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For the differentiation and identification of mycobacterial species, the rpoB gene, encoding the b subunit of
RNA polymerase, was investigated. rpoB DNAs (342 bp) were amplified from 44 reference strains of mycobac-
teria and clinical isolates (107 strains) by PCR. The nucleotide sequences were directly determined (306 bp)
and aligned by using the multiple alignment algorithm in the MegAlign package (DNASTAR) and the MEGA
program. A phylogenetic tree was constructed by the neighbor-joining method. Comparative sequence analysis
of rpoB DNAs provided the basis for species differentiation within the genus Mycobacterium. Slowly and rapidly
growing groups of mycobacteria were clearly separated, and each mycobacterial species was differentiated as
a distinct entity in the phylogenetic tree. Pathogenic Mycobacterium kansasii was easily differentiated from
nonpathogenic M. gastri; this differentiation cannot be achieved by using 16S rRNA gene (rDNA) sequences. By
being grouped into species-specific clusters with low-level sequence divergence among strains of the same
species, all of the clinical isolates could be easily identified. These results suggest that comparative sequence
analysis of amplified rpoB DNAs can be used efficiently to identify clinical isolates of mycobacteria in parallel
with traditional culture methods and as a supplement to 16S rDNA gene analysis. Furthermore, in the case of
M. tuberculosis, rifampin resistance can be simultaneously determined.

The genus Mycobacterium comprises a wide range of organ-
isms, including obligate parasites causing serious human and
animal diseases, opportunistic pathogens, and saprophytic spe-
cies found in nature. Human infections are caused mainly by
slowly growing mycobacteria that need more than 7 days to
form visible colonies on solid media. Traditionally, the defin-
itive diagnosis of mycobacterial infections has been dependent
on the isolation and identification of causative agents and
requires a series of specialized physiological and biochemical
tests. The procedures for these tests are complex, laborious,
and usually impeded by the slow growth of mycobacteria in
clinical laboratories. In particular, Mycobacterium leprae has
not been cultivated in vitro. There have been increasing num-
bers of reports of infections caused by mycobacteria other than
M. tuberculosis (MOTT), especially in association with human
immunodeficiency virus infection. These are rarely disease as-
sociated, previously unknown or newly recognized mycobacte-
ria that are not easy to identify; moreover, due to their phe-
notypic similarity to certain species, they cannot be easily
characterized by the conventional methods of identification.
However, mycobacterial systematics may help in the differen-
tiation and identification of these phenotypically similar myco-
bacterial species.

Descriptive taxonomic analyses have been used to classify
mycobacterial species. For a clearer definition of species
boundaries, macromolecular comparisons, particularly of 16S
rRNA, which is highly conserved throughout organisms, have

been used to determine phylogenetic relationships. Mycobac-
terial phylogenetic analysis based on sequences of 16S rRNA
(25, 31) or the 16S rRNA gene (16S rDNA) (27) has helped to
define mycobacterial species. This analysis demonstrated the
usefulness of genotypic studies, especially when conventional
procedures are inapplicable, particularly for the differentiation
and identification of novel and uncultivable mycobacteria (19).
It has been suggested, however, that for the delineation of
species boundaries, 16S rRNA-based phylogenetic analysis has
its limitations (11). Ambiguous results due to the presence of
two different 16S rRNA genes in an organism would also limit
the use of 16S rDNA sequencing in the identification of my-
cobacterial species (23, 26). Doubts about its usefulness were
raised because M. kansasii, a pathogenic mycobacterium, could
not be distinguished from nonpathogenic M. gastri by this
means (35). A similar result was observed in 23S rRNA se-
quence analysis; the sequence for M. kansasii was identical to
that for M. celatum (32).

rpoB encodes the b subunit of RNA polymerase. The rpoB
nucleotide sequences of three mycobacterial species were pre-
viously known (15, 16, 22). Missense mutations within rpoB’s
limited region are known to be related to rifampin resistance in
M. tuberculosis (34). Recently, the rpoB gene was used as an
alternative tool to identify mycobacteria (14). However, only a
limited number of reference species (five slowly growing and
five rapidly growing species) in the genus Mycobacterium were
used.

