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The aim of this study was to investigate the significance of multiple mutations in the rpoB gene as well as
predominant nucleotide changes and their correlation with high levels of resistance to rifampin (rifampicin)
in Mycobacterium tuberculosis isolates that were randomly collected from the sputa of 46 patients with primary
and secondary cases of active pulmonary tuberculosis from the southern region (Afghanistan border) of Iran
where tuberculosis is endemic. Drug susceptibility testing was performed using the CDC standard conventional
proportional method. DNA extraction, rpoB gene amplification, and DNA sequencing analysis were performed.
Thirty-five (76.09%) isolates were found to have multiple mutations (two to four) in the rpoB (3-subunit) gene.
Furthermore, we demonstrate that the combination of mutations with more prevalent nucleotide changes were
observed in codons 523, 526, and 531, indicating higher frequencies of mutations among patients with
secondary infection. In this study, 76.08% (r = 35) of all isolates found to have mutation combinations
involving nucleotide changes in codons 523 (GGG—GCG), 531 (TCG—TTG or TTC), and 526 (CAC—CGC,
TTC, AAC, or CAA) demonstrated an association with higher levels of resistance to rifampin (MIC, =100

rg/ml).

In bacterial populations, the generation of antibiotic resis-
tance depends on the rate of emergence of resistant mutants
(1, 19, 23). Correlations between high mutation rates, the geo-
graphic distribution of mutations, antibiotic resistance, and
virulence in bacteria have been reported in several studies (9,
20, 33, 37). Knowledge of geographic variations is important
for monitoring rifampin (rifampicin) resistance within a de-
fined population of patients infected with Mycobacterium tu-
berculosis, as the prevalence of the mutations studied so far
varies for M. tuberculosis strains isolated from different coun-
tries (24, 26, 29, 33, 36). In 2004, the prevalence of tuberculosis
in Iran was reported to be 17 per 100,000, and at the southern
border of Iran (Zabol province) where tuberculosis is endemic,
the prevalence was 141 per 100,000 (20). Rifampin resistance is
of particular epidemiologic importance, since it represents a
valuable surrogate marker for multidrug-resistant (MDR) tu-
berculosis strains, and the prevalence of MDR strains is a
significant obstacle to tuberculosis therapy (4, 21, 26). DNA
sequencing studies indicate that more than 95% of rifampin-
resistant M. tuberculosis strains have mutations within the
81-bp hot-spot region (codons 507 to 533) of the RNA poly-
merase B-subunit (rpoB) gene (4, 19, 32). Over the last 15
years, Kapur et al. and Telenti et al. have identified the mo-
lecular basis of rifampin resistance in M. tuberculosis (9, 29).
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Thus, it is important to determine the molecular bases of
mutations and their distribution at the level of each country
prior to molecular testing introduction for routine diagnostics
(9, 11, 13, 15, 16, 23).

In this study, we investigated the significance of multiple
mutations in the rpoB gene and their correlation with highly
prevalent nucleotide changes in codons 523, 531, and 526 and
also demonstrated the highly prevalent nucleotide changes ob-
served in the last nine codons of the B-subunit (523 to 531) that
are associated with higher levels of resistance to rifampin
(MIC, =100 pg/ml) in patients bearing secondary M. tubercu-
losis infection.

MATERIALS AND METHODS

Mycobacterial strains. A total of 286 M. tuberculosis strains were isolated from
the sputa of patients with active pulmonary tuberculosis and collected from the
southern border of Iran (Zabol province, Afghanistan border) where tuberculo-
sis is endemic from March 2005 to May 2006 as part of a routine tuberculosis
surveillance. In this study, 46 rifampin-resistant isolates were randomly selected
from patients with proven WHO-defined clinical symptom radiography, and
tuberculin skin test results (35) were recorded before collection of the clinical
specimens. All isolates were cultured on Loéwenstein-Jensen solid medium and
grown colonies were identified to the species level using TCH (2-thiophene
carboxylic acid) and PN99B (paranitrobenzoic acid) selective media using Cen-
ters for Disease Control and Prevention (CDC) standard biochemical proce-
dures (10). M. tuberculosis reference strains CDC1551 and H37Rv and four
susceptible isolates of M. tuberculosis were used from the banked strain collection
of the Pasteur Institute of Iran. M. tuberculosis strain 210 is a susceptible refer-
ence isolate from the M. tuberculosis bank at the Belarusian Research Institute
of Epidemiology and Clinical Microbiology and was also used as an internal
negative control.

