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ABSTRACT

The incidence of drug-resistant tuberculosis in Kazakhstan has risen
over the last decades, making it a serious threat. The purpose of this study
was to characterize M. tuberculosis isolates circulating in the south of
Kazakhstan, based on mutations of known association with multidrug-
resistance and extensive drug resistance. A total of 58 clinical isolates of M.
tuberculosis with drug resistance from southern Kazakhstan were selected.
Seven genetic loci were sequenced, namely, rpoB (for resistance to RIF),
katG, inhA (for resistance to INH), embB (for resistance to EMB), as well as
the gyrA, gyrB (for resistance to CIP and OFX) and rrs (for resistance to
KAN, AMK, and CPR). In addition, mutations in codon 315 of katG (n = 53;
91.4%), in codon 531 of the rpoB (n = 45; 77.6%), at the position of 1401
AJG of rrs (n = 33; 56.9%) and in the codon 94 of the gyrA were found to be
prevalent in the samples. MIRU-VNTR typing showed that most isolates
belong to the Beijing family (n = 53; 94.4%). Whole genome sequencing of a
single M. tuberculosis strain from southern Kazakhstan was conducted. The
emergence of drug-resistance is characteristic of the Beijing family, which
may explain the increase in the incidence rates of resistant forms of
tuberculosis in Kazakhstan.

Keywords: Mycobacterium tuberculosis, WGS, antibiotic resistance,
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INTRODUCTION

The evolving drug resistance of M. tuberculosis contributes to the status of
tuberculosis as the deadliest infectious disease. According to the World Health
Organization report (2018), the causative agent of tuberculosis has resulted in 1.3
million deaths and 10.0 million people developed TB disease worldwide in 2017 [1]. As
of 2018, the epidemiological situation of tuberculosis in the Republic of Kazakhstan
remained tense. One of the main reasons is the high incidence of multidrug-resistant and
extensively drug-resistant tuberculosis (MDR and XDR). It should be noted that the
treatment of these forms of tuberculosis is expensive and toxic.

The rise of antimicrobial resistance in Kazakhstan is due to a number of
objective reasons. Among them are social factors including poverty, unemployment,
alcohol and drug abuse, as well as the spread of infection in closed environments, such



as correctional institutions. It is well-known that prisons are reservoirs of tuberculosis
infection, including those with resistance to major anti-TB drugs [1]. In addition, in the
1990s, there was the appointment of inadequate treatment regimens in Kazakhstan,
interruptions in the supply of drugs, the absence of treatment standards, and the low
socio-economic status of the patient [2, 3]. All this led to the rise of antimicrobial
resistance and deterioration of the epidemiological situation. It has been proven that
strict adherence to the WHO strategy of controlled TB treatment makes it possible to
prevent the development of drug resistance in patients with established susceptibility to
anti-tuberculosis drugs before the start of treatment [4, 5].

The largest proportion of TB mortality in 2017 was patients with resistant forms
of tuberculosis according to the National Scientific Center of Phthisiopulmonology
(NSCP, Ministry of Health of the Republic of Kazakhstan). Accumulation of
ineffectively treated patients with antimicrobial resistance contributes to the overall
deterioration of the TB situation.

The global emergence of MDR and XDR-TB increases the need to introduce
new effective methods to diagnose resistant forms of TB. The purpose of this study was
to characterize M. tuberculosis isolates, based on mutations of known association with
multidrug-resistance and extensive drug resistance circulating in the cities of Almaty,
Taraz, Taldykorgan and Talgar. Phylogenetic variability was identified based on
MIRU-VNTR typing. In addition, WGS sequencing of a single M. tuberculosis strain
from southern Kazakhstan was conducted.