In the present study, rpoB DNAs (342 bp) comprising a
highly conserved region throughout the eubacteria (5) were
amplified from the 44 reference strains of mycobacteria. Their
nucleotide sequences (306 bp) were directly determined and
compared to study their phylogenetic relationships. To dem-
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onstrate the feasibility of using this method in which rpoB
sequences are compared and a phylogenetic tree with refer-
ence species is inferred, this procedure was applied to clinical
isolates. We suggest that this procedure is a useful identifica-
tion method that can be completed within two working days.

MATERIALS AND METHODS

Mycobacterial strains and clinical isolates. Forty-four reference strains of the
genus Mycobacterium (Table 1) and clinical isolates used in this study were

provided by the Korean Institute of Tuberculosis, the Korean National Tuber-
culosis Association (KNTA), and the World Health Organization/International
Union Against Tuberculosis and Lung Disease-designated Supranational Refer-
ence Laboratory for Global Drug Resistance Surveillance. M. leprae (Thai 53
strain) was provided by the Institute of Hansen’s Disease, Catholic University
Medical College, Seoul, Korea. Clinical isolates of M. tuberculosis (46 strains), M.
avium complex (18 strains), M. kansasii (32 strains), M. fortuitum (5 strains), and
M. szulgai (6 strains) were identified by conventional methods and provided for
the blinded rpoB gene analysis. For the clinical samples of M. leprae, six punch
biopsy specimens were obtained from active lesions of patients diagnosed on the
basis of histological findings, acid-fast bacterium staining, and amplification of
DNA encoding an 18-kDa protein (36) by the Institute of Hansens’ Disease.

Preparation of DNA and PCR. Mycobacterial DNAs were prepared by the
bead beater–phenol extraction method. A loopful of culture of each isolate was
suspended in 200 ml of TEN buffer (10 mM Tris-HCl, 1 mM EDTA, 100 mM
NaCl; pH 8.0), placed in a 2.0-ml screw-cap microcentrifuge tube filled with 100
ml (packed volume) of glass beads (diameter, 0.1 mm; Biospec Products, Bartles-
ville, Okla.) and 100 ml of phenol-chloroform-isopropyl alcohol (50:49:1). To
disrupt the bacteria, the tube was oscillated on a Mini-Bead Beater (Biospec
Products) for 1 min, and to separate the phases, the tube was centrifuged
(12,000 3 g, 5 min). After the aqueous phase was transferred into another clean
tube, 10 ml of 3 M sodium acetate and 250 ml of ice-cold ethanol were added; to
enable the DNA to precipitate, the mixture was kept at 220°C for 10 min. The
DNA pellet was washed with 70% ethanol, dissolved in 60 ml of TE buffer (10
mM Tris-HCl, 1 mM EDTA; pH 8.0), and used as a template for PCR. M. leprae
(Thai 53 strain) was prepared from the footpads of nude mice (BALB/c nu/nu;
B & K Universal Ltd., North Humberside, United Kingdom) that had been
inoculated at the Institute of Hansen’s Disease and maintained there for 18
months. The resected swollen footpads and biopsy specimens were homogenized
in 2 ml of phosphate-buffered saline, using a Mickle homogenizer (Mickle Lab-
oratory Engineering, Surrey, United Kingdom). The supernatant was collected
after tissue debris had settled (1 3 g, 5 min), and M. leprae DNA was prepared
as previously described (36).