Susceptibility testing. Antimicrobial drug susceptibility testing (AMST) was
performed using the CDC standard conventional proportional method: rifampin
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(40 pg/ml), isoniazid (2 pg/ml), ethambutol (2 pg/ml), ethionamide (20 wg/ml),
streptomycin (4 pg/ml), and kanamycin (20 pg/ml) were used in slants and in
addition to breakpoint concentrations for isoniazid (0.1 pg/ml) and rifampin (2.0
pg/ml) in the Bactec system (10). Four sensitive M. tuberculosis isolates and an
H37Rv strain were used as negative controls. Mutations in the rpoB gene were
identified from 41 rifampin-resistant isolates by sequencing methods (see below),
and AMST was performed following sequencing to confirm resistance using
different concentrations of rifampin (50, 75, and 100 pg/ml) through the slant
proportional method (10).

Standard PCR identification and rpoB gene amplification. DNA was extracted
and purified using the Fermentas DNA extraction procedure (K512). M. tuber-
culosis reference strains CDC1551 and H37Rv and four sensitive isolates of M.
tuberculosis from the banked strain collection of the Pasteur Institute of Iran
were used as negative controls. A 411-bp segment of the rpoB gene was amplified
by PCR using the following synthetic oligonucleotide primers rpoB-F (5-TACG
GTCGGCGAGCTGATCC-3) and rpoB-R (5-TACGGCGTTTCGATGAAC-3)
(4). PCR was carried out in a reaction mixture containing 50 wl KCI, 10 wl Tris
(pH 8.0), 1.5 pl MgCl,, 5 pl of deoxynucleoside triphosphates, 1 U Tag poly-
merase, 20 pmol of each set of primers, and 6 pl of chromosomal DNA. The
following thermocycling parameters were applied: initial denaturation at 94°C
for 5 min, 33 cycles of denaturation at 94°C for 1 min, primer annealing at 57°C
for 1 min, extension at 72°C for 1 min, and a final extension at 72°C for 5 min.
The PCR product was amplified, purified again, and controlled on the electro-
phoresis gel. The final purified mycobacterial DNA was used for sequencing.

DNA sequencing and analysis. The 411-bp fragments of the rpoB gene were
amplified by PCR using the forward or reverse primers mentioned above using
the following conditions: 33 cycles of denaturation at 94°C for 30 s, primer
annealing at 57°C for 30 s, and extension at 72°C for 90 s. The rpoB gene
fragments were sequenced by using the protocol of the DYEnamic ET dye
terminator kit (MegaBACE) and a MegaBACE 4000 DNA sequencer (Amer-
sham Biosciences [currently GE Healthcare], Piscataway, NJ). Alignment of the
DNA fragments (rpoB) was carried out using MEGA and DNAMAN software
and was compared with the standard M. tuberculosis reference strains CDC1551,
H37Rv, and 210. The Blast2 sequencing program (NCBI) was used for DNA
sequence comparisons (http://www.ncbi.nlm.nih.gov/BLASTY/). Alignment of the
DNA fragments (rpoB) was carried out with MEGA 3.1 software (www
.megasoftware.net/), and data were analyzed and edited with DNAMAN software
(Lynnonon Biosoft, Quebec, Canada).

In this study, all smear microscopy, acid-fast bacilli (AFB) culture, suscepti-
bility testing, and PCR assays were performed at the mycobacteriology depart-
ment of the Pasteur Institute of Iran, and the DNA sequencing analysis was
conducted at the Belarusian Research Institute of Epidemiology and Microbi-
ology, Clinical Microbiology Department.

Definitions. In this study, primary cases (never-treated patients) refer to pa-
tients who did not have a previous history of tuberculosis disease or medical
treatment. Secondary cases (previously treated patients) demonstrated a previ-
ous history of tuberculosis disease in their medical records.

RESULTS

Mycobacterial strains and susceptibilities. In this study, we
had 286 available M. tuberculosis isolates, of which 29 were
resistant to drugs not including rifampin or isoniazid, 37 were
MDR, 41 were rifampin resistant in combination with other
drugs, and 179 were susceptible. Of the 78 rifampin-resistant
isolates, 46 randomly selected isolates were chosen based on
the WHO-defined clinical symptom definition (35). Of these 46
rifampin-resistant isolates, 22 (47.82%) were isolated from the
sputa of patients with primary infections and 19 (41.30%) were
from that of patients bearing secondary cases.

