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Background: Reliable and timely determination of second-line drug resistance is essential
for early initiation effective anti-tubercular treatment among multi-drug resistant (MDR)
patients and blocking the spread of MDR and extensively drug-resistant tuberculosis.
Molecular methods have the potency to provide accurate and rapid drug susceptibility
results. We aimed to establish and evaluate the accuracy of a reverse dot blot hybridization
(RDBH) assay to simultaneously detect the resistance of fluoroquinolones (FQs), kanamycin
(KN), amikacin (AMK), capreomycin (CPM) and second-line injectable drugs (SLIDs) in
Mycobacterium tuberculosis.

Methods: We established and evaluated the accuracy of the RDBH assay by comparing to
the phenotypic drug susceptibility testing (DST) and sequencing in 170 M. tuberculosis, of
which 94 and 27 were respectively resistant to ofloxacin (OFX) and SLIDs.

Results: The results show that, compared to phenotypic DST, the sensitivity and specificity
of the RDBH assay for resistance detection were 63.8% and 100.0% for OFX, 60.0% and
100.0% for KN, 61.5% and 98.1% for AMK, 50.0% and 99.3% for CPM, and 55.6% and
100% for SLIDs, respectively; compared to sequencing, the sensitivity and specificity of the
RDBH assay were 95.2% and 100.0% for OFX, 93.8% and 100.0% for SLIDs or KN (both
based on mutations in 7rs 1400 region and eis promoter), and 91.6% and 100.0% for AMK or
CPM (both based on mutations in 7rs 1400 region), respectively. The turnaround time of the
RDBH assay was 7 h for testing 42 samples.

Conclusion: Our data suggested that compared to sequencing, the RDBH assay could serve
as a rapid and reliable method for testing the resistance of M. tuberculosis against OFX and
SLIDs, enabling early administration of appropriate treatment regimens among MDR tuber-
culosis patients.

Keywords: Mycobacterium tuberculosis, drug resistance, reverse dot blot hybridization,
fluoroquinolones, second-line injectable drugs, ofloxacin, kanamycin, amikacin, capreomycin

Introduction

The prevalence of multi-drug resistant tuberculosis (MDR-TB) and the emergence
of extensively drug resistant tuberculosis (XDR-TB) are major obstacles for con-
trolling tuberculosis disease. In 2019, the World Health Organization (WHO)
estimated that approximately 484,000 MDR-TB/rifampicin-resistant tuberculosis
(RR-TB) cases occurred globally, however, only 38.6% MDR/RR-TB were
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detected and notified in 2018." A National Baseline Survey
on Drug-resistant Tuberculosis during 2007-2008 in
China® showed that approximately 10.2% of all notified
TB patients were MDR-TB, approximately 8% of the
diagnosed MDR-TB patients were XDR-TB and most
cases of MDR and XDR tuberculosis resulted from pri-
mary transmission. MDR-TB isolates are resistant to the
two most effective and economical drugs, isoniazid (INH)
and rifampicin (RIF), whereas XDR-TB isolates are also
resistant to any fluoroquinolones (FQs) and at least one of
the second-line injectable drugs (SLIDs) capreomycin
(CPM), kanamycin (KN) and amikacin (AMK). MDR-
TB is difficult to treat and requires less effective SLIDs,
which are associated with more side-effects.” Misuse or
mismanagement of second-line drugs may develope XDR-
TB. Treatment of XDR-TB is more difficult than MDR-TB
and the prognosis is much worse. Therefore, rapid, reliable
and user-friendly molecular assays for diagnosing the
resistance to second-line drugs are urgently required to
ensure timely and adequate adjustments in MDR-TB treat-
ment, minimize the transmission of MDR-TB and prevent
the development of XDR-TB.