A set of primers (MF, 59CGACCACTTCGGCAACCG39; MR, 59TCGATC
GGGCACATCCGG39) was used to amplify rpoB DNA (342 bp) encompassing
the Rifr region, which is associated with rifampin resistance in M. tuberculosis
(Fig. 1). The primers were selected from the highly conserved regions (HCR5
and HCR6) on the basis of known rpoB sequences of Bacillus subtilis (5). The
amplified region (306 bp; from R454 to H554 using the codon numbering system
for Escherichia coli) lies within the C2 region, one of four conserved domains (C1
to C4). The nucleotide sequence of the forward primer was identical to the
corresponding sequences of M. tuberculosis, M. leprae, and M. smegmatis (Gen-
Bank accession no. L27989, Z14314, and U24474, respectively). However, one
nucleotide of the reverse primer was different from the corresponding M. smeg-
matis sequence. Template DNA (50 ng) and 20 pmol of each primer were added
to a PCR mixture tube (AccuPower PCR PreMix; Bioneer, Chungbuk, Korea)
which contained 1 U of Taq DNA polymerase, 250 mM each deoxynucleoside
triphosphate, 50 mM Tris-HCl (pH 8.3), 40 mM KCl, 1.5 mM HgCl2, and gel
loading dye, and the volume was adjusted with distilled water to 20 ml. The
reaction mixture was subjected to 30 cycles of amplification (30 s at 95°C, 30 s at
60°C, and 45 s at 72°C) followed by a 5-min extension at 72°C (model 9600
Thermocycler; Perkin-Elmer Cetus). The PCR products were electrophoresed
on a 3% agarose gel and purified by the use of a QIAEX II gel extraction kit
(Qiagen, Hilden, Germany).

Nucleotide sequencing. The nucleotide sequences (306 bp) of the purified
PCR products (342 bp) were directly determined with forward and reverse
primers, using an Applied Biosystems model 373A automatic sequencer and a
BigDye Terminator Cycle Sequencing kit (Perkin-Elmer Applied Biosystems,
Warrington, United Kingdom). For the sequencing reaction, 60 ng of PCR-
amplified DNA, 3.2 pmol of either the forward or the reverse primer, and 8 ml
of BigDye Terminator RR mix (Perkin-Elmer Applied Biosystems; part no.
4303153) were mixed, and the contents were adjusted to a final volume of 20 ml
by addition of distilled water. The reaction was run with 5% (vol/vol) dimethyl
sulfoxide for 30 cycles of 15 s at 95°C, 10 s at 50°C, and 4 min at 60°C. Both
strands were sequenced as a cross-check.

Sequence analysis. Sequences were aligned by using the multiple alignment
algorithm in the MegAlign package (Windows version 3.12e; DNASTAR, Mad-
ison, Wis.). The rpoB sequences of Rhodococcus equi, Nocardia nova, and
Corynebacterium diphtheriae were simultaneously determined, and those of B.
subtilis, Staphylococcus aureus, and E. coli from GenBank (accession no. L24376,
X64172, and V0040, respectively) were also used. A phylogenetic tree of the
mycobacteria was constructed by using the MEGA program (21). A bootstrap
analysis (100 repeats) using R. equi as the outgroup was performed to evaluate
the topology of the phylogenetic tree.

Identification of clinical isolates. The clinical isolates (107 strains) of myco-
bacteria, except for six specimens of M. leprae, were identified by blind testing.
They had been isolated and identified by conventional methods at KNTA and
provided without information.

Nucleotide sequence accession numbers. The rpoB gene sequences deter-
mined for the mycobacterial reference strains and other microorganisms have
been deposited in GenBank (accession no. AF057449 to AF057496).

TABLE 1. Mycobacteria and other microorganisms used for the
rpoB sequence analysis

Species Accession
no.a Strain Source

M. abscessus AF057449 CAP97E-03 SNUHb

M. africanum AF057450 ATCC 25420 KNTA
M. asiaticum AF057455 ATCC 25276 KNTA
M. aurum AF057456 ATCC 23366 KNTA
M. avium AF057457 ATCC 25291 KNTA
M. bovis AF057451 ATCC 19210 KNTA
M. bovis BCG AF057452 French strain 1173P2 KNTA
M. celatum

Type 1 AF057458 ATCC 51131 KNTA
Type 2 AF057459 ATCC 51130 KNTA

M. chelonae AF057460 ATCC 35749 KNTA
M. chitae AF057461 ATCC 19627 KNTA
M. fallax AF057462 ATCC 35219 KNTA
M. flavescens AF057463 ATCC 14474 KNTA
M. fortuitum AF057464 ATCC 6841 KNTA
M. fortuitum 49403 AF057465 ATCC 49403 KNTA
M. gastri AF057466 ATCC 15754 KNTA
M. genavense AF057467 ATCC 51233 KNTA
M. gordonae AF057468 ATCC 14470 KNTA
M. haemophilum AF057469 ATCC 29548 KNTA
M. interjectum AF057470 ATCC 51457 KNTA
M. intermedium AF057471 ATCC 51848 KNTA
M. intracellulare AF057472 ATCC 13950 KNTA
M. kansasii AF057473 ATCC 12478 KNTA
M. leprae AF057474 Thai 53 strain IHDc

