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Abstract

Introduction. More than 40% of Mycobacterium tuberculosis strains are resistant to rifampicin (RIF) and
isoniazid, the first-line drugs. The tuberculosis pathogen becomes resistant to RIF mainly due to mutations in the
rpoB gene. The aim of the study was to search for the most probable compensatory mutations in the rpoA, rpoB
and rpoC genes encoding a-, 3- and B'-subunits of M. tuberculosis RNA polymerase.

Materials and methods. A cross-sectional analysis of phenotypic and genetic resistance to RIF among 2298 clinical
strains of M. tuberculosis revealed 8 cases in which resistance as determined by the Xpert Ultra MTB/RIF test was
not confirmed bacteriologically. In all cases, these were chronic multidrug-resistant or extensively drug-resistant
M. tuberculosis patients in whom RIF was discontinued due to the detection of resistance to this drug in the isolated
strains. Two strains were obtained for genotype testing, Sanger sequencing and whole-genome sequencing.
Results. Repeat Xpert Ultra MTB/RIF test, Sanger sequencing and whole genome sequencing revealed the
presence of a single S450L mutation in the rpoB gene with phenotypic sensitivity in both strains. Phylogenetic
analysis revealed that both genomes belonged to the Beijing BO/W148 genotype. The strains were characterized
by a higher growth rate than the other isolates. Two potential compensatory mutations V483G and H748P in the
groC gene were identified in the absence of other significant changes in the rpoA and rpoB genes.

Conclusion. It is suggested that the phenomenon of discrepancy between results of bacteriological and molecu-
lar genetic tests is associated with the acquisition of compensatory mutations in the groC gene during RIF treat-
ment of Beijing BO/W148 strains, and the identified mutations affect the conformation of the B'-subunit, restoring
the transcription efficiency of affected by the major S450L mutation.
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NonHoreHOMHOe ceKBeHNpPOBaHMeE ABYX KNINHNYECKNX
wrammoB Mycobacterium tuberculosis ¢ peHoTNNUecKon
YyBCTBUTENbHOCTbIO K pudaMnunumnHy npn NporHosnpyemon
Xpert MTB/RIF yctonunsoctn

OrapkoB 0.b.”, CuHbkoB B.B.", KyxTuHa T.A.2, XKpaHoBa C.H.", Kongpatos W.I".

"HayuHbli1 LeHTp Npobnem 300pOBbs CEMbY 1 penpoayKuumm Yenoseka, pkyTck, Poccus;
2/pkyTcKana obnacTHas KnvHuyeckas TybepkynésHaa 6onbHuLa, MpkyTck, Poccus

AHHOMauus

BeepeHue. bonee 40% wrammoB Mycobacterium tuberculosis yctonumssl k pudamnuumny (RIF) n nsoHuasm-
Ay — npenapaTtam nepsoro psiga. BosbyamTens Ty6epkynésa npuobpetaeT ycronumsocTtb Kk RIF rmaBHbIM o6pa-
30M 3a CYET MyTauui B reHe rpoB.

Llenb uccnenoBaHnst — nouck Hambonee BEPOATHbIX KOMMEHCATOPHbIX MyTauuii B reHax rpoA, rpoB un rpoC,
Koaupyowmx a-, B- n B'-cybvegnHuubl PHK-nonvmepasbl M. tuberculosis.

MaTtepuanbl u meToAbl. [TepekpECTHbIN aHann3 PeHOTUNNYECKON 1N reHeTu4ecKkon yctonumnsoctu K RIF cpeau
2298 knuHuyeckmnx wtammoB M. tuberculosis BbisiBUN 8 cny4aes, Korga yCTOMYMBOCTb, OnpeaenéHHas TecTom
Xpert Ultra MTB/RIF, He noaTBepxaanacb 6aktepuonornyeckum metogom. Bo Bcex cnyyvasix a1o 6binn XpoHu-
yeckue 6onbHble Ty6EpKyné3oM ¢ MHOXECTBEHHOW WMKW LUMPOKOW NeKapCTBEHHOW YCTONYMBOCTBIO, Y KOTOPbIX
Obin oTMeHEH RIF no npuymHe obHapyXeHWst YCTOMYMBOCTM K 3TOMY npenapary Yy BblAeNeHHoro wramma. ans
UCCrneaoBaHWNst reHoTUNa, CeKBeHUpoBaHUst No CaHrepy U NOMHOrEHOMHOIO CEKBEHMPOBAHUSA OblnNn MOMyYeHbI
2 wramma.

