSTAL W 1.7 (29), and the alignment was manually corrected. Phylogenetic
analyses were performed by the PHYLIP version 3.5c package (6). Distance
matrices based on Kimura’s two-parameter model (12) were produced by using
the DNADIST program, and a neighbor-joining tree was constructed by using
the NEIGHBOR program. The resulting trees were depicted by using the Tree-
View version 1.5 package (16). The stability of the grouping was assessed by
bootstrapping with the SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE
programs. A total of 1,000 bootstrapped trees were generated. Pairwise distances
of the gyrB or ITS sequences were calculated by using the MEGA version 1.0
package (13).

gyrB-based species-specific PCR for the M. tuberculosis complex. The gyrB
sequences of four type strains belonging to the M. tuberculosis complex were
aligned, and the four sites at which base substitutions occurred were found.
Species-specific primers whose 39 ends were at the base substitution sites were
designed and named 675-T, 756-G, 756-A, 1410-G, 1410-A, 1450-C, and 1450-A
(Table 2). The PCR reactions were performed in a final volume of 20 ml con-
taining 1 ml of a boiled bacterial suspension, a reaction buffer (GeneAmp Kit;
Perkin-Elmer), 1.25 U of AmpliTaq Gold DNA polymerase, a 0.1 mM concen-
tration of each deoxynucleoside triphosphate, and 100 pmol of each primer. The
reaction was subjected to 35 cycles of amplification, with a denaturation step at
95°C for 1 min and an annealing-extension step at 72°C for 1.5 min, by using a
Progene thermal cycler (Techne). The amplified fragments were analyzed by
1.5% agarose gel electrophoresis.

gyrB-based species-specific PCR for M. kansasii and M. gastri. The gyrB se-
quences of the type strains of M. kansasii and M. gastri were aligned with those
of other mycobacterial and related species. The sequences specific to M. kansasii
and M. gastri were then found. Species-specific primers whose 39 ends corre-
sponded to the species-specific sequences were designed and named KG632f,
MK962r, and MG962r (Table 2). The PCR reactions were performed in a final
volume of 20 ml containing 1 ml of a boiled bacterial suspension, a reaction buffer
(GeneAmp Kit), 1.25 U of AmpliTaq Gold DNA polymerase, a 0.1 mM con-
centration of each deoxyribonucleoside triphosphate, and 100 pmol of each

TABLE 1. Source of DNA samples and accession numbers of gyrB sequences

Strain Genus and species Remarks
Accession no.