Of the 179 susceptible isolates, 5 were randomly selected, and
no mutations were detected for the 5 isolates with rifampin resis-
tance in the 411-bp regions of the rpoB gene (control isolates). No
mutations were also found in the three reference strains
(CDC1551, H37Ryv, and 210). In addition, five rifampin-resistant
isolates (10.86%) demonstrated no mutation in the 411-bp frag-
ment of the rpoB gene. Mutations were observed in affected
codons 507, 508, 511, 516, 519, 520, 523, 526, 527, and 531 in the
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411-bp rpoB fragments. In 26 of 46 rifampin-resistant isolates, two
types of mutations were identified in codon 523: GGG—GCG
(n = 25;54.34%) and GGG —GG_ (n = 1; 2.17%). Two types of
mutations were found in codon 531: TCG—TTG (n = 7; 15.21%)
and TCG—TTC (n = 5; 10.86%). In 21 (45.62%) isolates, five
types of mutations were demonstrated in codon 526: CAC—TAC
(n =5;10.86%), CAC—>AAC (n = 3; 6.52%), CAC—>CGC (n =
8; 17.39%), CAC—CAA (n = 3; 6.52%), and CAC—TTC (n =
2; 4.34%).

Prevalent nucleotide changes were observed in 25 isolates in
codon 523 (GGG—GCQG), of which 11 (44%) were identified
from secondary and 14 (56%) from primary cases. Additional
mutations were found in codon 531 (TCG—TTG [n = 7] and
TCG—TTC [n = 5]) and codon 526 (CAC—CGC [n = 3],
CAC—TTC [n = 2], CAC—CAA [n = 3], and CAC—>TAC
[n = 2]) identified from secondary cases and in codon 526
(CAC—CGC [n = 5], CAC—>AAC [n = 3], and CAC—TAC
[n = 3]) identified from primary cases (see Table 2).

Of the 131 mutations identified among the 41 rifampin-resis-
tant isolates, prevalent nucleotide and amino acid changes were
seen in codon 523 (GGG—GCG [Gly—Ala]; 19.08% [n = 25]),
codon 531 (TCG—TTG or TTC [Ser—Leu or Phe]; 9.16% [n =
12]), and codon 526 (CAC—AAC, CGC, CAA, TTC, or TAC
[His—Asn, Arg, Gln, Phe, or Tyr]; 16.3% [n = 21]).

Thirty-five (76.09%) of the 46 rifampin-resistant isolates
demonstrated combinations of multiple mutations in at least
two, three, and four codons (507, 508, 511, 513, 523, 526, and
531). Thirty-three isolates (71.74%) from secondary cases
demonstrated higher nucleotide combinations and frequencies
in codon 507, GGC—GGT (n = 6; 18.18%); codon 508,
ACC—CAC (n = 6; 18.18%); codon 511, CTG—GTG (n = 5;
15.15%); codon 513, CAA—TAA or AAT (n = 4; 12.12%);
codon 523, GGG—GCG (n = 11; 33.33%); codon 526,
CAC—CGC, CAA, TTC, or TAC (n = 10; 30.30%); and
codon 531, TCG—TTG or TTC (n = 12; 36.36%). All nucle-
otide changes observed in codons 531 were identified among
isolates from secondary cases, and none were found in isolates
from primary cases. Twenty-five isolates (54.35%) indicating
higher frequencies of nucleotide combinations were identified
in codon 523, GGG—GCG (n = 14; 56%), and codon 526,
CAC—TAC, AAC, or CGC (n = 11; 44%), from primary
cases.

Different types of mutations were observed in codon 507
(GGC—AGC, GGT, or GAT; n = 9; 19.57%), codon 508
(ACC—CCC or CAC; n = 7;15.22%), 511 (CTG—GTG; n =
3; 6.52%), and codon 513 (CAA—TAA or AAT; n = 4;
8.70%), which were recognized among isolates obtained from
secondary cases. Isolates possessing single (n = 6; 14.63%),
double (n = 20; 48.78%), triple (n = 3; 7.31%), or quadruple
(n = 12; 29.26%) mutations were observed in the rifampin-
resistant determining region among 46 rifampin-resistant iso-
lates (Table 1).