Pe3ynkraThl. [oBTopHbIN TecT Xpert Ultra MTB/RIF, cekBeHnpoBaHue no CaHrepy v NofHOreHOMHOe CeKBEeHU-
poBaHWe BbISBUIN Hannune eanHCTBEHHoW MyTauun S450L B reHe rpoB npu Hanumummn GeHOTUNNYECKON YyB-
CTBUTENBHOCTM Y 060uX LITaMMOB. [Npu nnoreHeTU4YECKOM aHanm3e BbIICHEHO, YTO 06a reHoma npuHaanexa-
nu k reHotuny Beijing BO/W148. LUtammbl otnuyanuck 6onee BbICOKON CKOPOCTbIO POCTa, YeM Apyrue U3onsithbl.
BbisiBNeHbl ABe NoTeHUmManbHble KoMneHcaTtopHble MyTaunn V483G n H748P B reHe rpoC npu oTCyTCTBUM ApY-
rMX 3Ha4YMMbIX U3MEHEHUWI B reHax rpoA v rpoB.

3akntoueHue. BbickasaHo npeanonoxeHue, YTo heHOMEH pacxXoXaeHusi 6aKkTepnonormMYecknx U Monekynsip-
HO-reHeTUYeCcKUX pe3ynbLTaToB CBsA3aH C NpnobpeTeHnem B npouecce neveHuns RIF wrammamu Beijing BO/W148
KOMMEHCaTOPHbIX MyTauui B reHe rpoC, a BbIIBNEHHblE MyTauMu BAMSIOT HA KoHdopMaumio B'-cydbeanHuubl,
BOCCTaHaBnmBasi 3pEKTUBHOCTb TPAHCKPUMNLINK, BbI3BAHHYHO MaXKOpHON MyTauunen S450L.

KnioueBble cnoBa: Mycobacterium tuberculosis, Beijing BO/W148, rpoA, rpoB, rpoC, komrneHcamopHsie ¢hum-
Hec-Mymauyuu

Amu4eckoe ymeepideHue. ViccnenosaHve NnpoBoamnnock npu 4obpoBonbsHOM MHGOPMUPOBAHHOM NUCbMEHHOM CO-
rmacuv nauueHToB. [poTokon nccnegoBaHns ofobpeH 3TUYecknM KoMUTETOM HayyHoro LeHTpa npobrnem 300poBbst
ceMbyu 1 penpogykummn vyenoseka (npotokon Ne 2 ot 18.02.2020).

UcTouHuk cbmHaHcupoBaHus. Pabota BbimonHeHa B paMkax Tembl rocyaapcTBeHHoro 3aganHus Ne 121022500179-0
C ucronb3oBaHneM obopyaoBaHus LieHTpa KOnmekTMBHOrO nonb3oBaHust «LleHTp paspaboTku nporpeccuBHbIX Nep-
COHarnM3nMpoBaHHbIX TEXHOMNOrMiA 3A0POBbsA» Hay4HOro LeHTpa npobnem 300poBbs CEMbU U PENPOAYKLMM YernoBekKa.

KoHdnuKT nHTEepecoB. ABTOPbI AEKNAPUPYIOT OTCYTCTBME SBHBIX U NMOTEHLManbHbIX KOH(UKTOB MHTEPECOB, CBSI3aH-
HbIX C NyGnvkauyen HacTosLWEN cTaTby.