gyrB ITS

KPM T801 M. africanum Type strain (ATCC 25420) AB014192 AB026699
ATCC 25274 M. asiaticum AB014206 AB026703
KPM 3012 M. avium Type strain (ATCC 25291) AB014189 AB026690
KPM T704 M. bovis Type strain (ATCC 19210) AB014184 AB026693
KPM T702 M. bovis BCG Japanese strain AB014193
IKEDA M. bovis Cow isolate, Hokkaido AB018554
KPM 3504 M. gastri Type strain (ATCC 15754) AB014202 AB026697
KPM 3502 M. gastri Human isolate, 1982, Shimane AB014294
KPM 3503 M. gastri Human isolate, 1982, Kyoto AB014295
KPM 2201 M. gordonae Type strain (ATCC 14470) AB014191 AB026692
KPM 3101 M. intracellulare Type strain (ATCC 13950) AB014188 AB026691
KPM 1001 M. kansasii Type strain (ATCC 12478) AB014204 AB026695
KPM 1004 M. kansasii Human clinical, 1990, Osaka AB014301
KPM 1007 M. kansasii Human clinical, 1990, Osaka AB014302
KPM KY256 M. kansasii Human clinical, 1991, Kyoto AB014304
KPM KY761 M. kansasii Human clinical, 1991, Kyoto AB014305
KPM KY798 M. kansasii Human clinical, 1991, Kyoto AB014306
KPM 1988-1 M. kansasii Human clinical, 1988, Osaka AB014307
KPM 3401 M. malmoense Type strain (ATCC 29571) AB014187 AB026696
KPM 1201 M. marinum Type strain (ATCC 927) AB014203 AB026701
KPM T901 M. microti Type strain (NCTC 8710) AB014205 AB026700
KPM 2027 M. scrofulaceum Type strain (ATCC 19981) AB014207 AB026702
KPM 1403 M. simiae Type strain (ATCC 25275) AB014182 AB026694
KPM 2403 M. szulgai Type strain (NCTC 10831) AB014185 AB026704
KPM T021 M. tuberculosis Type strain (ATCC 27294) AB014194 AB026698
H37Rv M. tuberculosis Z80233
H37Ra M. tuberculosis X78888
KPM KY590 M. tuberculosis Human clinical, 1987, Kyoto AB014209
KPM KY631 M. tuberculosis Human clinical, 1987, Kyoto AB014210
KPM KY643 M. tuberculosis Human clinical, 1987, Kyoto AB014211
KPM KY673 M. tuberculosis Human clinical, 1987, Kyoto AB014212
KPM KY677 M. tuberculosis Human clinical, 1987, Kyoto AB014213
KPM KY678 M. tuberculosis Human clinical, 1987, Kyoto AB014214
KPM KY679 M. tuberculosis Human clinical, 1987, Kyoto AB014215
KPM KY682 M. tuberculosis Human clinical, 1987, Kyoto AB014216
KPM KY686 M. tuberculosis Human clinical, 1987, Kyoto AB014217
KPM KY697 M. tuberculosis Human clinical, 1987, Kyoto AB014218
KPM KY698 M. tuberculosis Human clinical, 1987, Kyoto AB014219
KPM KY699 M. tuberculosis Human clinical, 1987, Kyoto AB014220
KPM KY708 M. tuberculosis Human clinical, 1987, Kyoto AB014221
KPM KY709 M. tuberculosis Human clinical, 1987, Kyoto AB014230
KPM KY713 M. tuberculosis Human clinical, 1987, Kyoto AB014231
KPM KY715 M. tuberculosis Human clinical, 1987, Kyoto AB014240
KPM KY721 M. tuberculosis Human clinical, 1987, Kyoto AB014241
KPM KY741 M. tuberculosis Human clinical, 1987, Kyoto AB014242
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primer. The reaction was subjected to 30 cycles of amplification, with a dena-
turation step at 95°C for 1 min and an annealing-extension step at 68°C for 1.5
min, by using a Progene thermal cycler (Techne). The amplified fragments were
analyzed by 1.5% agarose gel electrophoresis.

PCR-restriction fragment length polymorphism (RFLP) analysis. The myco-
bacterial GyrB amino acid sequences were aligned, and two regions specific to
the M. tuberculosis complex were found. Primers, which were designed from the
specific amino acid sequences were named MTUBf and MTUBr (Table 2) and

FIG. 1. Unrooted tree based on the gyrB sequences and showing the relationship between type strains of slowly growing mycobacteria. A neighbor-joining
dendrogram was constructed. The numbers on the dendrogram are the percentages of occurrence in 1,000 bootstrapped trees; only values of .50% are shown.

TABLE 2. List of PCR primers used for gyrB analysis

Primer Nucleotide sequence (59 to 39) Location of
primersa

UP1TL CAy GCn GGn GGn AAr TTy GA 553–572
UP2rTL TCn ACr TCn GCr TCn GTC AT 1831–1850
UP1EM13r CAG GAA ACA GCT ATG ACC AyG snG GnG GnA ArT Tyr A 553–572
QTK-21 TGT AAA ACG ACG GCC AGT Ary TTn kyy TTn GTy TG 1351–1367
GGTH-r CAG GAA ACA GCT ATG ACC GAn GGn GGn ACn CA 1177–1190
UP2r-21 TGT AAA ACG ACG GCC AGT rTC nAC rTC nGC rTC nGT CAT 1831–1850
675-T AGA TCA AGC GCG ACG GGT AT 656–675
756-G GAA GAC GGG GTC AAC GGT G 738–756
756-A GAA GAC GGG GTC AAC GGT A 738–756
1410-G CCA GTG GGT CAG CTG TTC G 1410–1428
1410-A CCA GTG GGT CAG CTG TTC A 1410–1428
1450-C CCT TGT TCA CAA CGA CTT TCG C 1450–1471
1450-A CCT TGT TCA CAA CGA CTT TCG A 1450–1471
MTUBf TCG GAC GCG TAT GCG ATA TC 574–593
MTUBr ACA TAC AGT TCG GAC TTG CG 1594–1613
KG632f GGT GTC TCG GTG GTC AAC GC 613–632
MK962r GAC CTT GTG CGG GGC GGC GG 962–981
MG962r CAC CTT GTG GGG GGC GGT GA 962–981

a Locations of primers are shown by the nucleotide number of gyrB of M. tuberculosis (GenBank accession number L27512).