Six isolates with single mutations in codons 526 (n = 3) and
523 (n = 3) demonstrated resistance to rifampin with MICs of
=50 pg/ml. Isolates with double mutations (n = 20) in com-
binations composed of codons 523 and 526 (» = 3) demon-
strated resistance to rifampin with MICs of =100 pg/ml. Of
three isolates with triple mutations, the combinations of
codons 508, 516, and 526 demonstrated resistance to rifampin
at MICs of ~50 to 75 pg/ml and were found in primary cases.
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TABLE 1. Frequency of amino acid and nucleotide changes of different codons in the rpoB gene of 41 rifampin-resistant strains of
M. tuberculosis collected from active primary and secondary tuberculosis patients in the southern region (Afghanistan border)
of Iran (Zabol province) where tuberculosis is endemic

No. of mutations

Frequency of

(no. [%] of Codon(s) Change of nucleotide(s) Change of amino acid(s) MIC (pg/ml) changes [no.
isolates) (%)]
1 (6 [14.63%]) 526 CAC—TAC His—Tyr =50 3(7.31)
523 GGG—GCG Gly—Ala =50 3(7.31)
2 (20 [48.78%]) 523, 526 GGG—GCG, CAC—~AAC Gly—Ala, His—Asn =100 3(7.31)
508, 523 ACC—GCC, GGG—GCG Thr—Ala, Gly—Ala =75 2(4.87)
523, 531 GGG—GCG, TCG—TTG Gly—Ala, Ser—Leu =100 5(12.19)
507, 508 GGC—AGC, ACC—CCC Gly—Ser, Thr—Pro =50 1(2.43)
507, 523 GGC—GGT, GGG—GCG Gly—Gly(silent), Gly—Ala =75 3(7.31)
511, 523 CTG—GTG, GGG—GCG Leu—Val, Gly—Ala =100 3(7.31)
511, 523 CTG—CCG, GGG—GCG Leu—Pro, Gly—Ala ~50-75 3(7.31)
3 (3[7.31%]) 508, 516, 526 ACC—CCC, GAC—CAC, Thr—Pro, Asp—His, His—Arg ~50-75 3(7.31)
CAC—CGC
4 (12 [29.26%]) 507, 508, 526, 531 GGC—GGT, ACC—CAC, Gly—Gly, Thr—His, His—Gln, =100 3(7.31)
CAC—CAA, TCG—TTC Ser—Phe
512, 513, 526, 531 AGC—GGC, CAA—AAT, Sre—Thr, Gly—Asn, =100 2(4.87)
CAC—-TTC, TCG—-TTG His—Phe, Ser—Leu
507, 508, 523, 526 GGC—GGT, ACC—CAC, Gly—Gly, Thr—His, Gln—Ala, =100 3(7.31)
GGG—GCG, CAC—CGC His—Arg
507, 513 526, 531 GGC—GAT, CAA—-TAA, Gly—Asp, Gln—Stop, =100 2(4.87)
CAC—TAC, TCG—-TTC His—Tyr, Ser—Phe
511, 513 519, 526 CTG—GTG, CAA—GAA, Leu—Val, GIn—Glu, ~50 2(4.87)

AAC—AAG, CAC—CGC

Asn—Lys, His—Arg

The combination of codon 523 with any one of the nucleotide
changes located in B-subunit segment 507 to 531 demonstrated
an MIC level of =100 pg/ml in secondary cases. Isolates with
quadruple codon mutations in combination with codons 507,
508, 511, 512, 513, 516, 519, 523, 526, and 531 also demon-
strated MIC levels of =100 pg/ml (n = 12) in secondary cases
(Tables 1 and 2). All mutations were nonsynonymous, except
the nine mutations found in codon 507 showing nucleotide
changes GGC to GGT (Gly—Gly), of which six were found in
secondary and three in primary cases (Table 2).

DISCUSSION

Rifampin resistance is a surrogate marker for MDR M.
tuberculosis (rifampin and isoniazid resistance) and is the result
of mutations within certain regions of the rpoB gene which
encodes the B-subunit of RNA polymerase. It is important to
understand the correlation of the clinical states of patients with
tuberculosis to mutations and high resistance levels to rifampin
to determine whether the patients are initially infected with the
MDR M. tuberculosis strain or whether the emergence of
MDR M. tuberculosis was due to inadequate or inappropriate
antibiotic treatment that resulted in the acquisition of muta-
tions and antibiotic resistance. Specific amino acid substitu-
tions within the regions of the rpoB gene are strongly associ-
ated with resistance to other classes of drugs, most notably
isoniazid (9, 12, 18, 23, 29). Codons 511, 516, 526, and 531 have
been reported as the rpoB sites with the most frequent muta-
tions worldwide (1, 9, 18, 20, 26, 29), although variations in the
relative frequencies of the mutations in these codons have
been described for M. tuberculosis isolates from different geo-
graphic locations (8, 18, 27, 34). These differences reflect the
complex and crucial interactions between rifampin and drug
targets at the molecular level, where the positions of the af-

