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Abstract

Introduction. Mycobacterium tuberculosis is the causative agent of tuberculosis. Drug susceptibility testing is
performed by phenotypic and molecular tests. Commonly used for phenotypic drug susceptibility testing is the
automated BACTEC system in a liquid culture medium. Drug susceptibility by line probe molecular tests was
introduced almost 15 years ago. Recently whole genome sequencing (WGS) analysis of M. tuberculosis strains
demonstrated that genotyping of drug-resistance could be accurately performed. Several software tools were
developed.

Our study aimed to perform whole-genome sequencing on phenotypically confirmed multi-drug resistant (MDR)
M. tuberculosis strains, to identify drug-resistant mutations and to compare whole-genome sequencing profiles
with line probe assay and phenotypic results.

Materials and methods. We performed analysis on 34 MDR M. tuberculosis Bulgarian strains. Phenotypic
drug susceptibility testing was performed on the BACTEC system. For molecular testing of drug susceptibility to
first- and second-line tuberculostatics, we applied line probe assay Geno Type MTBDR plus v.1.0 n Geno Type
MTBDR s/ v.1.0. Sequencing was performed on MiSeq. Generated FASTQ files were analyzed for known drug-
resistant mutations with the software platform Mykrobe v.0.8.1.

Results. All three methods — phenotypic analysis using the BACTEC system, genetic analysis of strains applying
the Geno Type test and Mykrobe software gave comparable sensitivity/resistance results for the studied strains.
All phenotypically proven rifampicin and isoniazid-resistant strains were 100% confirmed using Mykrobe software.
The C-15T mutation is a marker for isoniazid resistance in strains of the SIT41 spoligotype. We observed a 75%
(21/28) agreement between BACTEC and Mykrobe for ethambutol resistance. Phenotypically, 87% (n = 27) of
the strains are resistant to streptomycin, but only 59% (n = 19) are proven by Mykrobe software. Comparing
phenotypic and genotypic resistance to ofloxacin, amikacin and kanamycin, we observed 100% coincidence of
results.

Conclusions. Whole-genome sequencing approach is relatively expensive and laborious but useful for detailed
analysis such as epidemiological genotyping and molecular drug susceptibility testing.
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AHHOMauus

BBepeHue. YyectButEnbHocTb Mycobacterium tuberculosis Kk NpoTMBOTYOEpPKYyné3HbIM NpenapatamM ycTa-
HaBMNMBaeTCs C NMOMOLLBbID (DEHOTUMUYECKMX WU MOMEKYNAPHbIX MeTodoB. AHanv3 Lernoro reHoma LuTaMmmoB
M. tuberculosis naéT BO3MOXHOCTb NPeACcKa3biBaTb PE3UCTEHTHOCTb K NlekapcTBaM Ans 6onbLioro yncna megm-
KameHTOoB. [nsa aToro pa3paboTaHo HECKOMbKO BMOOB NPOrpamMMHOro obecneyeHus.

Lenb paboTtbl — onpegenuTb YyBCTBUTENBHOCTL M. tuberculosis K aHTUTYGepKyné3HbIM NpenapaTam C NOMOLLbIO
(PEHOTMNNYECKOTO U FEHOTUMUYECKOTO aHanm3a, a Takke NofIHOreHOMHOIO CEKBEHUPOBAHUS C UCMOMb30BaHNEM
nporpammMHoro obecnedeHus «Mykrobe».

MaTtepuanbi n metoabl. Viccnegosanu 34 MynbTMPE3NCTEHTHbIX WTaMmma M. tuberculosis, BblAeneHHbIX U3 KNn-
HU4Yeckux MatepuanoB 34 naumeHToB B Bonrapun. Bce oHu Obinn noaTeBepXxaeHbl (PEHOTUMUYECKN C MOMOLLBIO
«BACTEC MGIT 960 Systemy. [1lns onpegeneHns pe3avcTeHTHOCTU K NPOTMBOTYOEpKyNésHbIM cpeacTBaM nep-
BOrO 1 BTOPOro psiAa Nonb3oBanuncb Tectamun Ansd nuHenHon rmbpuamnsaumm «Geno Type MTBDR plus v.1.0» u
«Geno Type MTBDR s/ v.1.0». lUtammbl M. tuberculosis cekBeHupoBanu ¢ noMmoulbto «MiSeq». [1na anekTpox-
HOW pe3ncTorpammbl MPUMEHsINM NporpaMmmMHoe obecneyveHne «Mykrobe v.0.8.1».