VOL. 38, 2000 IDENTIFICATION OF M. TUBERCULOSIS 303



used for PCR. The PCR reaction was performed under the same conditions as
those for species-specific PCR already described. The amplified fragments were
digested with RsaI and TaqI, the digested fragments being analyzed by 2.0%
agarose gel electrophoresis.

DNA-DNA hybridization. The levels of DNA-DNA relatedness were determined
fluorometrically by the method of Ezaki et al. (4) by using biotinylated DNA.

Nucleotide sequence accession numbers. The gyrB and ITS sequences deter-
mined in this study have been deposited in DDBJ (DNA DataBank of Japan)
under the accession numbers shown in Table 1.

RESULTS AND DISCUSSION

Phylogenetic analysis of slowly growing mycobacteria based
on their gyrB sequences. Primers UP1TL and UP2rTL were
used to amplify ;1.2-kb gyrB fragments by PCR from 15 my-
cobacterial species, and their nucleotide sequences were de-
termined. The sizes of the amplified gyrB fragments were 1,257
bp for the M. tuberculosis complex, M. kansasii, and M. gastri,
while those for the other species were longer by 6 bp. The
alignment of the translated sequences showed that two resi-
dues were inserted in the N-terminal region: the amino acid
sequences of the N terminus were Ser-Asp-(Ser or Ala)-Tyr-
Ala-Ile-Ser for M. kansasii, M. gastri, and the M. tuberculosis
complex, whereas they were Gly-Glu-Asn-Ser-Gly-Tyr-(Asn or
Thr)-Val-Ser for the other species. The overall amino acid
sequence identities ranged from 82 to 99%. The pairs showing
more than 90% identity were M. kansasii and M. gastri (94%),
M. avium and M. intracellulare (91%), and four species of the
M. tuberculosis complex (99%). The other pairs showed ,90%
identity. The unrooted phylogenetic tree (Fig. 1) showed that
the 15 mycobacterial species were well resolved by their gyrB
sequences. Especially, branches of medically important spe-
cies, such as M. kansasii, M. gastri, M. avium, M. intracellulare,
and M. tuberculosis complex, were supported by high bootstrap
values. The results indicated that the gyrB sequences would be
useful for differentiation of those species.

As shown in Table 3, the resolution in the gyrB-based phy-
logeny was better than that in the ITS-based phylogeny, with
some exceptions. The ITS sequence can evolve faster than 16S
rDNA, as this region does not encode any biologically func-
tional molecules, except for a role in pre-rRNA processing,
and this sequence has been proposed to be suitable for differ-
entiating closely related organisms (2, 9). In fact, Roth et al.
(20) have shown that M. kansasii and M. gastri could be distin-
guished by using their ITS sequences. However, the ITS se-
quences of four species belonging to the M. tuberculosis com-
plex were 100% identical. This means that the four species of
the M. tuberculosis complex appear to have diverged quite
recently, as has been indicated by Sreevatsan et al. (23).

Identification of M. kansasii and M. gastri by gyrB-targeted
species-specific PCR. The gyrB sequences of the type strains of
M. gastri and M. kansasii were 94.7% identical (1,191 of 1,257
bp). All except five substitutions were synonymous. The gyrB
sequences of eight clinical isolates were determined to identify
intraspecies variations in the gyrB sequences. The taxonomic
identification of these isolates was done by DNA-DNA hybrid-
ization experiments: six of them were identified to be M. kan-
sasii, and the remaining two were determined to be M. gastri.
The gyrB sequences of these isolates were 100% identical to
those of the type strains. Two stretches of DNA were found to
be specific to M. kansasii and/or M. gastri when their gyrB
sequences were aligned with those of 350 strains of high G1C
gram-positive bacteria (H. Kasai and S. Harayama, unpub-
lished data). Their locations corresponded to positions 613 to
632 and positions 962 to 981 of the M. tuberculosis gyrB se-
quence (GenBank accession number L27512). A set of primers
adapted to these two specific sequences was designed. The
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forward primer was complementary to both the M. kansasii and
M. gastri sequences, while two types of reverse primers, one
specific to M. kansasii and the other specific to M. gastri, were
prepared. As shown in Fig. 2, M. kansasii and M. gastri could be
distinguished by PCR with these primer sets.