fected nucleotide changes seem variable. Other authors have
reported different levels of high and low resistance associated
with specific nucleotide replacements (2, 7, 17, 23). This study
demonstrates that higher combinations of nucleotide changes
in multiple-mutated isolates (total, 35) (in codon 523,
GGG—GCG [n = 25; 71.43%], codon 531, TCG—TTG or
TTC [n = 12; 34.29%], and codon 526, CAC—CGC, CAA,
TTC, or TAC [n = 10; 28.57%]) are most commonly observed
in patients identified with secondary M. tuberculosis infection
and also conferred a high rifampin resistance level (MIC, =100
pg/ml) (Tables 1 and 2).

Sequencing analyses of the rpoB gene from 46 rifampin-
resistant isolates demonstrated a total of 131 mutations. Other
investigators have reported point mutations in codon 531,
TCG—TTG (Ser—Leu), for seven strains demonstrating
highly resistant phenotypes, requiring MICs of =64 png/ml (22).
However, in our data, other point mutations were observed
which have not been previously reported. Mutations in codon
526 (CAC—CGC, CAA, TTC, or TAC; n = 21; 16.03%),
codon 531 (TCG—TTG or TTC; n = 12; 9.16%), and codon
523 (GGG—GCG; n = 25; 19.08%) were most frequently
observed in patients with secondary infections conferring high
levels of rifampin resistance (MIC, =100 pg/ml).

We observed most often in secondary cases (P = 0.007) and
not in agreement with the observations reported by other in-
vestigators (13, 16, 22, 25) nucleotide stop mutations in codon
513 (CAA—TAA [GIn—STOP] [n = 2]); silent synonymous
mutations in codon 507 (GGC—GGT [Gly—Gly] [n = 9]);
deletions in codon 520 (CCG—___ [Pro—deletion] [n = 3]),
codon 523 (GGG—GG_ [Gly—deletion] [n = 5]), and codon
527 (AAG—deletion [n = 1]); and double mutations in single
codons (n = 17) (codon 507, GGC—GAT [Gly—Asp] [n = 2];
codon 508, ACC—CAC [Thr—His] [# = 6]; codon 513,
CAA—AAT [Gly—Asp] [n = 2]; codon 526, CAC—>TTC
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TABLE 2. Correlation between prevalent nucleotide and amino acid changes among isolates with high levels of rifampin resistance collected
from active primary and secondary tuberculosis patients at the Afghanistan border of Iran (Zabol province)

No. of No. of primary No. of
Codon(s)? Change of nucleotide(s) Change of amino acid(s) isola.tes” cases (MIC secondary cases
[rg/ml]) (MIC [g/ml])

523 GGG—GCG Gly—Ala 25 14 11

526 CAC—AAC His—Asn 3 3 0

Com. 523, 526 GGG—GCG, CAC—AAC Gly—Ala, His—Asn 3 3 (=100) 0

523 GGG—GCG Gly—Ala 25 14 11

531 TCG—TTG Ser—Leu 7 0 7

Com. 523, 531 GGG—GCG, TCG—TTG Gly—Ala, Ser—Leu 5 0 5 (=100)

511 CTG—GTG Leu—Val 5 2 3

523 GGG—GCG Gly—Ala 25 14 11

Com. 511, 523 CTG—GTG, GGG—GCG Leu—Val, Gly—Ala 3 0 3 (=100)

511 CTG—CCG Leu—Pro 3 3 0

523 GGG—GCG Gly—Ala 25 14 11

Com. 511, 523 CTG—CCG, GGG—GCG Leu—Pro, Gly—Ala 3 3 (=50) 0

507 GGC—AGC Gly—Ser 1 0 1

508 ACC—CCC Thr—Pro 4 3 1

Com. 507, 508 GGC—AGC, ACC—CCC Gly—Ser, Thr—Pro 1 0 1(~50)