PesynbraTbl. Bce Tpy meToga — heHOTUNUYeCKnn aHanus, reHeTUYeCKUii aHann3 1 ANeKTPOHHas pe3ncTorpam-
Ma C NoMmoLLbio NporpaMMHoro obecneyveHns «Mykrobe» — ganu conoctaBumMble pesynbTaTbl YyBCTBUTENBHO-
CTU/PE3NCTEHTHOCTU UCCNedyeMbIX LWITaMMOB. Bce dheHoTUNMYeCcKkM foKa3aHHbIe WTaMMbl, PE3NCTEHTHbIE K pU-
damnuumHy 1 nusoHnasuay, 6einv nogreepkaeHsl Ha 100% ¢ nomoLLbio NporpammMHoro obecneyeHus «Mykrobey.
MyTtauma C-15T sBnsieTcs MapkepoM Ansi Pe3NCTEHTHOCTM K M30HMa3May y uccriegyemMbiXx Hamu LWTaMMOB CO
crnonurotunom SIT41. Mbel Habntogann 75% (21/28) coBnapgenus pesynsratoB no «BACTEC» n «Mykrobe» B
OTHOLLEHUN PE3UCTEHTHOCTU K aTambyTony. PeHoTunuyeckn 87% (n = 27) wtammoB Bbinun YCTONYMBBI K CTPEn-
TOMULMHY, U nnwb 59% (n = 19) pokasaHbl NporpaMMHblM obecneveHnem «Mykrobe» kak TakoBble. CpaBHUBas
(HPEHOTMMNNYECKYHO U FEHOTUMNYECKYHO PE3UCTEHTHOCTb K OPNOKCaLUHY, aMyKauMHy U KaHaMULUHY, Mbl Habnoaa-
nu coenagexune pesynsratos Ha 100%.

BbiBoabl. CekBeHMpoBaHWe Lenoro reHoma OTHOCUTENbHO A0POro 1 TpyAOEMKO, HO NpeacTasnsieT cobon ueH-
HbI MHCTPYMEHT 3NUAEMMWONIOrMYECKOro reHOTUMMPOBaHNSA 1 onpedeneHns BOCNPUMMYMBOCTM K NEeKapCTBEH-
HbIM CpeAcTBaMm.

KnroueBble cnoBa: M. tuberculosis, FASTQ, cekgeHupogaHue criedytouie2o NMoKOMeHUs, IeKapcmeeHHasl pesu-
CmeHmMHocmb

Amuyeckoe ymeepxdeHue. ViccnenoBaHue NpoBoanock Npu 4o6poBonbHOM MHEPOPMUPOBAHHOM COrnacumn naum-
eHTOoB. MNpoTokon nccneposaHns ogobpeH MuHncTepcTsom 3apaBooxpaHeHnst Pecnybnukv Bonrapus (MoctaHoeneHne
Ne 7 ot 02.08.2019 06 ycnosusx u npoueaypax npoBeAeHns ANarHoCTVKW, NpounakTuku n 6opsbel ¢ Tybepkynesom).

UcmoyHuk ¢puHaHcupoesaHus. ViccnenoBaHue uHaHcmpoBanocb bonrapckum HauMoHanbHbIM Hay4YHbIM (DOHAOM
(rpaHTbl Ne AH13 /4-15.12.2017 n AH13 / 1-14.12.2017).

KoHgbriukm unmepecoe. ABTOPbI AEKNapupyoT OTCYTCTBME SIBHBLIX M MOTEHLIMATbHBIX KOH(IIMKTOB MHTEPECOoB, CBSi-
3aHHbIX C NyGnyKaLmei HacToALLei CTaTby.

Ans yumupoeaHusi: Tolchkov V., Hodzhev Y., Tsafarova B., Bachiyska E., Atanasova Yu., Baykova A., Yordanova S.,
Trovato A., Cirillo D., Panaiotov S. Drug susceptibility testing of Mycobacterium tuberculosis using next generation se-
quencing and Mykrobe software. )KypHan mukpobuonoauu, anudemuonoauu u ummyHobuonozuu. 2021;98(6):697-705.
DOI: https://doi.org/10.36233/0372-9311-191
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Introduction