Ansi yumupoeanusi: OrapkoB O.B., CuHbkoB B.B., KyxtnHa T.A., XXgaHoBa C.H., KoHgpatoB W.I. MonHoreHomHoe
CeKBeHVpoBaHue ABYX KNMHU4Yeckux wrammoB Mycobacterium tuberculosis ¢ heHOTUNMYECKOW YyBCTBUTENBHOCTLIO
K pucpamnuumHy npu nporHosmpyemon Xpert MTB/RIF yctonumsoctu. XKypHan mukpobuoroeuu, anudemuonoauu u
ummyHobuonoeauu. 2025;102(3):343—-349.
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Introduction

Multidrug-resistant (MDR) tuberculosis develops
in patients treated with rifampicin (RIF) and isoniazid,
the most effective anti-tuberculosis drugs, also called
first-line drugs. Globally, more than 40% of Mycobac-
terium tuberculosis (MBT) strains become MDR or at
least RIF resistant'. RIF binds close to the active site in
the B subunit (rpoB gene) of the bacterial RNA poly-
merase enzyme [1] in the RIF resistance determining
region (RRDR). The binding of RIF to RRDR ster-
ically impedes the elongation of newly synthesized
RNA, which ultimately blocks protein synthesis by
the microbial cell. MBT has no known mechanism of
horizontal gene transfer; RIF resistance mainly arises
from chromosomal mutations within the RRDR [2].
The impact of RIF resistance is significant and is often
reflected in MBT in terms of a reduced growth rate and
the decreased competitiveness of RIF-resistant mutants
compared to ancestral susceptible forms [3]. However,
it has been observed that MBT forms with low adapt-
ability can partially or completely restore phenotypic
properties over time, in particular, increase growth rate
due to the appearance of so-called compensatory muta-
tions [4]. The identification of compensatory mutations
is very difficult and depends on the methodology used.

Molecular epidemiologic studies of Beijing
B0/W148 genomes belonging to the L2 genetic lineage
[5, 6] indicate that more than 95% of clinical strains of
this genotype contain mutations in RRDR and is one
of the key factors in the epidemic spread of primary
drug-resistant tuberculosis with RIF in Russia [6, 7].
Almost 90% of these strains carry the most common
amino acid substitution S450L (nucleotide substitution
C—Tin 761155 position of the genome) [6], and it was
noted that the genetic cost of this substitution in the
RRDR of the ¥poB gene for mutants is the lowest [2].

The aim of the study: to search for the most prob-
able compensatory mutations in 7poA, rpoB and rpoC
genes encoding a-, B- and B’-subunits of RNA poly-
merase of MBT, causing the phenomenon of phenotyp-
ic sensitivity to RIF.

Materials and methods

A retrospective cross-analysis of Xpert Ultra
MTB/RIF and phenotypic bacteriological results for
2022 obtained in the laboratory department of the
Irkutsk Regional Tuberculosis Hospital was performed.
The study was conducted with the informed consent of
the patients. The research protocol was approved by the
Ethics Committee of the Scientific Centre for Family
Health and Human Reproduction Problems (protocol
No. 2, February 18, 2020).

! WHO. Global tuberculosis report 2024. Geneva: World
Health Organization; 2024. URL: https://www.who.int/teams/
global-tuberculosis-programme/tb-reports/global-tuberculosis-
report-2024

2298 samples were examined, of which 529 were
sensitive to RIF, while 363 were resistant; sensitivity to
RIF using Xpert Ultra MTB/RIF was not determined
in 90 samples. The main reason for the lack of positive
PCR results is the low concentration of the target sub-
stance when Xpert Ultra MTB/RIF was performed. In 8
cases, resistance determined by Xpert Ultra test in spu-
tum was not confirmed by bacteriologic methods. All
cases were chronic MDR or extensively drug-resistant
TB patients who had been discontinued from RIF due
to the presence or acquisition of resistance to the drug
in a previously isolated strain.

Two strains were obtained for repeat Xpert Ultra
MTB/RIF, genotype testing, Sanger sequencing, and
whole genome sequencing (WGS) (Table 1). DNA iso-
lation, library preparation, WGS and bioinformatics,
phylogenetic and statistical analyses were performed as
described previously [6]. Primary nucleotide sequences
were deposited in the NCBI bioproject PRINA1215569.
Resistance to anti-tuberculosis drugs was determined
on a BD Bactec bacteriological analyzer (Becton Dick-
inson) and on Lowenstein—Jensen medium according
to the Order of the Ministry of Health of Russia from
21.03.2003 No. 109 (ed. 05.06.2017). Genetic heterore-
sistance in individual genome positions was determined
by the number of alternative short reads during WGS as
described previously [8].