Knowledge on the mutation profiles of the second-line
drugs will be helpful to define markers of drug resistance
and establish a molecular diagnosis test. Prior data
showed that 80-100% FQs resistance of Mycobacterium
tuberculosis is attributed to mutations in the quinolone
resistance-determining region (QRDR) of gyr4,** and
approximately 60% of the resistance to CPM, KN and
AMK is associated with mutations in 77s 1400 region.**
Mutations in eis promoter are reported to account for
nearly 10-30% KN resistance.”® The most prevalent
mutation loci in these genes or regions are gyrd94,
gyrd90, gyrd91, rrs1401, eis (—10), eis (—12) and eis
(—14).*%7 These resistance-associated mutations provide
the basis for molecular diagnostic approaches. In 2016,
the WHO recommended that for patients with confirmed
RR/MDR-TB, a second-line lineprobe assay (the commer-
MTBDRsl Nehren,
Germany) may be used as the initial test, instead of

cial assay, Hain Lifescience,
phenotypic culture-based drug susceptibility testing
(DST), to detect resistance to FQs and SLIDs.® In this
study, we established an in-house reverse dot blot hybri-
dization (RDBH) assay based on multiplex PCRs for
simultaneously detecting FQs and SLID resistance
among 170 clinical isolates from China. Also, we evalu-
ated the accuracy of the RDBH assay comparing it to

sequencing and phenotypic DST (proportion method).

Methods

Mycobacterial Strains

Among the strain bank collected from 2001-2011 and
with well-documented drug susceptibility or resistance
profiles in our laboratory, a total of 170 M. tuberculosis
isolates were chosen and included in this study, com-
posed of all of the ofloxacin (OFX) and (or) SLID resis-
tant isolates and relevant number of control isolates.
These isolates were obtained from 170 adult patients
with pulmonary tuberculosis from institutes for tubercu-
losis control and cure as well as tuberculosis hospitals
distributed in 15 provinces of China. The numbers iso-
lated from each province were as follows: Anhui, 3;
Beijing, 7; Fujian, 86; Gansu, 1; Guangxi, 5; Guizhou,
4; Henan, 5; Hunan, 3; Inner Mongolia, 8; Sichuan, 9;
Shanghai, 6; Shanxi, 1; Tibet, 16; Xinjiang, 12; and
Zhejiang, 4. No epidemiological analysis had been done
among these isolates. H37Rv (ATCC 27294) was used as
the reference strain.

Phenotypic Drug Susceptibility Testing
The isolate profiles of drug susceptibility were evaluated
in our laboratory (National Tuberculosis reference labora-
tory) by the proportion method using Lowenstein-Jensen
(L-J) slants with the following: INH, 0.2 pg/mL; RIF, 40
ug/mL; streptomycin, 4 pg/mL; ethambutol, 2 pg/mL;
KN, 30 pg/mL; OFX, 2 pg/mL; CPM, 40 pg/mL;’ and
AMK, 30 pg/mL."® All the strains were stored in physio-
logical saline containing 50% glycerol at =70 °C. Prior to
characterizing the drug susceptibility, the strains were
recovered on L-J medium for 4 weeks at 37 °C. H37Rv
was used as the control with each batch of DST.

Genomic DNA Extraction

M. tuberculosis genomic DNA was extracted from fresh
cultures growing on L-J slants. The bacterial cells were
harvested and transferred to microcentrifuge tubes contain-
ing 400 uL TE buffer (10 mM Tris-HCl and 1 mM EDTA,
pH 8.0), then inactivated in a 95 °C water bath for 10 min
and incubated at 85 °C for 30 min. After centrifugation for
5 min at 12,000 rpm, the supernatant containing DNA was
collected and stored at —20 °C for further use.

Multiplex PCRs
The RDBH assay was designed based on multiplex PCRs.

Three PCR primer pairs (gyrA4, rrs 1400 region and eis pro-
moter), biotinylated at the 5’ end were designed to work
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Table | Sequences, Amplicon Sizes and Concentrations of Primers Used in Multiplex PCRs

Drug Gene/Region Primer Sequence (5'—3’) Amplicon Size (bp) Final Concentration
FQs gyrA gyrA-F GGGTGCTCTATGCAATGTTCG 314 0.28 uM
gyrA-R GCCGTCGTAGTTAGGGATGA
KN/AMK/CPM rrs 1400 region rrs-F AACGCTGCGGTGAATACG 253 0.26 uM
rrs-R CGCCCACTACAGACAAGAAC
KN eis promoter eis-F TGCCAGACACTGTCGTCGTAA 482 0.5 uM
eis-R GCTCATGCAAGGTGGTAGCG