Materials and methods

Samples

Clinical isolates of M. tuberculosis were isolated by the reference laboratory of
NSCP (Almaty) from sputum samples of patients with newly diagnosed and chronic
drug-resistant forms of pulmonary tuberculosis. A total of 58 clinical isolates with
various drug resistance profiles were collected in Almaty (27 samples), Talgar (20
samples), Taldykorgan (8 samples) and Taraz (3 samples). DNA isolation of M.
tuberculosis was carried out in the reference laboratory according to the guidelines for
MIRU-VNTR typing (http://www.miru-vntrplus.org). MTBDR Plus, MTBDR sl (Hain
LifeScience) and Bactec MGIT 960 methods were used by the reference laboratory to
test M. tuberculosis susceptibility to first-line drugs (isoniazid, rifampin, streptomycin,
and ethambutol) and second-line drugs (capreomycin, ethionamide, ofloxacin,
kanamycin, and amikacin). Susceptible samples were not included in the sample group.
Afterward, genetic analysis of the samples was carried out, including sequencing of
genes associated with resistance to the first- and second-line drugs, whole-genome
sequencing and MIRU-VNTR analysis.

Sequencing

DNA from the clinical isolates of M. tuberculosis was sequenced to identify
mutations associated with resistance to first- and second-line drugs. PCR was carried
out in a mixture containing dNTP, PCR buffer, 25 mM MgCl,, 1 unit of Tag
polymerase (Fermentas) and 10 pmol of each primer (table 1). A universal amplification
profile was used, for all genetic loci: 94°C - 5 min; 30 cycles: 94°C for 30 sec, 63°C for
30 sec, 72°C for 30 sec; 72°C for 10 min and storage at 4°C. Dephosphorylation and
purification of PCR products were performed using alkaline phosphatase and
exonuclease | (Fermentas). Sequencing was performed using the BigDye Terminator
v3.1 Cycle Sequencing Kit and the ABI 3730 Genetic Analyzer (Applied Biosystems)
according to the manufacturer's instructions. In the sequencing reaction, the same
primers were used in the amplification reaction. The alignment and comparative
analysis of the obtained rpoB, katG, inhA, embB, gyrA, gyrB genes, and rrs promoter



region were performed using the reference sequence of M. tuberculosis H37Rv
(NC_000962) strain using SeqScape 2.1 (Applied Biosystems).

Table 1. Primers used to amplify selected genes of M. tuberculosis

. . Sequence Expected PCR
Genetic locus Primer (5> 3) oroduct (bp)
MtrpoBf gaggcgatcacaccgcagac
rpoB MtrpoBr ggtacggcagtttcgatgaac 321
MtkatGf acccgaggctgcetecgetgg
katG MtkatGr cagctcccactcgtagecgt 168
. MtfabGf gcctcgetgeccagaaagg
inhA MtfabGr ctccggatccacggtgggt 320
MtEB406F MtEB406R ccatggtcttgctgacc 170
embB cacacccagtgtgaatgc
gyrAF cagctacatcgactatgcga 852
gyrA gyrAR gggcttcggtgtacctcat
gyrBF ccaccgacatcggtggatt 429
gyrB gyrBR ctgccacltgagtttigtaca
rrsk caggtaaggttcttcgegttg 305
rrs rrsR gttcggatcggggtctgcaa