Drug resistance is a serious problem challenging
antimicrobial therapy around the world!. Treatment of
tuberculosis patients with antituberculosis drugs is one
of the main strategies for disease control in Bulgaria
and worldwide [1-4]. Mycobacterium tuberculosis in-
fection and resistance in some cases is associated with
coinfection like HIV [5-7], and this fact should be tak-
en into account when therapy is subscribed. Antimi-
crobial drugs gradually lose activity against pathogens
as a result of increasing microbial resistance. Along
with classical methods of determination of M. tuber-
culosis complex drug resistance, new ones related to
DNA sequence assays were recently introduced>. PCR
and targeted sequencing of genes causing antimicrobi-
al resistance are widely used and became common. The
introduction of next-generation sequencing technologies
gave to researchers new opportunities for more powerful
and detailed analysis [8—11]. Another advantage of NGS
analysis is that when a strain once being sequenced, the
information could be stored in formats such as FASTQ,
FASTS or others, depending on the technology, this
strain can be analyzed in further studies with different
software tools for different genetic, phylogenetic and ep-
idemiological investigations. [llumina sequencing tech-
nology is widely applied. Soon application of next-gen-
eration sequencing technology will be mandatory in the
description of bacterial or viral strains and will be widely
used in other fields of medicine and will displace ma-
ny phenotypic and current molecular genetic methods.
Software tools were developed for drug resistance deter-
mination using data of whole-genome sequenced micro-

! World Health Organization, Geneva. WHO consolidated guide-
lines on tuberculosis. Module 4: treatment — drug-resistant tu-
berculosis treatment/ World Health Organization 2020.

URL: https://apps.who.int/iris/bitstream/handle/10665/339991/9
789289054966-rus.pdf

2 World Health Organization (2016). The use of molecular line
probe assay for the detection of resistance to isoniazid and rifam-
picin: policy update. World Health Organization.

URL: https://apps.who.int/iris/handle/10665/250586;

World Health Organization, Geneva. The use of molecular
line probe assays for the detection of resistance to second-line
anti-tuberculosis drugs: policy guidance. 2016. WHO/HTM/
TB/2016.07.

URL: https://apps.who.int/iris/handle/10665/246131;

WHO Regional Office for Europe. Expert opinion of the Europe-
an Tuberculosis Laboratory Initiative core group members for the
WHO European Region. Algorithm for laboratory diagnosis and
treatment-monitoring of pulmonary tuberculosis and drug-resis-
tant tuberculosis using state-of-the-art rapid molecular diagnostic
technologies. 2017.

URL: https://www.euro.who.int/ _data/assets/pdf
file/0006/333960/ELI-Algorithm.pdf;

World Health Organization (2013). Automated real-time nucleic
acid amplification technology for rapid and simultaneous detec-
tion of tuberculosis and rifampicin resistance: Xpert MTB/RIF
assay for the diagnosis of pulmonary and extrapulmonary TB in
adults and children: policy update. World Health Organization.
URL: https://apps.who.int/iris/handle/10665/112472

organisms, such as ABRicate, ARIBA [12], ARGs-OAP
[12], ARG-ANNOT [14], CASTB [15], KvarQ [16],
MTBseq [17], PhyResSe [18], RAST [19], ResFinderST
[20], RGI [21], SRST2 [22], SSTAR [23], TB Profiler
[24] and Mykrobe tested by us [25]. Mykrobe has se-
veral advantages in comparison with previous software:

1) it has an updated catalogue, increasing the sen-
sitivity for determination of pyrazinamide resistance;

2) it allows the users to add their catalogues;

3) it has improved identification for non-tubercu-
losis mycobacterial species.

The Mykrobe software specificity and sensitivity
were estimated in a previous study comparing pheno-
typic and whole-genome sequencing results obtained for
4362 isolates of M. tuberculosis. The estimated sensitiv-
ity of Mykrobe was 100, 95, 82, 99%, and the specificity
18 99, 100 99, 99% respectively for rifampicin, isoniazid,
pyrazinamide, and ethambutol [26]. Mykrobe software
is not popular in Bulgaria and has not been applied. The
present work aimed to determine the phenotypic and
genotypic susceptibility of M. tuberculosis to antituber-
culosis drugs. Tasks of present work included determi-
nation of phenotypic susceptibility of M. tuberculosis
strains isolated from Bulgarian patients, whole-genome
sequencing of the strains and application of the software
tool “Mykrobe” for drug-susceptibility testing.