M. malmoense AF057475 ATCC 29571 KNTA
M. marinum AF057476 ATCC 927 KNTA
M. neoaurum AF057477 ATCC 25795 KNTA
M. nonchromogenicum AF057478 ATCC 19530 KNTA
M. paratuberculosis AF057479 ATCC 19698 KNTA
M. phlei AF057480 ATCC 11758 KNTA
M. peregrinum AF057481 ATCC 14467 KNTA
M. scrofulaceum AF057482 ATCC 19981 KNTA
M. senegalense AF057483 ATCC 35796 KNTA
M. shimoidei AF057486 ATCC 27962 KNTA
M. simiae AF057484 ATCC 25275 KNTA
M. smegmatis AF057485 ATCC 19420 KNTA
M. szulgai AF057487 ATCC 35799 KNTA
M. terrae AF057488 ATCC 15755 KNTA
M. thermoresistibile AF057489 ATCC 19527 KNTA
M. triviale AF057490 ATCC 23292 KNTA
M. tuberculosis H37Rv AF057454 ATCC 27294 KNTA
M. ulcerans AF057491 ATCC 19423 KNTA
M. vaccae AF057492 ATCC 15483 KNTA
M. xenopi AF057493 ATCC 19250 KNTA
R. equi AF057494 ATCC 10146 IMSNUd

N. nova AF057495 ATCC 21197 IMSNU
C. diphtheriae AF057496 SNUH SNUH

a GenBank accession numbers for the rpoB sequences of the reference strains.
b SNUH, Department of Clinical Pathology, Seoul National University Hos-

pital.
c IHD, Institute of Hansen’s Disease, The Catholic University Medical Col-

lege.
d IMSNU, Culture Collection Center, Institute of Microbiology, Seoul Na-

tional University.
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RESULTS

rpoB sequences of reference strains. rpoB DNAs (342 bp)
were amplified from 44 reference strains of mycobacteria and
species of closely related genera such as R. equi and N. nova,
while no amplifications from nonmycobacteria that can usually
be isolated from the human body were observed (data not
shown). The nucleotide sequences (306 bp) of amplified DNAs
were determined and compared. The G1C contents of these
amplified DNAs were 63 to 69%, reflecting the G1C contents
of the total DNAs of the genus Mycobacterium (62 to 70%). No
insertions or deletions were observed. The determined nucle-
otide sequences were compared pairwise for similarity; the
results showed that the 44 mycobacterial strains were closely
related to each other and were distinct from other genera. In
general, 85 to 100% similarity (interspecies divergence, 0 to
15%) was observed among mycobacterial species (Fig. 2). In-
terestingly, the members of the M. tuberculosis complex had
identical sequences. Pathogenic M. kansasii were easily differ-
entiated from nonpathogenic M. gastri (93.1% similarity).

Amino acid sequences of reference strains. The deduced
amino acid sequences of amplified rpoB DNAs comprised 101
amino acid residues (R454 to H554 [E. coli numbering]) (Fig. 3).
Because the variations in the nucleotide sequence were usually
observed in the last nucleotide of a codon, amino acid se-
quences among mycobacterial species were highly conserved
(97 to 100% similarity). Interestingly, instead of an M468
(ATG) residue, which was found in most of the slowly growing
mycobacteria, rapidly growing mycobacteria and the M. terrae
complex had an L468 (CTG, TTG, or CTC), as did nonmyco-
bacteria. Among the investigated mycobacteria, only M. cela-
tum, which has been reported to be completely rifampin resis-
tant (6) upon susceptibility testing, had an N531 residue
(AAC). This position is one of the most frequent sites of
mutation associated with rifampin resistance in M. tuberculosis
(S5313L [TCG3TTG]) (18, 34).