gyrB sequences of strains in the M. tuberculosis complex. We
determined the gyrB sequences of the type strains of M. tuber-
culosis, M. microti, M. africanum, and M. bovis. The obtained
sequences were compared with each other, and we found sub-
stitutions at four different sites (Fig. 3A). At position 675, the
gyrB sequence of M. microti was T, and the gyrB sequences of
the other strains were C. At position 756, the gyrB sequence of
M. bovis was A, and the gyrB sequences of the other strains
were G. At position 1410, the gyrB sequence of M. bovis was T,
and the gyrB sequences of the other strains were C. At position
1450, the gyrB sequence of M. tuberculosis was G, and the gyrB
sequences of the other strains were T. All the substitutions
were synonymous, three being transitions and one being a
transversion. These substitutions are unlikely to have devel-
oped under the selective pressure of therapeutic drug treat-
ment because drug resistance is acquired by nonsynonymous
substitution. Therefore, these substitutions can be regarded as
the result of naturally occurring divergent evolution of these
members. Synonymous substitution may thus be useful to de-
duce the natural relationship among pathogenic bacteria since
they are not subjected to selection by antibiotics.

M. tuberculosis complex-specific PCR and differentiation of
the members by PCR-RFLP. A two-step method for differen-
tiating the strains in the M. tuberculosis complex was devel-
oped. The first step involves detecting the M. tuberculosis com-
plex, while the second step involves the differentiation of four
species of the M. tuberculosis complex. The GyrB sequences of

the M. tuberculosis complex were aligned with those of other
mycobacterial species, and two unique sequences for the M.
tuberculosis complex were found. A pair of primers, MTUB-f
and MTUB-r, was then designed for specific amplification of
the partial gyrB sequences from the M. tuberculosis complex.
With these primers, the gyrB sequences were amplified from M.
tuberculosis, but not from M. kansasii, M. gastri, M. abscessus,
M. chelonae, or M. triviale (data not shown). The length of the
amplified fragments was 1,020 bp. At the second step, the
amplified DNA fragments were digested by RsaI or TaqI. As
shown in Fig. 3B, M. bovis (lane 2) and M. microti (lane 5)
could be differentiated from the other two species by the elec-
trophorogram of the RsaI-digested fragments. Fragments of
500 and 700 bp can be found in the cases of M. bovis and M.
microti, respectively, while 600-bp fragments were generated
by RsaI digestion of the PCR products from M. tuberculosis and
M. africanum. TaqI digestion of the M. tuberculosis gyrB frag-
ment generated a 300-bp fragment, while a 150-bp fragment
was generated from the other three species. Thus, RFLP anal-
ysis of the gyrB fragment could distinguish four species belong-
ing to the M. tuberculosis complex.

Differentiation of members of the M. tuberculosis complex by
species-specific PCR. We were also able to differentiate the
members of the M. tuberculosis complex by species-specific
PCR. We designed PCR primers that allowed selective ampli-
fication of the gyrB fragments from each species of the M.
tuberculosis complex. The sequences and their positions are
listed in Table 2. According to the designs of these primers, the
gyrB fragment of M. tuberculosis could be amplified only by
using the primer set of 756-G and 1410-C, the gyrB fragment of
M. bovis could be amplified only by using the primer set of
756-A and 1410-A, the gyrB fragment of M. africanum could be

FIG. 2. PCR for the amplification of gyrB to detect M. kansasii and M. gastri. Panels A and B show the specificity of M. kansasii-specific primers and of M.
gastri-specific primers, respectively. Lanes: 1 and 12, 100-bp ladder molecular size markers; 2 and 9, PCR products from DNA of the type strains of M. kansasii and
M. gastri; 3 to 8, PCR products from the cell lysate of clinical isolates identified as M. kansasii; 10 and 11, PCR products from the cell lysate of clinical isolates identified
as M. gastri. The length of each amplified fragment was 368 bp.
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amplified only by using the primer set of 756-G and 1410-A,
and the gyrB fragment of M. microti could be amplified by using
both the 756-G and 1450-A set and the 675-T and 1410-G set.
Combination of these primers enabled four species of the M.
tuberculosis complex to be differentiated (Fig. 3C).