Materials and Methods

This study includes 34 multi-resistant M. tuber-
culosis (MDR-TB) strains isolated from 34 Bulgarian
patients’ samples; out of them 9 were isolated in 2009,
23 —1n 2010, and 2 strains were isolated in 2011. Their
resistance has been phenotypically confirmed by BAC-
TEC MGIT 960 System. The genotypic resistance for
most of them was determined by the line probe assay
(LPA) (71% of them were tested for first-line drugs and
21% were tested for second-line drugs) at the National
Reference Laboratory of tuberculosis, NCIPD.

Isolation of M. tuberculosis strains from clinical samples

The studied clinical materials were processed by
homogenization and decontamination, in accordance
with the standard operating procedures described in the
Methodological instructions for microbiological diag-
nosis and treatment of tuberculosis (Bulgarian Ministry
of Health, 2009). Each sample was inoculated in two
tubes Lowenstein—Jensen solid media and one tube with
liquid media (Mycobacteria Growth Indicator Tube —
MGIT). We used the products of “Becton Dickinson”.
The tubes were cultivated at 37°C. The result of cul-
tivation on solid media was evaluated by the scale of
semi-quantitative assessment of growth according to
the above-mentioned guidelines.

MGIT liquid media tubes had a bar code and a flu-
orescence sensor on the bottom. The result was auto-
matically generated by BACTEC MGIT 960 system
and the Becton Dickinson's software. From the positive


https://apps.who.int/iris/bitstream/handle/10665/339991/9789289054966-rus.pdf
https://apps.who.int/iris/bitstream/handle/10665/339991/9789289054966-rus.pdf
https://apps.who.int/iris/handle/10665/250586
https://apps.who.int/iris/handle/10665/246131
https://www.euro.who.int/__data/assets/pdf_file/0006/333960/ELI-Algorithm.pdf
https://www.euro.who.int/__data/assets/pdf_file/0006/333960/ELI-Algorithm.pdf
https://apps.who.int/iris/handle/10665/112472
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test tubes we performed the immunochromatographic
test BD MGIT TB Identification Test (“Becton Dick-
inson”) in order to detect Mycobacterium tuberculosis
complex. The Drug Sensitivity Tests (DST) was done
using BACTEC and Geno Type MTBDR plus v.1.0 and
Geno Type MTBDR s/ v.1.0 (“Hain Lifescience”).

Phenotypic DST of M. tuberculosis complex
to first- and second-line anti-TB drugs

The phenotypic susceptibility of the strains to the
following anti-tuberculosis drugs: streptomycin, isoni-
azid, rifampicin, ethambutol, ofloxacin, amikacin, ka-
namycin and capreomycin was evaluated by the pro-
portion method using the fully automated BACTEC
MGIT 960 system, according the manufacturer's in-
structions (BACTEC System User Guide MGIT 960,
2004). The tested critical concentrations were as fol-
lows: streptomycin — 1.0 pg/ml; isoniazid — 0.1 pg/
ml; rifampicin — 1.0 pg/ml; ethambutol — 5.0 pg/ml;
ofloxacin — 2.0 pg/ml; amikacin — 1.0 pg/ml; kana-
mycin — 5.0 ug/ml; capreomycin — 2.5 pg/ml.

Molecular genetic methods for detecting resistance
to the first and second line anti-tuberculosis drugs

We used line probe assays (LPA) Geno Type
MTBDR plus v.1.0 and Geno Type MTBDR s/ v.1.0
(“Hain Lifescience”) according the manufacturer's in-
structions. The tests were based on DNA-STRIP tech-
nology. Rifampicin resistance was found by detection
of a mutation in the rpoB gene encoding the B-subunit
of RNA polymerase. The resistance to isoniazid was
searched in two genes: a mutation in the katG gene en-
coding peroxidase, which causes a high level of resis-
tance, and a mutation in the inh4 gene encoding enoyl-
(acyl-protein carrier) reductase (NADH), causing a low
level resistance. Resistance to the fluoroquinolones was
detected by GenoType MTBDR sl, v.1.0, scoping for
mutation in the gyr4 gene encoding DNA gyrase. The
resistance to aminoglycosides and cyclic peptides was
detected by proved mutation in the r7s gene encoding
the 16S rRNA.