Phylogenetic tree. A phylogenetic tree, which provided the
basis for species differentiation in the genus Mycobacterium,
was constructed by the neighbor-joining method (Fig. 4). All
tested species showed good separation. Rapidly growing spe-
cies were united, to the exclusion of the slowly growing line of

descent, as in the phylogenetic tree based on the 16S rRNA or
rDNA sequences (25, 27, 31). Clustering of pathogenic and
potentially pathogenic species was another characteristic. M.
fortuitum, M. chelonae, and M. abscessus, which are included in
the taxonomic group of pathogenic, rapidly growing mycobac-
teria, formed a distinct cluster. M. haemophilum was the spe-
cies most similar to M. leprae, in accordance with the 23S
rRNA sequence analysis (32). Slowly growing, pathogenic M.
kansasii and nonpathogenic M. gastri were clearly separated,
though the two were not distinguished by the 16S rRNA se-
quence analysis (27). Also, M. szulgai was separated from M.
malmoense in the tree. M. intracellulare, long regarded as being
closely related to M. avium, was separated distantly from the
latter species, which was clustered with M. paratuberculosis, M.
celatum, and M. scrofulaceum. The reliability of the phyloge-
netic tree inferred was verified by the bootstrap method, using
R. equi as the outgroup.

Identification of clinical isolates. Nucleotide sequence vari-
ations of rpoB among the clinical isolates were observed. The
range of variation among the strains in each species was nar-
row (intraspecies divergence, ,1%). In general, only 1 or 2
nucleotide variations were observed among the clinical isolates
(99.0 to 100% similarity) (Table 2). Variants of M. tuberculosis
were found only among the rifampin-resistant strains. M. lep-
rae, which has not yet been cultivated in vitro, was successfully
identified by PCR-rpoB sequence analysis of punch biopsy
specimens. The clinical isolates of M. avium complex were
divided into two groups, M. avium and M. intracellulare. Sep-
arately, these strains were also identified by DT1-DT6 PCR (9)
(data not shown). Interestingly, the rpoB sequence of one
strain (Kan 2-13) among the 32 clinical isolates of M. kansasii
exhibited a very low level of similarity (94.8%) to that of the
reference strain (ATCC 12478), while those of the 31 others
were identical. However, the strain was again confirmed as M.
kansasii by the conventional method. By PCR-restriction frag-
ment length polymorphism analysis (PRA) of the hsp65 gene
(8) it was identified as M. kansasii group II (data not shown).
By referring to the phylogenetic tree and by using reference
strains, we applied this procedure to the clinical isolates and
thus could identify various mycobacterial species, which had

FIG. 1. A set of primers (MF-MR) that can amplify mycobacterial rpoB DNA (342 bp) was selected from the rpoB sequences of M. tuberculosis, M. leprae, and M.
smegmatis (GenBank accession no. L27989, Z14314, and U24474, respectively) corresponding to highly conserved regions (HCR5 and HCR6) of B. subtilis and E. coli.
(A) Primary sequences of the RNA polymerase b subunits of B. subtilis and E. coli are composed of four conserved domains (C1 to C4) and three variable domains
(V1 to V3). (B) The rif region (nucleotides 507 to 533 [E. coli numbering]), associated with rifampin resistance in M. tuberculosis, is flanked by HCR5 (nucleotides 444
to 454) and HCR6 (nucleotides 547 to 577).
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been confirmed in the conventional way. The one strain that
showed a low level of similarity to the M. kansasii reference
strain was distinctively separated (data not shown).

Our results show that the rpoB sequences from the 44 ref-
erence strains of mycobacteria provide another basis for de-
termining systematic phylogenetic relationships that can be
used to identify clinically isolated mycobacteria which are
pathogenic or potentially pathogenic. The PCR-mediated se-
quence analysis of rpoB DNA can thus be regarded as a fea-
sible method for the identification of mycobacteria.