gyrB sequences of clinically isolated M. tuberculosis strains.
To evaluate the general applicability of the gyrB-based identi-
fication method, we analyzed the gyrB sequences of 18 M.
tuberculosis strains isolated from patients, one M. bovis strain
isolated from a cow, and the Japanese reference strain of BCG.
Each M. tuberculosis strain was isolated from a different pa-
tient. They were classified into five different groups based on
the variable numbers of tandem repeats in the ETR-A locus
(7). Group 1 contained two strains (KPM KY590 and KPM
631), group 2 also contained two strains (KPM KY682 and
KPM 721), and groups 3 and 4 each contained a single strain
(KPM KY673 and KPM 679, respectively). The remaining 12
strains belonged to group 5. Thus, the strains studied were
derived from at least five independent origins. The M. tuber-
culosis-specific substitutions found in the gyrB sequence of the
type strain were conserved in all of the clinical isolates. Both
the gyrB sequences of M. bovis isolated from a cow and the
Japanese BCG strain were identical to that of the type strain of
M. bovis, although the origins of these three strains were dif-
ferent. These results suggest that the synonymous substitutions
found in M. tuberculosis and M. bovis are species specific.
Besides these three common substitutions, we found three
strain-specific base substitutions in the four M. tuberculosis
strains. In the gyrB sequence of strain KPM KY673, the A at
position 883 was found to be substituted by C, provoking the
amino acid substitution from Ala to Pro. The A at position
1114 was found to be substituted by G in strain KPM KY679,
while the G at position 1116 was found to be substituted by C

in strains KPM KY678 and KPM H37Rv (GenBank accession
number L27512). The latter two changes occurred in the same
codon, ATG, provoking a change in the amino acid sequence
from Met to Val or Ile. These two amino acid substitutions are
found at positions that are highly conserved among the GyrB
proteins of high G1C gram-positive bacteria. It is thus possible
that the amino acid changes at these sites could confer some
drug resistance to the strains.

Medical applications of gyrB sequences. Many clinically sig-
nificant strains are classified as slowly growing mycobacteria.
As shown in this study, more substitutions were found in the
gyrB sequences than in the 16S rDNA and ITS sequences of
slowly growing mycobacterial strains. With the benefit of
higher base substitution frequencies, PCR or PCR-RFLP of
gyrB could be used for the species identification of clinically
isolated mycobacteria. These methods are highly applicable to
clinical medicine because DNA sequencing is not required for
rapid identification of these species.

The gyrB-based methods have already shown to be useful for
differentiation of closely related strains of other bacteria, such
as Vibrio (33) and Bacillus (39) spp. For quantitation analysis,
too, the gyrB-based methods would be more useful than 16S
rDNA-based methods because the copy number of gyrB is
single in almost all of the bacteria examined (35, 36), while that
of 16S rDNA is variable. We have determined the gyrB se-
quences of various bacteria and deposited them in the gyrB
database (11), which recently became accessible via the inter-
net (http://www.mbio.co.jp/icb/icb.html/). The sequence data
accumulated in the gyrB database will be useful for the devel-
opment of bacterial diagnostic systems based on molecular
methods such as PCR, PCR-RFLP, and high-density DNA
probe arrays (8, 30).

FIG. 3. Differentiation of members of the M. tuberculosis complex by using PCR and PCR-RFLP. (A) gyrB sequences of the members of the M. tuberculosis complex.
The sequences of polymorphic loci are enclosed in boxes, and capital letters indicate substituted sequences. Black arrows show the positions of primers for the
PCR-RFLP analysis. (B) PCR-RFLP patterns obtained with the type strains of the M. tuberculosis complex. Lanes: 1 and 10, 100-bp ladder molecular size markers;
2 to 9, RFLP patterns of PCR products from M. microti (lanes 2 and 6), M. tuberculosis (lanes 3 and 7), M. africanum (lanes 4 and 8), and M. bovis (lanes 5 and 9).
Lanes 2, 3, 4, and 5 show RFLP patterns obtained by RsaI digestion; lanes 6, 7, 8, and 9 show RFLP patterns obtained by TaqI digestion. (C) Species-specific PCR
amplification. Lanes: 1, 100-bp ladder molecular size markers; 2, 6, 10, and 14, PCR products from M. tuberculosis DNA; 3, 7, 11, and 15, PCR products from M. bovis
DNA; 4, 8, 12, and 16, PCR products from M. microti DNA; 5, 9, 13, and 17, PCR products from M. africanum DNA; 2, 3, 4, and 5, PCR with 210-G and 442-C; 6,
7, 8, and 9, PCR with 756-A and 1410-A; 10, 11, 12, and 13, PCR with 756-G and 1410-A; 14, 15, 16, and 17, PCR with 675-T and 1410-G.
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