507 GGC—-GGT Gly—Gly* 9 3 6

523 GGG—GCG Gly—Ala 25 14 11

Com. 507, 523 GGC—GGT, GGG—GCG Gly—Gly,* Gly—Ala 3 3 (~50) 0

508 ACC—GCC Thr—Ala 2 2 0

523 GGG—GCG Gly—Ala 25 14 11

Com. 508, 523 ACC—GCC, GGG—GCG Thr—Ala, Gly—Ala 2 2 (~50) 0

508 ACC—CCC Thr—Pro 4 3 1

516 GAC—CAC Asp—His 3 3 0

526 CAC—CGC His—Arg 8 5 3

Com. 508, 516, 526 ACC—CCC, GAC—CAC, CAC—CGC  Thr—Pro, Asp—His, His—Arg 3 3 (~50-75) 0

507 GGC—-GGT Gly—Gly* 9 3

508 ACC—CAC® Thr—His 6 0 6

523 GGG—GCG Gln—Ala 25 14 11

526 CAC—CGC His—Arg 8 5 3

Com. 507, 508, 523,526 GGC—GGT, ACC—CAC,” Gly—Gly,* Thr—His, Gln—Ala, 3 0 3 (=100 pg/ml)
GGG—GCG, CAC—CGC His—Arg

507 GGC—-GGT Gly—Gly* 9 3 6

508 ACC—CAC? Thr—His 6 0 6

526 CAC—CAA His—GlIn 3 0 3

531 TCG—TTC? Ser—Phe 5 0 5

Com. 507, 508, 526, 531 GGC—GGT, ACC—CAC, Gly—Gly,© Thr—His, His—GlIn, Ser—Phe 3 0 3 (=100)
CAC—CAA, TCG—TTC?

507 GGC—GAT? Gly—Asp 2 0 2

513 CAA—TAA GIn—STOP 2 0 2

526 CAC—TAC His—Tyr 5 3 2

531 TCG—TTC? Ser—Phe 5 0 5

Com. 507, 513, 526, 531 GGC—GAT,” CAA—TAA, Gly—Asp, GIn—STOP, His—Tyr, 2 0 2 (=100)
CAC—TAC, TCG—TTC" Ser—Phe

511 CTG—GTG Leu—Val 5 2 3

513 CAA—GAA Gln—Glu 2 2 0

519 AAC—AAG Asn—Lys 2 2 0

526 CAC—CGC His—Arg 8 5 3

Com. 511, 513, 519, 526 CTG—GTG, CAA—GAA, Leu—Val, GIn—Glu, Asn—Lys, 2 2 (=50) 0
AAC—AAG, CAC—CGC His—Arg

512 AGC—-GGC Ser—Thr 2 0 2

513 CAA—AAT? Gln—Asn 2 0 2

526 CAC—TTC? His—Phe 2 0 2

531 TCG—TTG Ser—Leu 7 0 7

Com. 512, 513, 526, 531 AGC—GGC, CAA—AAT,” Ser—Thr, Gln—Asn, His—Phe, Ser—Leu 2 0 2 (=100)

CAC—TTC,} TCG—TTG

“The number of isolates
> Novel double mutation.
¢ Silent mutation.

4 Com., combination.

[His—Phe] [n = 2]; and codon 531, TCG—TTC [Ser—Phe]
[n = 5]), which indicate changes of amino acid to Phe, Asp,
and His (Table 2 and Fig. 1). Since 7poB encodes the RNA
polymerase which is essential for the survival of the cell, the

is not mutually exclusive.

single-nucleotide deletion, stop codons, and double mutations
result in conformational changes in B-subunit protein and ul-
timately alter the rifampin binding site and/or its affinity for the
drug, which results in resistance to rifampin. Although all iso-
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507 508 S09 S11 S12 S13 S14 S1S S16 S17 S18 S19 520 521 S22 523 524 525 526 527 528 529 S30 S31 532 533
GGCACCAGC CTGAGC CAATTCATG GAC CAG AACAAC CCG CTG TCG GGG TTG ACC CACAAG CGC CGA CTG TCG GCG CTG

Gly Thr Ser Leu Ser GIn Phe Met Asp Gln Asn Asn Pro Leu Ser Gly Leu Thr His Lys Arg Arg Leu Ser Ala Leu