Next-generation sequencing
lon Torrent sequencing technology was used to sequence a single isolate from
Almaty (#97). Genomic DNA of mycobacteria was processed according to the
recommended lon Torrent library preparation protocol. Barcode #03 was assigned to the
sample using lon Xpress Barcode Adapters Kit (Thermo). DNA diluted to 20 ng/ul was
used to prepare the library. Prepared library was used in the emulsion PCR with lon
PGM Template OT2 400 Kit on lon OneTouch2 Instrument (Thermo). Then template-
positive lon PGM Template OT2 400 lon Sphere Particles were recovered by lon PGM
Template OT2 Solutions 400 Kit. Quality assessment of the unenriched, template-
positive ISPs was done on the Qubit 2.0 fluorimeter. Enrichment of the template-
positive ISPs was conducted using lon PGM Template OT2 Solutions 400 Kit, lon
PGM Template OT2 Supplies 400 Kit, and lon PGM Enrichment Beads according to
the manufacturer's protocol. The sequencing was conducted on lon Torrent PGM
sequencing platform using lon PGM™ HiQ sequencing kit (Thermo) according to the
manufacturer’s instructions. Data analysis was conducted in PhyResSE v.1
(https://bioinf.fz-borstel.de/mchips/phyresse/).
MIRU-VNTR
Analysis of the number of tandem repeats of M. tuberculosis clinical isolates
was performed using twenty-four locus MIRU-VNTR scheme. Primers for the twenty-
four locus genotyping were previously reported (http://www.miru-vntrplus.org/MIRU/).
Amplification products were analyzed by electrophoresis in 2% agarose gel in 1xTAE-
buffer, followed by staining with ethidium bromide. The number of tandem repeats in
the corresponding locus was calculated based on the size of the PCR product,
determined by the size of 100 bp DNA Ladder (GeneRuler, Fermentas), using the
Quantity One v.4.4.0 software package (BioRad). The phylogenetic tree was
constructed using the unweighted pair group method with arithmetic mean (UPGMA)
using weighted pairing (http://www.miru-vntrplus.org/MIRU/).
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RESULTS AND DISCUSSION

Genotypic predictions of the susceptibility of 58 M. tuberculosis isolates to first-
line anti-TB drugs (rifampin, isoniazid, and ethambutol) was assessed by sequencing of
rpoB, katG, embB and the promoter region of the inhA gene. According to the
sequencing of data, most of the samples had a high-level resistance mutation in codon
315 of katG (n = 53; 91.4%), resulting to the replacement of serine by threonine
(AGC—ACC) [6, 7]. Sequencing of the rpoB revealed a high-level resistance mutation
in the codon 450 (E. coli S531L) with the replacement of serine by leucine (n = 45;
77.6%). In addition, a mutation -15 C/T in the promoter region of inhA was found in
two samples (n = 2; 3.5%). Sequencing of the rpoB gene showed a mixed infection in
two isolates (figure 1).

Fig. 1. Chromatogram of the nucleotide sequence of the rpoB gene
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Analysis of the nucleotide sequence of the embB gene revealed a mutation in the
codon 406 of the embB gene with the replacement of Gly—Asp (n = 6; 10.3%). The

detected mutations, as well as their frequencies, are listed in table 2.

Table 2. High confidence SNPs of M. tuberculosis isolates inferred from sequencing

Gene Codon Nucleotide Amino acid Number of isolates with
substitution substitution mutations (%),
(n=58)
Mutations causing resistance to first-line drugs

katG 315 AGC/ACC Ser— Thr 53 (91,4)

inhA -15CIT -15CIT - 2(3,5)

rpoB 450 (531) TCGITTG Ser—Leu 45 (77,6)

embB 406 GGC/GAC Gly—Asp 6 (10,3)




Mutations causing resistance to second-line drugs

gyrA 90 GCG—GTG Ala—Val 5(8,6)
91 TCG—CCG Ser—Pro 5 (8,6)
94 GAC—AAC Asp—Asn 6 (10,3)
94 GAC—GCC Asp—Ala 10 (17,2)
94 GAC—TAC Asp—Tyr 5 (8,6)
94 GAC/TGC Asp—Cys 2(3,5)
94 GAC/GGC Asp—Gly 16 (27,6)
gyrB 500 GAC/AAC Asp/Asn 1(1,7)
rrs 1401 A/IG 1401 AIG - 33 (56,9)

Further analysis of genotypic prediction of the susceptibility to second-line anti-
TB drugs (capreomycin, ofloxacin, kanamycin, and amikacin) was carried by
sequencing the gyrA, gyrB and rrs genes. According to the results of DNA sequencing
of the gyrA, there is a major polymorphism at codon 95, leading to the replacement of
Ser—Thr (n = 57; 98.3%). Interestingly, the non-synonymous S95T change is not
related to antibiotic resistance as well as any other variant at codon 95 and considered as
a natural polymorphism [8]. In addition, S95T change was found to be a
phylogenetically informative polymorphism [9]. In contrast, mutations with confirmed
clinical significance were found in codon 94 of gyrA [7]. Most frequent mutations
among them are GAC/GGC leading to the replacement of aspartic acid by glycine (n =
16; 27.6%), GAC/GCC (Asp—Ala; n = 10; 17.2%), GAC/AAC mutation (Asp—Asn; n
= 6; 10.3%) and others. For the first time, an amino acid substitution of aspartic acid by
cysteine Asp—Cys at codon 94 (n = 2; 3.5%) was identified in two local samples
(figure 2).
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Fig. 2. Chromatogram of the nucleotide sequence with amino acid substitution Asp—Cys
(GAC/TGC, #1668) in the gyrA gene




