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The distribution and resistance levels of 189 in vitro-selected rifampin-resistant Mycobacterium tuberculosis
mutants of Beijing and other genotypes were determined. Apart from a higher amount of codon 522 point
mutations and large deletions, a spread of mutations similar to that reported for clinical isolates was seen.
Most mutations were correlated with high-level resistance; a lower level, or a MIC of <16 mg/liter, was
associated with codon 522 mutations. Multiple mutations were detected in two Beijing mutants.

Rifampin (RIF) is a key drug in the four-drug treatment
regimen of tuberculosis. It interacts with the �-subunit of the
RNA polymerase and inhibits the early steps of transcription.
Resistance to RIF is almost entirely coupled (�97%) to mu-
tations within an 81-bp region of the rpoB gene, called the RIF
resistance-determining region (RRDR) (5, 23). Mutations in
the rpoB gene of Mycobacterium tuberculosis clinical isolates
were analyzed by Telenti et al. (23), and many studies have
since followed (1, 4, 7, 13, 21, 22). A few studies of in vitro-
generated RIF resistance mutations in M. tuberculosis have
also been conducted; however, these were limited to the
H37Rv reference strain and a single clinical isolate (3, 14, 16).

Strains of the M. tuberculosis Beijing genotype have been
spreading increasingly and are often associated with multidrug-
resistant (resistance to at least RIF and isoniazid) tuberculosis
(6, 15, 17–19, 24, 25). Isolates of this genotype have been
shown not to have a higher in vitro mutation rate for the
development of RIF resistance (27). A few clinical studies have
analyzed RIF-resistant Beijing isolates, for which no clear dif-
ferences in occurring RRDR mutations compared to those of
other genotypes have been seen (8, 18, 19, 24, 25). There are,
however, no data on in vitro-selected rpoB mutations in Beijing
strains.

In the present study, we wanted to investigate the frequency
and distribution of rpoB mutations occurring in vitro among
several independent M. tuberculosis parental strains and sub-
sequently compare these to available data on clinical isolates.
Additionally, we determined whether Beijing genotype mu-
tants display differences in the types and/or the frequencies of
rpoB mutations compared to those of mutants of non-Beijing
genotypes. Finally, we wanted to measure the levels of resis-
tance associated with the various RRDR mutations.

By use of the Luria and Delbrück fluctuation assay (12), 189
RIF-resistant mutants were previously selected (27). By setting
a series of parallel cultures from a single parent strain, this
method selects spontaneously occurring, independent muta-
tional events in nonselective broth. Then, by inoculation of the

cultures on selective media (2 mg/liter RIF), the mutants are
obtained. In all, nine fully drug-susceptible parent strains with
unique DNA fingerprint patterns (26) were used to select RIF-
resistant mutants. Eight were clinical isolates, of which one was
a Dutch Harlingen isolate (11) and one was the H37Rv (ATCC
25618) reference strain. Based on their spoligotype pattern
(10), four parent isolates were identified to be of the Beijing
genotype. In total, 89/189 in vitro-selected mutants had a Bei-
jing genotype, while 100/189 belonged to other genotypes.

Following mutant selection, DNA was extracted and a
382-bp fragment containing the RRDR was sequenced in sub-
sequent mutants. With primers OPRIF-F, 5� CGG TCG GCG
AGC TGA TCC 3�, and OPRIF-R, 5� TGG ACC CGC GCG
TAC ACC 3�, the PCR and sequencing of the fragment were
carried out using a previously described method (9). With
BLAST2 sequence software, the sequences were aligned to
wild-type H37Rv’s rpoB gene (Rv0667). The nucleotides and
codons were designated based on Escherichia coli codon num-
bering.

Altogether, 172 mutants (91%) harbored single nucleotide
substitutions, comprising 12 different substitutions within
seven codons. For each group of isogenic mutants, the most
common single nucleotide mutation sites were codons 526,
531, and 522, and in total these codons’ relative frequencies
were 40%, 34%, and 13%, respectively. The frequencies of
codon 526 and 531 mutations were similar to the distribution
reported among RIF-resistant clinical isolates, while codon 522
mutations have rarely been seen clinically (1, 4, 7, 13, 21, 22).
Mutations in the H37Rv-derived mutants showed the narrow-
est span, with only five different types recorded (three being
single nucleotide substitutions) (data not shown). This finding
is consistent with the range obtained from the two earlier in
vitro selection studies of H37Rv-derived mutants (3, 16).