Amino acid substitution probability in detect-
ed mutations was investigated using two approaches:
PAM matrices (Point Accepted Mutation matrices) —
PAM30 and PAM250 [9] and SIFT (Sorting Intolerant
From Tolerant) algorithm for predicting amino acid
substitutions affecting protein function [10].

Results

Repeated Xpert Ultra MTB/RIF test, Sanger se-
quencing and WGS revealed the presence of a single
S450L mutation in the rpoB gene with phenotypic sen-
sitivity in both strains. Phylogenetic analysis revealed
that both genomes belonged to the Beijing BO/W148
genotype. The strains were characterized by a high-
er growth rate than the other isolates. After elucida-
tion of the genotypic affiliation of the studied strains
to the Beijing BO/W148 genotype, 513 complete B0/
W148 genomes from the Short Read Archive (NCBI)
online service published between 1995 and 2020 for
strains from Northern Eurasia were used as reference
genomes.

A total of 34 missense mutations in the rpoB
gene were detected for this genome set [11]. Level 1
missense mutations were in 9 variants; level 2 — in
2; and level 3 — in 20 (Table 2). Furthermore, 3 mu-
tations were found in the 7poB gene that were absent
in the WHO catalog description: £82G, 190M, R219G.
45 missense mutations were detected in the 7poC gene,
all of them belonged to mutations of level 2 significance
(Table 1). Only 5 missense mutations were detected in
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Table 1. Characterization of M. tuberculosis isolates

No. Patient record group | HIV | Drug resistance Genotype

Irk1 Ineffective course of tuberculosis treatment + To isoniazid, RIF*, capreomycin, pyrazinamide, Beijing BO/W148
prothianamide, bedaquiline, linezolid

Irk2 Tuberculosis relapse _ To isoniazid, RIF*, ethambutol, capreomycin, Beijing BO/W148

pyrazinamide, levofloxacin, bedaquiline, linezolid

Note. *Based on the Xpert Ultra MTB/RIF results, but not the microbiological test.

Table 2. Presence of mutations of the 1%, 2" and 3 levels of significance [11]

Gene Mutajuor.ls. of level 1 Mutations of level 2 significance Mutation of level 3 significance
significance
P45S; G79S; V3051; G376V;
L430P; Q432P; D435V; T400A; P454S; 1491M; V496A;
rpoB D435Y; H445D; H445L; T427A; S431R L554P; Y564H; S672Y; L731P;
S450L; L452P; H723D V800A; R827C; R827L; H835P;
G836S; K891E; Q980K; R1008C
E187G; G311R; G332S; G433C; P434A; P434L; K445R; L449R;
F452C; V483G; D485N; E488Q; 1491V; 1491T; L507V; L516P;
rpoC None V517L; G519S; A521D; Q523E; H525N; L527V; L558L; Y586H; None
Q693H; N698H; N698S; N698K; E702K; D735N; D735E; D747A;
H748P; E757A; R770H; T812I; S838C; D943N,; D943G; M983I;
P1040S; P1040R; 11046M; V1147A; K1152N
rpoA None G31C; R153R; T187P; V183A; R182Q None

the rpoA gene, also belonging to mutations of the 2™
level of significance (Table 1).

The following combinations of mutations were
detected in the 2 strains studied: in the Irkl strain,
rpoB — S450L; rpoC — H748P; in the Irk2 strain,
rpoB — S450L; rpoC — V483G. Interestingly, a simi-
lar case of drug sensitivity in the presence of a combi-
nation of rpoB — S§450L; rpoC — V483G mutations
was described in 2024 in the strain of Euro-American
lineage (4.2.2.2.2.1) [12]. However, the authors sug-
gested that the result obtained was a laboratory error
due to the use of inflated concentrations of RIF during
testing. The H748P mutation in the rpoC gene is not
considered compensatory in the final version of the ar-
ticle, although it was described as such in the original
manuscript by the same authors® [12].