In the gyrB, also causing resistance to fluoroquinolones, a mutation was found in
the codon 500 (n = 1; 1.7%). Sequencing of the rrs gene showed the presence of
mutations at position 1401 A/G (n = 33; 56.9%). In addition, the sequencing results
pointed out two cases of mixed infections. In one of the samples, the sequence of the
gyrA has indicated mixed infection, while another case was detected from the sequence
of the rrs gene at position 1401.

It should be noted that all 58 isolates were selected after testing susceptibility
using the MTBDR Plus, MTBDR sl, and Bactec MGIT methods. The purpose of the
subsequent sequencing was to detect both previously known and new mutations in the
genes of known association with multidrug-resistance and extensive drug resistance. As
a result, extensive drug resistance was genetically confirmed in half of the isolates
(n=29, 50%). These isolates, in addition to resistance to the first-line drugs, harbored
mutations in the gyrA, gyrB and rrs genes. Phenotypic susceptibility of the studied
isolates was correctly predicted for rifampin and isoniazid based on sequencing data.

Next-generation sequencing of the single M. tuberculosis isolate was conducted
on lon Torrent platform with 27x genome coverage. M. tuberculosis antibiotic
susceptibility and strain lineage (family) was analyzed using PhyResSE (figure 3) [8].
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Fig. 3. Dendrogram of phylogenetic similarity of the studied isolates (highlighted in yellow),
based on the results of genotyping of 24 MIRU-VNTR loci. For comparison, MIRU-VNTR profiles of
M. tuberculosis control strains from the MIRU-VNTR database were used (not highlighted).



The PhyResSE pipeline combines well-established methods from FastQC,
BWA, QualiMap, and SAMtools. In-depth quality control was applied to both reads and
mapping performance before classifying the sample. Strain lineage and antibiotic
susceptibility of the isolate #97 were identified as XDR and Beijing, respectively [9].

The isolate conferred the following high confidence SNPs (table 3).

Table 3. High confidence SNPs of M. tuberculosis isolate #97 inferred from WGS data

Gene | Variant | AA change Codon Reference SNP in Antibiotic
position change SNP isolate

gyrA 281 | Asp94Gly gac/ggc A G Fluoroquinolones (FQ)
[16]

rpoB 1349 | Ser450Leu tcg/ttg C T Rifampicin (RMP) [16]

rpsL 128 | Lys43Arg aag/agg A G Streptomycin (SM) [17]

rrs 1401 | --- ribosomal A G Amikacin (AMK),
Kanamycin (KAN),
Capreomycin (CPR) [16]

katG 944 | Ser315Thr agc/acc C G Isoniazid (INH) [18]

pncA 34 | Aspl2Asn gac/aac C T Pyrazinamide (PZA) [19]

embB 916 | Met306Val atg/gtg A G Ethambutol (EMB) [16]

The final part of this work was the determination of 24-loci MIRU-VNTR
profiles of 58 clinical isolates of M. tuberculosis. A  MIRU-VNTR profile,
corresponding to the number of tandem repeats in a particular locus was obtained for
every TB isolate. Four out of 58 samples were excluded from the analysis since they
showed multiple values for one or more MIRU-VNTR loci, which indicated the
presence of mixed infections. Comparison of 54 MIRU-VNTR profiles with the
database showed that the predominant group of isolates (n = 51; 94.4%) belong to the
Beijing family. Two isolates (3.7%) were identified as LAM family and one isolate (n =
1; 1.9%) as S-type. An analysis of earlier data showed that the appearance of multiple
and extensive drug resistance was characteristic of the Beijing family [10-13].