Eleven types of in-frame deletions, whose lengths varied
between 3 and 18 nucleotides, were seen among 14 (7.4%)
mutants. Many of these are larger and altogether more fre-
quent than what is seen clinically (7, 13, 21, 22). Multiple
mutations occurred in two mutants from different Beijing par-
ent strains. A single mutant (Harlingen genotype) with a high
level of RIF resistance showed a wild-type RRDR. As seen in
Fig. 1, the in vitro-selected mutants of Beijing and non-Beijing
genotypes showed similar rpoB mutation profiles.
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The level of RIF resistance for each of the 189 mutants was
determined as the MIC on Middlebrook 7H10 agar supple-
mented with oleic acid-albumin-dextrose-catalase and ampho-
tericin B (8 mg/liter) (the levels of resistance are listed in Table 1).
Briefly, by use of a 96-stick replicator, bacteria were inoculated
in a twofold-dilution series of RIF (0.0625 mg/liter to 256
mg/liter), and the MICs were determined after 4 weeks of
incubation. All parent strains were confirmed to be RIF sus-
ceptible, showing MICs of �1 mg/liter.

Generally, all RRDR mutations were coupled with a high
level of RIF resistance (MIC of 32 to �256 mg/liter). However,
the Ser522Leu substitution was, in 10 mutants arising from six
parent strains, correlated with a lower level of resistance (MIC
of 8 to 16 mg/liter). This codon was the third most prevalent
among our in vitro mutants (13%), while it is relatively rare
among clinical isolates (7, 13, 21). It is known that resistance
mutations within bacteria impair the biological fitness to dif-
ferent extents (2), and it has been seen that, in vitro, this
particular mutation is linked to a considerable fitness deficit
(14). This observation and the lower resistance level we mea-
sured could explain Ser522Leu’s lower frequency in the clinical
setting.

No significant difference in mutations or in levels of resis-
tance between the Beijing and non-Beijing mutants was seen.
Interestingly, the only multiple mutations we obtained were
limited to two Beijing mutants. Although not significant, this
correlation is in line with Tracevska et al.’s observation that

FIG. 1. Distribution of in vitro-selected, rpoB mutation sites in 89
Beijing and 99 non-Beijing genotype M. tuberculosis mutants. The
mutant lacking an RRDR mutation is not included. tot, total; SNP’s,
single nucleotide polymorphism.

TABLE 1. rpoB mutations and MICs of the 189 in vitro-selected RIF-resistant M. tuberculosis mutants

Base pair mutation(s)
(no. of strains) Amino acid mutation(s)

Total no. of strains
with mutation(s)

(n � 189)

No. of strains

Beijing (n � 89) Non-Beijing (n � 100)

MIC of �16 MIC of �32 MIC of �16 MIC of �32

Single nucleotide substitutions
(n � 172)

TCG 3 TTG Ser531Leu 55 20 35
CAC 3 TAC His526Tyr 42 20 22
TCG 3 TTG Ser522Leu 25 5 7 5 8
CAC 3 CGC His526Arg 26 16 10
TCG 3 TGG Ser531Trp 10 4 6
CAC 3 GAC His526Asp 6 3 3
CAA 3 AAA Gln513Lys 2 1 1
GAC 3 GTC Asp516Val 2 1 1
AAC 3 AAG Asn519Lys 1 1
CAC 3 CCC His526Pro 1 1
CTG 3 CCG Leu533Pro 1 1
CGA 3 CCA Arg529Pro 1 1

Deletions (n � 14)
�GAC 516 2 1 1
�AAC 518 2 2
�CAG AAC 517–518 1 1
�TG G 515–516 1 1
�G GA 515–516 1 1
�G CTG AGC CA 510–512 1 1
�TC ATG G 514–516 1 1
�AGC CAA TTC ATG 512–515 1 1
�CAA TTC ATG GAC 513–516 2 2
�G TTG ACC CA 523–526 1 1
�GC CAA TTC ATG GAC CAG A 512–517 1 1

Multiple mutations (n � 2)
CAC 3 CCC, AAG 3 CAG His526Pro, Lys527Gln 1 1
TTG 3 TGG, ACC 3 CCC, �ACA Leu524Trp, Thr525Pro, 526–527 1 1

None Wild-type RRDR 1 1

Total 189 6 83 10 90
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such mutations occurred in 8.2% of their analyzed Beijing
clinical isolates, compared to 2% in strains of the other geno-
type (25). This could be an indication of a hampered DNA
repair system in the Beijing genotype that would lead to a
higher accumulation of mutations (including drug resistance
mutations). Mutations in putative mutator (mut) genes, in-
volved in the regulation of mutation frequencies by repairing
DNA lesions, have indeed been reported to occur in strains of
the Beijing genotype (20). The parent strains of the two mu-
tants harboring multiple mutations in our study did not, how-
ever, show an increased mutation rate (27).

In the present study, we could detect no significant differ-
ence in the number or type of rpoB mutations between the
Beijing and non-Beijing mutants. The Beijing genotype’s high
correlation with multidrug-resistant tuberculosis could be the
result of a less affected fitness when drug resistance is acquired.
Competition assays comparing synonymous mutations of dif-
ferent genotypes (i.e., Beijing versus non-Beijing) could be
used to elucidate this point. Finally, further investigation is
needed to clarify the association between multiple mutations,
mutator genes, and the Beijing family.

This study was partly supported by the European Commission
project no. LHSP-CT-2004-516028.
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