The Irk1 and Irk2 genomes tested occupy the high-
est positions in terms of heteroresistance values (214
and 212) at position 761155 (rpoB nucleotide substi-
tution — S450L; Figure). The highest heteroresistance
(235), expressed as the presence of alternative short
reads at WGS at the position under study, was observed
in only one genome from Yakutia isolated in 2013. We
investigated the probability of occurrence of detected
amino acid substitutions in the 7poC gene using two ap-
proaches: PAM (Point Accepted Mutation) matrices —
PAM30 and PAM250 [9] and the SIFT (Sorting Into-
lerant From Tolerant) algorithm [10]. To predict amino
acid substitutions affecting protein function, PAM ma-
trices were used to estimate the probability of amino

2 URL: https://www.biorxiv.org/content/10.1101/2022.02.22.4815
65vl.full.pdf

acid substitutions during evolution [9]. The SIFT algo-
rithm was used to determine whether amino acid sub-
stitutions affect protein function using evolutionary in-
formation and homologous sequence alignments [10].

A SIFT value of 0.00 was obtained for V483G
(IRK2) indicating low tolerance, which may indicate a
significant effect of this substitution on the function of
the B'-subunit of RNA polymerase. However, the mo-
derate values of PAM10 (0) and PAM250 (-1) suggest
that this mutation does not lead to a complete loss of
function and may stabilize the RNA polymerase com-
plex, compensating for the destabilization caused by
S450L. In turn, the H748P (IRK1) mutation with SIFT
0.05 and PAM250 (-3) shows moderate tolerance, indi-
cating a slightly negative effect on the protein. It can be
hypothesized that the above mutations affect the con-
formation of the B'-subunit, restoring the transcription
efficiency caused by the major S450L mutation, where
V483G may play a more pronounced compensatory
role.

Discussion

The phenomenon of the emerging sensitivity in
strains has been observed earlier in two international
projects [8] when the minimum inhibitory concentration
of MBT strains from the same patient was determined
sequentially. It has been repeatedly observed (data not
published) that withdrawal of certain anti-tuberculosis
drugs, including RIF, leads to a decrease in the mini-
mum inhibitory concentration down to the values of
the borderline sensitivity defined by the manufacturer
of the Sensititre MYCOTB kits (TREK Diagnostics).
The main hypothesis that could explain this phenome-
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ERRITST0_EE_2006.vef
SRR10397156_GE_2017.vef
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Heteroresistance assessment of a sample of 515 genomes at position 761155 (rpoB nucleotide substitution — S450L).

non was the assumption that antibiotic-sensitive clones
begin to multiply more actively in the pathogen pop-
ulation after anti-tuberculosis drug withdrawal from
the persister pool [8]. The Beijing BO/W148 genotype
carries resistance to RIF in more than 95% of cases up-
on primary infection, i.e. it has already acquired all the
compensatory mutations necessary for survival outside
the organism in the process of evolution. The key ques-
tion of the study is what fitness mutations lead to the
emergence of the sensitivity phenomenon in the pres-

ence of the major rpoB mutation — S450L. The detect-
ed missense mutations V483G and H748P in the groC
gene in the absence of other significant changes in the
rpoA and rpoB genes may indicate that the withdrawal
of certain anti-tuberculosis drugs may lead to the emer-
gence of compensatory fitness mutations, manifested as
sensitivity to anti-tuberculosis drugs in the presence of
the major substitution, identified in PCR test. It can also
be assumed that against the background of high hetero-
geneity on the rpoB gene in the pathogen population,
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the described combination of S450L mutations together
with V483G/H748P undergoes stabilizing selection on-
ly during RIF treatment. The abolition of RIF leads to
a gradual return of the pathogen population to a more
stable model in which clones containing V483G/H748P
and other fitness mutations are eliminated. The source
of this is persisters harboring S§450L but lacking muta-
tions in the rpoC gene.

Conclusion

It can be assumed that the phenomenon of dis-
crepancy between results of bacteriological and mole-
cular genetic tests is associated with the acquisition of
compensatory mutations in the groC gene during RIF
treatment of Beijing B0O/W148 strains. The identified
mutations affect the conformation of the p'-subunit, re-
storing the transcription efficiency caused by the major
S450L mutation. Further studies of the phenomenon of
decreased resistance to anti-tuberculosis drugs in the tu-
berculosis pathogen after its withdrawal are necessary.
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