CONCLUSION

The analysis of drug-resistant Mycobacterium tuberculosis isolates from
southern Kazakhstan revealed genetic features of association with drug resistance to
first- and second-line drugs using DNA sequencing and MIRU-VNTR genotyping of M.
tuberculosis. Strains were isolated from 58 patients with newly diagnosed and with
chronic drug-resistant forms of pulmonary tuberculosis. Substitutions in the codon 315
of katG gene (n = 53; 91.4%), codon 531 of the rpoB gene (n = 45; 77.6%) and in the
1401 AJ/G position of the rrs gene (n = 33; 56.9%) were found to be dominant in the
studied sample. In addition, nearly all isolates had a polymorphism in the codon 95 of
the gyrA gene (n = 57; 98.3%), although its association with drug resistance is not clear.
In the course of this study, a rarely described replacement of aspartic acid by cysteine in
the codon 94 of the gyrA gene was found. In general, analysis of mutations in the genes
responsible for resistance to first- and second-line drugs has identified extensively drug-
resistance in half of the isolates studied (n = 29; 50%).

In addition, whole-genome sequencing of the single isolate of the Beijing family
from the south of Kazakhstan has confirmed its XDR status. Whole-genome sequencing
is a certainly powerful technique that provides complete antibiotic resistance and
epidemiology profile. However, it is not affordable for routine use in the majority of
developing countries with a limited state healthcare budget.



MIRU-VNTR typing showed that most isolates from the south of Kazakhstan
belong to the Beijing family (n = 53; 94.4%). At the same time, two isolates (n = 2;
3.7%) belonged to the LAM family and one isolate (n = 1; 1.9%) to the S family. It
should be noted that low genetic diversity was observed among the isolates. At the same
time, the Beijing family, which represents the vast majority of isolates in the studied
sample, has a known capacity to acquire drug resistance [14, 15]. It may partially
explain the increase in the incidence rates of resistant forms of tuberculosis in the
Republic of Kazakhstan.
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OHTYCTIK KABAKCTAHJIA TAPATAH TYBEPKYJIE3
MUKOBAKTEPUAJIAPBIHBIH AOPITE TO3IM/I U30JIAATTAPBIH
I'EHOTHUIITEY
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TYWUIH

Conrbl  owkbLIAbIKTa Kazakcranmaa gopi-azopMekke Terenm  OepeTiH
TyOepKyJie3 aypy/jaap caHbl OCTi, aq OyJ KayinTi skaraail. 3epTrreyaiH MakKcaThbl,
KaszakcranubIH oHTYCTiriHge Taparan M. tuberculosis u3oJsiTopJapbiH KenTereH
JAIpi-I9pMeKKe Te3iMALNri MeH KeH ayKbIMAbI [dpijepre Te3imaidirimen
OaiuiaHbICTBI  Oedrivti  Myranmsijiap Heridinge cumarray 0oJaabl. OHTYCTIK
Kazakcrannan nopi-mopmexke te3imai :kaambl 58 M. tuberculosiS KJIMHHKAIBIK
M30JATOPbI  IpiKTeain  anbIHABL.  7KeTi TeHeTHKANBIK JIOKYCKa CEeKBeHJey
syprizingi: rpoB (RIF typakreuibirsl), katG, inhA (INH typakrsulibirbl), embB
(EMB TtypakTbhuIbIFBI), cOHAai-ak gyrA, gyrB (CIP xone OFX TypaKkTbLIBIFbI)