DISCUSSION

Because of the frequent reports and significance of MOTT
infections, there is an increasing need for rapid characteriza-
tion of clinically isolated mycobacteria. In cases involving my-
cobacterial infection, definitive diagnosis is dependent on the
isolation and identification of causative agents. However, it is
not easy to identify these mycobacteria by conventional meth-
ods. An alternative, when identification by conventional meth-
ods is difficult or fails, is the use of mycobacterial systematics
based on genetic analysis to distinguish mycobacteria at the
species level. Phylogenetic relationships of a causative agent
can be inferred from the nucleotide sequences of amplified
DNA. Determining phylogenetic relationships is useful, espe-
cially when conventional bacteriologic tests are inapplicable,
e.g., when fastidious or uncultivable mycobacteria are to be
identified.

Through an extensive sequence analysis of 16S rRNA or its
coding rDNA (25, 27, 31), 23S rRNA (32), the 16S–23S rDNA
internal transcribed spacer (12, 29), and the dnaJ gene (33),
phylogenetic relationships among mycobacterial species have
been defined. The 16S rRNA sequence analysis suggested a
way to identify mycobacteria by characterizing species-specific
nucleotide sequences (4, 17, 28). Clinical isolates of Mycobac-
terium spp. were identified by a direct sequence determination
of amplified 16S rRNA gene fragments (20, 30); in addition,
prompt recognition of previously undescribed species was pos-
sible. However, 16S rRNA sequence-based phylogenetic anal-
ysis has its limitations (7, 11). Despite major differences in
clinical importance and different phenotypic traits, M. gastri
and M. kansasii have been shown to be identical by 16S rRNA-
based analysis (27). This inability to distinguish these two spe-
cies by this technique has been debated, and it was suggested
that additional comparative analyses were required to deter-
mine the relationship between these two organisms (35). Prob-
lems due to the rRNA gene copy number also occurred.
Though it may be a rare occurrence, variations in the sequence
of two copies of a specific 16S rDNA gene have been described
(3, 23, 26), despite the suggestion that mycobacteria have only
a single copy of the rpoB gene per genome (10). Ambiguous
results that could be attributed to multiple copies of the target
gene were not observed in the rpoB chromatogram obtained by
automatic sequencing.

Recently, while we were preparing the manuscript for this
article, a study using the rpoB gene and a DNA chip for geno-

FIG. 3. Deduced amino acid sequences (R454 to H554 [E. coli numbering]) of rpoB DNAs from 44 reference strains of mycobacteria and 6 nonmycobacterial species.
Nucleotide sequences of B. subtilis, S. aureus, E. coli (GenBank accession no. L24376, X64172, and V0040, respectively, were used for comparisons). Asterisks indicate
amino acids that are frequently changed in rifampin-resistant M. tuberculosis.
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typing and mycobacterial species identification (14), in which
the rpoB sequences of a limited number of mycobacterial spe-
cies (GenBank accession no. AF060279 to AF060367) com-
prising codons 482 to 715 were posted, was reported. The
nucleotide sequence of their forward primer corresponded to
the sequence of the M. tuberculosis rpoB gene. The nucleotide
sequences were determined after the amplified DNAs were
cloned. Thus, even the rpoB genes of M. avium (ATCC 25291;
GenBank accession no. AF060366) and its clinical isolates
have the same sequences as the M. tuberculosis gene. This
ambiguity may have resulted from their sequencing method
(cloning-sequencing). However, according to our results,
MOTT genes showed different sequences in the corresponding
primer region. For example, the M. avium gene had 3 nucleo-
tides that differed from those of the M. tuberculosis gene. We
could determine all of the sequences by the PCR-direct se-
quencing method.

It is difficult to believe that the partial DNA sequences (306

bp) of a single gene can reflect the phylogenetic relationships
of many mycobacteria, since only a small potion of the whole
rpoB gene was used in this study. As the hypervariable region
A in 16S rDNA (;350 bp), which is widely used, the use of an
rpoB DNA fragment may not be sufficient to differentiate my-
cobacterial species under certain circumstances. Analysis of
the rest of the rpoB gene may be desirable when the analysis of
a fragment is not sufficient. Thus, when additional comparative
analysis of mycobacterial species is required, the use of rpoB
sequence analysis is strongly recommended. This technique is
a simple and feasible method that nicely complements the 16S
rRNA sequence analysis. To reflect more comprehensive phy-
logenetic relationships among the currently recognized myco-
bacteria, we tried to include as many species as possible. Our
results reflected the classical distinction depending on the
growth rate and characteristic clustering of pathogenic species
obtained by other methods, which supported the usefulness of
the rpoB sequence analysis.