AGCCCC GTG TAA CAC AAG DEL
Ser Pro Val STOP His Lys 3
1 4 5 2 3 2
GGT GCC CCG AAT
Gly Ala Pro Asp
(silent) 2 3 (dbl)
9 2
GAT CAC GAA
Asp His Glu
(dbl) (dbl) 2
2 6

GG_ TTC DEL TTC
(deletion) Phe 1 Phe
5 (dbl) (dbl)
2 5
GGC TAC TTG
Ala Tyr Leu
25 5 7
AAC
Asn
3
CGC
Arg
8
CAA
GIn
3

FIG. 1. Mutations in the rifampin-resistant determining region of the rpoB gene of M. tuberculosis (Afghanistan border) isolates. The bottom
panel shows the mutated codons with corresponding amino acids. The original sequence is shown boxed (28). The numbers below the amino acid
designations indicate the numbers of the isolates showing the mutation. dbl, double mutation; DEL, codon deletion; deletion, amino acid deletion;

silent, silent mutation; STOP, stop codon.

lates were resubcultured and resequenced, we have no explana-
tion for what type of protein might have been produced due to
mutations in codons 507, 523, 526, 527, and 531 that were con-
sistently isolated from secondary cases bearing high rifampin re-
sistance levels (MIC, =100 wg/ml). The higher frequencies of
mutation-bearing sites found in our data in codons 531, 526 and
523 can be partially compared with those isolates reported from
other countries (6, 9, 13, 20, 24). Other authors have reported
additional variations of nucleotide changes in codon 531 (in India,
TCG—TGG or TTG; in Russia, TCG—TGG, CAG, or TGT;
in China, TCG—TTG; in Japan, TCG—TTG; in Korea,
TCG—TTG; and in Taiwan, TCG—TTG) and in codon 526 (in
India, CAC—CTC, TAC, GAC, CGC, or ACC; in Russia,
CAC—CTC, GAC, CAA, CAG, TGC, AAC, CGC, or CCC; in
China, CAC—TAC; in Japan, CAC—TAC; in Taiwan,
CAC—TAC and CGC; in Korea, CAC—TAC; and in Brazil,
TCG—TTG) (6, 7, 13, 17, 20, 30, 31).

In this study, we observed two nucleotide polymorphism
changes in codon 531 among 12 isolates: 7 isolates (15.22%)
changed from TCG—TTG (Ser—Leu), and 5 changed from
TCG—TTC (Ser—Phe). In our study, 10.87% of the mutations
found have not been previously reported, and these notably
observed polymorphisms were among multiple-mutated iso-
lates bearing triple and quadruple mutations predominantly
differentiated from secondary infection cases with high ri-
fampin resistance levels (MIC, =100 pg/ml) (Table 2). Addi-
tionally, prevalent nucleotide changes in codon 526,
CAC—TTC (His—Phe), CAA (His—Gln), CGC (His—Arg),
and TAC (His—Tyr) (n = 10; 21.74%), were also found to be
more prevalent in patient isolates bearing secondary cases with

high-level resistance to rifampin (MIC, =100 pg/ml). Nucleo-
tide changes from CAC—CGC (His—Arg), AAC (His—Asn),
and TAC (His—Tyr) were found most often among primary
cases with MICs of =50 pg/ml. However, our data significantly
differs from previously reported mutation frequencies for
codon 526 (CAC to GAC) among Italian isolates (40.1%) (23)
and Greek isolates (CAC to GAC; 17.6%) (15), and the CAC
to TAC mutation was reported to be more prevalent among
American isolates (27.9%) (9). Our data reveal a mutation
frequency (60%) similar to what others have observed in Asia;
however, the mutation frequency of 40.1% for His526Asp re-
ported among the Italian and Greek isolates was not found
among any of our isolates (n = 50) (4, 9, 17, 20, 23, 32). A total
of 131 mutations were found among the 41 rifampin-resistant
isolates. Of these, 39 (29.77%) and 92 (70.23%) mutations
were found among primary and secondary cases, respectively.
Among the isolates from primary and secondary cases, 15
(38%) and 51 (56%) of the total mutations were observed in
the small narrow segment of the B-subunit region of the rpoB
gene located between codons 523 and 531, respectively. Mul-
tiple mutations in the rpoB gene associated with secondary
cases of tuberculosis were found in 33 of 46 (71.74%) of the
rifampin-resistant isolates.