DNA isolation

Phenotypically proven multidrug-resistant M. fu-
berculosis strains were grown on Lowenstein—Jensen
medium for 3542 days at 37°C. A full inoculation loop
of fresh culture was resuspended in 400 pl TE buffer [10
mM Tris-HCI, 1 mM EDTA (pH 7.0)] in a 1.5-2.0 ml
screw cap tube. The samples were incubated for
20 min at 80°C for inactivation of mycobacterial cul-
ture. DNA was isolated performing method described
by van Soolingen and modified by us. [27]. In each
tube to the lysozyme was added 1U RNase H followed
by incubation for 4 h at 37°C than 70 pl of 10% so-
dium dodecyl sulfate (SDS) and 10 ul proteinase K
at a concentration of 10 mg/ml were added and tubes
were incubated for 24 h at 65°C. All other steps were

ORIGINAL RESEARCHES

performed following the original methodology. DNA
quality was checked spectrophotometrically at optical
density 1.8-1.9 OD measured on 260/280 nm.

Strain sequencing and bioinformatic analysis

Whole genomes of 34 M. tuberculosis resistant
strains collected by the Bulgarian National Reference
Laboratory of Tuberculosis were sequenced at the Su-
pranational Reference Laboratory of Tuberculosis, San
Raffaele Institute, Milan, Italy. Sequencing results were
provided as FASTQ files written in fasta.qz format.
Information about the whole genome of each strain was
stored in two files: one with the amplicons ordered in
5 ' — 3 ' direction, and a second ordered in 3 ' — 5.
The majority of the amplicons were 117 bp in size
without adapter regions on both ends. Bacterial ge-
nome size was about 4.5 million base pairs. The size of
each file containing genome data was about 250 MB.
We installed Mykrobe software (www.mykrobe.com),
version v.0.8.1 for desktop under Windows 10 [28]
which is freely available for non-commercial use to
analyze genome sequences. We loaded pair of read-
ings sequenced in both directions. After overlaying
of fragments on the catalogues used by Mykrobe of-
fline, containing information about the genes determin-
ing drug resistance, drug resistance and related gene
mutations were presented in a tabular form. The agree-
ment between resistant phenotypic cultural method
and Mykrobe software prediction tool was illustrated
by Venn diagram?® for each tuberculostatic. Reference
vaccine strain BCG SL222 Sofia [29], originating from
Russian vaccine strains BCG-I seed lot 374(a) was used
as a negative reference control.

Results and Discussion

We determined the drug-susceptibility of 34
strains of M. tuberculosis collected at the National Ref-
erence Laboratory of Tuberculosis, NCIPD, Sofia, Bul-
garia. All investigated strains were MDR, and in two of
them, we proved extensive drug resistance (XDR). The
phenotypic and genotypic drug resistance of strains is
shown in Table.

Designations of strains are shown in the first col-
umn of Table. All phenotypically proven rifampicin
and isoniazid-resistant strains were 100% confirmed
by Mykrobe software. In thirty-one strains, rifampicin
resistance was caused by S450L mutation — follow-
ing the M. tuberculosis H37R nomenclature (or S531L
according to the Escherichia coli nomenclature used
by Hain Lifescience). One strain demonstrated H445Y
mutation — according to M. tuberculosis H37Rv
(H526), one was with H445D (H526D), and one with
N432L (N513L) mutations in the rpoB gene.

S315T mutation responsible for isoniazid resis-
tance was observed in the katG gene in strain N:22 (9.

3 URL: https://bioinformatics.psb.ugent.be/webtools/Venn/
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In strain, N:60_10 double mutation in the inhA4 gene was
detected. 1194T mutation in the inh4 gene was proven
in combination with C-15T mutation in the promoter
region of the inhA gene. C-15T mutation in the pro-
moter region of the inhA gene was found in 33 strains,
which is responsible for isoniazid resistance. C-15T
mutation is prevalent and most widespread (> 50%)
among the MDR strains of M. tuberculosis isolated in
Bulgaria with spoligotype SIT41 (TUR) [30]. These
results were consistent with previous studies [30-33].
We can conclude that the C-15T mutation itself is a
marker for isoniazid resistance in investigated strains
with SIT41 spoligotype and is predictive for MDR.