The level of divergence of rpoB among the characterized
species was usually less than 1.0% (i.e., more than 99.0%
similarity was generally exhibited). However, one strain among
the M. kansasii isolates showed only 94.8% similarity to the
reference strain. One possible and reasonable explanation is
the M. kansasii heterogeneity that has been recently revealed
by molecular genotyping studies of the hsp65 PRA (8, 24) and
16S–23S rRNA gene internal transcribed spacer sequences (1,
29). By the use of PRA of the hsp65 gene (8), this strain was
identified as M. kansasii group II, which again provided an-
other good example of the advantage of rpoB sequence analysis.

Compared with 16S rRNA gene sequence analysis, rpoB
sequence analysis offers several advantages. First, a target
DNA, i.e., a single site without a deletion or an insertion, is
sufficiently small enough to be sequenced directly in both di-
rections at once and contains enough information to distin-
guish most of the currently recognized mycobacteria. Thus,
there is no need to analyze several hypervariable regions or to
sequence the nearly 1.5 kb of 16S rDNA. Second, problems
due to the 16S rRNA (or rDNA) sequences can be eliminated.
The inferred phylogenetic tree distinguished M. kansasii from
M. gastri and M. szulgai from M. malmoense. Third, to be a
good marker for species differentiation, a target gene should
be stable and, at the same time, sequence variations should
occur randomly. However, for the differentiation of species, an
extremely conserved or highly variable gene may not be ade-
quate. In other words, the high similarity value or narrow range

FIG. 4. Phylogenetic tree based on rpoB gene sequences (GenBank accession
no. AF057449 to AF057496) shows the relationships of the 44 reference strains
of mycobacteria, including M. tuberculosis complex (M. tuberculosis, M. bovis, M.
bovis BCG, and M. africanum). ATCC numbers of M. celatum and M. fortuitum
strains are shown in parentheses. This tree was constructed by the neighbor-
joining method. Topology was also evaluated by bootstrap analysis (MEGA
program, 100 repeats, with R. equi as the outgroup). The numerical values in the
tree represent bootstrap results. The distance between two strains is the sum of
the branch lengths between them.

TABLE 2. Sequence pair distances observed among the
clinical isolates

Species Range of % similarity No. of strains

M. tuberculosis 99.0–100 46
Rifampin susceptible 100 22
Rifampin resistant 99.0–100 24

M. avium complex 99.3–100 18
M. avium 99.7–100 5
M. intracellulare 99.3–100 13

M. kansasiia 100 31

M. leprae 100 6

M. fortuitum 99.7–100 5

M. szulgai 99.0 6

a One strain among 32 clinical isolates of M. kansasii showed 94.8% similarity.
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of 16S rRNA sequences (94.3 to 100% similarity) may preclude
discrimination. On the other hand, the sequence variation of
rpoB DNA among mycobacteria was observed to be moderate
(85 to 100% similarity). Fourth, further useful information
relating to the rifampin susceptibility of a particular species (or
strain) of mycobacterium is contained in rpoB sequences. As
shown in our results, M. celatum, which was known to be
completely rifampin resistant (6), had an N531 residue (AAC).
Similar findings on natural resistance to rifampin due to the
primary amino acid sequence of the b subunit of RNA poly-
merase have been found for Borrelia burgdorferi (S5313N) and
Spiroplasma citri (S5313T) (2, 13). That is one of the most
frequent sites of mutation rendering rifampin resistance in M.
tuberculosis (S5313L) (18, 34).

We have demonstrated that the comparative analysis of rpoB
sequences is an efficient procedure which, through the use of
PCR-automated DNA sequencing, permits the identification
of clinical isolates to the species level. This procedure provides
a molecular tool for the diagnosis of mycobacterial infections.
Because of its relative simplicity and rapidity, the method can
be completed within two working days.
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