Of the 131 mutations found in our study, the high proportion
of double mutations (12.98%) in various single codons (507,
508, 513, 526, and 531) (Fig. 1) demonstrates a consistent
correlation with high rifampin resistance levels (MIC, =100
pg/ml) in the isolates collected from secondary cases which has
not been reported previously and clearly exceeds the findings
of other studies (5, 7, 9, 13, 20, 23, 26). Other investigators
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have shown that mutants isolated more frequently from clinical
practice demonstrate higher robustness and that the preva-
lence of each mutant type depends on its ability to survive (3).
This could possibly be a reason for the higher occurrence of
mutations we observed in this unique region of endemicity. In
addition, we observed a high frequency of triple (2.29%) and
quadruple (9.16%) mutations in different codons which has not
been previously reported (Table 1).

The combinations of mutations and highly prevalent nucle-
otide changes were observed with higher frequencies in the
multiple-mutated codons (total, n = 35; 76.09%) 523 (n = 25;
54.35%), 531 (n = 12; 26.09%), and 526 (n = 21; 45.65%),
conferring double (n = 20; 43.48%), triple (n = 3; 6.52%), and
quadruple (n = 12; 26.09%) mutations among 46 rifampin
resistance isolates, and this clearly differs from other reported
studies (7, 9, 20, 22, 23, 26). Of the 131 mutations, a high
proportion of multiple mutations (n = 35, 26.72%) was found
in a narrow segment of the rpoB gene (B-subunit, codons 507
to 531) and was consistently isolated from patients with sec-
ondary infection cases bearing high levels of rifampin resis-
tance (MIC, =100 pg/ml). Therefore, we have resequenced,
resubcultured, and repeated AMST for all 46 isolates in order
to ensure rifampin resistance and reproducibility.

In this study, we also found five rifampin-resistant strains
revealing no mutations. This finding is in agreement with other
reports indicating geographic variations in nature, including
mutations outside the 81-bp segment of rpoB or additional
molecular mechanisms that may be involved in the rifampin
resistance of M. tuberculosis, suggesting that conferred resis-
tance might be due to mutations occurring elsewhere in the
rpoB gene (4, 23). The high level of mutations conferring
resistance in this unique geographic area where tuberculosis is
endemic could be explained by the poor border control, pop-
ulation movement due to economic and tribal communica-
tions, lack of rapid identification methods for MDR M. tuber-
culosis, and inadequate chemotherapy. Another explanation
for these findings is the possibility that a subset of the muta-
tions that are naturally occurring polymorphisms or silent syn-
onymous mutations that do not change the amino acid se-
quence is present in isolates circulating in this region of
endemicity. Thus, these naturally occurring polymorphisms
may not correlate with rifampin resistance. While it is unusual,
other investigators have reported deletions in different codons
of the rpoB gene, but the science behind stop codons in the
rpoB gene is lacking for prokaryotes. In our strain set, we
observed this unusual stop codon in only two isolates, and we
have no explanation of how the mRNA reads the codon and
transcribes the message to a protein. One possible reason, as
described for eukaryotes (identified in GenBank), is that the
TAA stop codon is completed by the addition of the 3" A
residues to the mRNA. An additional explanation may be the
presence of a compensatory repair mechanism that reads the
stop codon frame by selecting hypermutable (mutator) alleles
based on an alteration in a DNA repair gene. The presence of
several copies of multiT gene and the transcription of the
multiT gene(s) to proteins may remove the oxidized guanine
nucleotide, thus counteracting replication or transcription er-
Tors.

In conclusion, this study demonstrates a correlation between
the multiple mutations of the rpoB gene and the prevalent
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nucleotide changes in codons 526, 523, and 531. Notably, in
multiple isolates bearing double, triple, and quadruple muta-
tions predominantly identified to be from secondary infection
cases, high levels of rifampin resistance (MIC, =100 pg/ml)
were seen. Specific nucleotide changes in codon 523 (GGG—
GCG [Gly—Ala]), codon 526 (CAC—TTC [His—Phe], CAA
[His—GlIn], CGC [His—Arg], or TAC [His—Tyr]), and codon
531 (TCG—TTG or TTC [Ser—Leu or Phe]) and double mu-
tations in single codons were more prevalently observed for
secondary cases and demonstrated a trend toward associations
with high-level rifampin resistance (MIC, =100 pg/ml; P =
0.06). These data illustrate the need for further investigations
to develop a more rapid and specific assay for the detection of
MDR M. tuberculosis to be used as a screening method in areas
where tuberculosis is highly endemic.
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