dHe rrs (KAN, AMK :xone CPR typakrbuibirbl). COHBIMEH Karap, MyTalusijiap
315 katG (n = 53; 91,4% ) komoubiHaa, 531 rpoB (n = 45; 77,6% ) xoabinaa, 1401
skarpaibiaga A/G aybicThipy rrs (N = 335 56,9% ) xoHe 94 gyrA KOIOHBIHIA
yiarizepae tadbuiabl. MIRU-VNTR Tanaay kepcerkenjeii, KenrereH u30JsTTap
Beijing (n = 53; 94,4%) orbGachiHa THeciti. OHTycTik KazakcTaHHaH ajbIHFaH
M. tuberculosis 6ip mTaMMbIHA TOJBIK TeHOMABIK CEKBEHHPJIEHYI KYypriziiii.
Jopire TesimainikTin mnaiina Ooaysl Beijing ToObIHA TOH, Ka3zakcranparbl
TyOepKYyJie31iH Pe3UCTEHTTIK TYpiMeH aybIpyIbIH OPIIYiH TYCiHAipe ajaaabl.

Herizri ce3mep: Mycobacterium tuberculosis, WGS, aHTHOMOTHKTepre
Te3iMaiiik, resoruntey, MIRU-VNTR.

TEHOTUIIUPOBAHUE JIEKAPCTBEHHO-YCTOMYUBBIX U30JI1TOB
MUKOBAKTEPUHU TYBEPKYJIE3A U3 IO KHOI'O KABAXCTAHA
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ABCTPAKT

3a mociegHue AecATWIEeTUS 3a00/1eBaeMOCTh JIEKAPCTBEHHO-YCTOHYNBHIM
TyOepkyJae3om B Kazaxcrane Bo3pociia, 4UTo JeJiaeT ero cepbe3noii yrposoi. Lean
HCCIIEJOBAHUSL COCTOSJIA B TOM, YTOObI O0XapaKTepH30BaTh  H30JIATHI
M. tuberculosis, uupkyaupyomue Ha ore KazaxcraHa, Ha OCHOBe H3BECTHBIX
MYTAl[Hii CBSI3AHHBIX € MHOKECTBEHHOH JIEKAPCTBEHHOH YCTOWYHMBOCTHIO M
IIMPOKON  JIEKAPCTBEHHOM  ycTOiuMBOCTHIO. Bcero ObL10 oTOOpaHo 58
KJIMHHUYeCKUX u30JsToB M. tuberculosis ¢ saexkapcTBeHHOW YCTOWYMBOCTBHIO W3
10:kHoro Kaszaxcrana. BbuiM ceKBeHMpPOBaHbBI ceMb TeHETHYECKHX JIOKYCOB, a
uMeHHo rpoB (ycroitumBocth k RIF), katG, inhA (ycroiituuBocts k INH), embB
(ycroiitunBocth k EMB), a Takxe gyrA, gyrB (ycroituuBocts k CIP u OFX) u rrs
(ycroituuBocth kK KAN, AMK u CPR). Kpome Toro, myranuu B komone 315 katG
(n = 53; 91,4%), B xoxone 531 rpoB (n = 45; 77,6%), B noJjoxennu 1401 3ameHa
A/G B 11s (n = 33; 56,9% ) u B xonoHe 94 gyrA ObLIM o0HapYy:KeHbI B 00pa3uax.
Tunupoanme MIRU-VNTR nmnoka3ano, 4Yro  OOJNBIIMHCTBO  H30JISITOB
npuHajIexkar K cemeiicrBy Beijing (n = 53; 94,4%). IlpoBeaeHo moJiHOreHoMHoOe
ceKkBeHHMpoBaHue oxHoro mramma M. tuberculosis w3 IOsknoro Ka3zaxcrana.
IMosiBJIeHMe JIeKAPCTBEHHON YCTOMYMBOCTH XapaKkTepHO MJsi cemeiicrBa Beinjing,
YTO MOKeT O0BSICHUTH yBeJIHYeHHe 3200/71€BA€MOCTH Pe3MCTEHTHBIMH (hopMaMu
TyOepkyJe3a B Kazaxcrane.
Kawuessie cioBa: Mycobacterium tuberculosis, WGS, pe3ucreHTHOCTBH K
aHTHOMoOTUKaM, reHoTunuposanue, MIRU-VNTR.