We observed a 75% (21/28) overlapping rate be-
tween BACTEC and Mykrobe for ethambutol resis-
tance. In 4 strains (13%), M306V mutation in the embB
gene was proven, which was expected to cause etham-
butol resistance, but these strains were phenotypically
susceptible. We can suggest that in these four strains
M306V mutation is a polymorphism unrelated to phe-
notypic ethambutol resistance. Strain 22_09 was phe-
notypically identified as resistant, but mutation M306V
or another related was not identified. This strain might
have other, unknown mutations leading to ethambutol
resistance

The sensitivity of some strains to streptomycin
was very interesting. Phenotypically 87% (n = 27) of
streptomycin-resistant strains were proven and only
59% (n = 19) were detected by Mykrobe. In 8 strains
streptomycin sensitivity was detected by analysis of
FASTQ files with Mykrobe, while BACTEC showed
phenotypic resistance to this antituberculosis drug.
For 19 strains proven by Mykrobe streptomycin re-
sistance, we identified in 2 of them that streptomycin
resistance was caused by A450X nucleotide mutation,
in 9 by A514X, and in 8 by C517X nucleotide mutation
in rrs gene encoding 16S rRNA which is responsible

RIFAMPICIN ISONIAZID

ETHAMBUTOL STREPTCMYCIN

for streptomycin resistance. We can suggest that other
unknown mutations, different from the described above
in rpsL, rrs, and gidB genes, are responsible for strep-
tomycin resistance. In other cases, streptomycin resis-
tance can be caused by efflux or change in streptomycin
targeting. Our investigation showed that the Mykrobe
software tool has limited capability to test streptomycin
resistance, giving a 30% error rate.

Different mechanisms of fluoroquinolone resis-
tance were found in different strains [34]. In strains
21 10,23 10,24 10,52 10,60 10, and 62 10, resis-
tance to ofloxacin, moxifloxacin and ciprofloxacin was
caused by A90V mutation in gyr4 gene and in strains
38 10,60 10,32 11 and 62 10, by D94H mutation in
the same gene. Comparing phenotypic and genotypic
resistance to ofloxacin, amikacin and kanamycin, we
observed 100% coincidence of results. Six strains were
phenotypically and genotypically proven as pre-XDR
with 100% coincidence to fluoroquinolone resistance.
A disadvantage of our study is the small number of
proven MDR strains resistant to this drug. In the stud-
ied group of MDR strains, we observed two that were
phenotypically and genotypically confirmed as XDR.

The susceptibility of the strains to pyrazinamide
was evaluated only with Mykrobe. Seventeen (50%)
pyrazinamide resistance strains were observed. Resis-
tance was caused by six different mutations in the prcA
gene. The most often detected mutation was P69L in
6 strains. G97C was the second most common muta-
tion proven in 4 strains. Based on these results, we can
conclude that resistance to pyrazinamide is a result of
several mutations in the pncA gene.

All studied by us M. tuberculosis strains with Ge-
no Type test and Mykrobe tool showed identical results
for antituberculosis drug resistance. Mykrobe gave
more full and detailed information (Figure). The disad-
vantage of Geno Type is that it does not cover all mu-

CAPREOMYCIN OFLOXACIN

AMIKACIN KANAMICIN

@ Culture
@ Mykrobe

Venn diagram representing the agreement between resistant phenotypes identified by phenotypic cultural method
and Mykrobe software prediction tool for 8 tuberculostatics.

Recently, new software tools were developed for the analysis of resistance of different species of microorganisms, which will be applied
in our future studies [24, 35].
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tations responsible for the resistance of M. tuberculosis
to the currently applied anti-TB drugs.

Conclusion

Currently, different methods of identifying drug
resistance have been developed and introduced into
practice. Next-generation sequencing and bioinformat-
ics data analysis are fast developing technologies and
they will be used more widely soon. Next-generation
sequencing technologies will be mandatory in the char-
acterization and registration of new strains. Compari-
son of different methods showed that in some cases
one could identify a mismatch between expected and
observed phenotypes and genotypes. The genotypes in-
clude marker genes or other genome regions involved
in drug resistance. Resistance can be caused by other
unknown markers. This fact does not allow us to ig-
nore phenotypic methods for the determination of anti-
microbial resistance, and to prescribe drugs based on
DNA analyses, despite enormous possibilities provid-
ed by whole-genome sequencing and bioinformatics.
However, phenotypic methods do not determine the
mechanism of resistance. Application of whole genome
sequencing assay allows observing different genetic
modifications associated with different mechanisms
causing drug-resistance of M. tuberculosis complex.
Different mutations cause different levels of resistance,
and this will be the subject of our future investigations.
Next-generation sequencing allows not only to com-
pare data with phenotypically detected resistance but
also to find relations between a mutation(s) and level
of resistance.
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