Abbreviations: FQs, fluoroquinolones; KN, kanamycin; AMK, amikacin; CPM, capreomycin.

together in a multiplex reaction. The sequences, amplicon
sizes and concentrations of primers used in multiplex PCRs
are shown in Table 1. Amplifications were performed in a final
volume of 50 pL containing 2xHot Start Taq (Sinobio,
Shanghai, China), 10-100 ng of genomic DNA, 2 pL
dimethylsulfoxide, 200 pM of each deoxynucleoside tripho-
sphate and each forward/reverse primer with concentrations
shown in Table 1. The cycling condition was as follows: 5 min
at 94 °C, 20 cycles of 40 sec at 94 °C, 50 sec at 58 °C and 60
sec at 68 °C, 20 cycles of 40 sec at 94 °C, 50 sec at 58 °C and
60 sec at 72 °C, then 10 min at 72 °C. The PCR products were
analyzed by electrophoresis using 3% agarose gels.

RDBH Assay

By targeting the major gene mutation sites conferring
resistance to FQs, KN, AMK and CPM, 3 probes detecting
wild type (WT) sequences and 10 probes recognizing
mutant type (MT) sequences (Table 2) were newly
designed by using the Software Primer Premier v.5.0.

Table 2 List of Oligonucleotide Probes Used in This RDBH Assay

The sizes of probes were adjusted to maintain the differ-
ence of the melting temperatures within 6 °C so that they
could be processed under the same hybridization and
washing conditions. Two identical WT probes of gyr4
were used on the membrane to add more certainty when
reading the results. All the probes were covalently bonded
to the negatively charged nylon membrane (Biodyne C,
Pall Corporation, Ann Arbor, MI, USA). Thirty puL of each
PCR product was diluted in 140 pL 5% saline-sodium
phosphate—ethylenediaminetetraacetic acid (SSPE)/0.1%
sodium dodecyl sulfate (SDS) buffer, heat-denatured at
100 °C for 10 min then immediately cooled on ice. The
denatured single-stranded DNA was applied on the mem-
brane in the miniblotter slots (Immunetics, Cambridge,
MA, USA) and hybridized with probes at 60 °C for 1
h. The membrane was washed twice with 2x SSPE/0.5%
SDS buffer at 50 °C and subsequently incubated at 42 °C
for 40 min in 20 mL 2x SSPE/0.5% SDS containing
1:4000 diluted peroxidase. Then the unbound conjugate

Drug Gene Genotype Type Sequence of Probes (5'—3’) GC%
FQs gyrA 90-94 Wild C GCG TCG ATC TAC GAC A 58.8
90 GCG-GTG Mutant TC GTA GAT CGA CAC GTC G 58.8
91 TCG-CCG Mutant C GCG CCG ATC TAC GAC A 64.7
94 GAC-GGC Mutant GT GCC GTA GAT CGA CGC 64.7
94 GAC-GCC Mutant G TCG ATC TAC GCC ACC CTG 63.2
94 GAC-TAC Mutant ATC TAC TAC ACCCTG GTG C 52.6
94 GAC-AAC Mutant C GCG TCG ATC TAC AAC AC 55.6
94 GAC-CAC Mutant C GCG TCG ATC TAC CAC AC 6l.1
KN/AMK/CPM rrs 13921407 Wild CCGCCCGTCACGTCAT 68.8
1401 A-G Mutant CCGTCGCGTCATGAAAGT 55.6
KN eis promoter (—=17)-(0) Wild TGCCACAGTCGGATTCTG 55.6
(-10) G-A Mutant ATGCCACAATCGGATTCTG 474
(-14) C-T Mutant GGCATATGCTACAGTCGGA 52.6
Note: Nucleotides with an underline were the mutant that the probe aimed to detect.
Abbreviations: FQs, fluoroquinolones; KN, kanamycin; AMK, amikacin; CPM, capreomycin.
Infection and Drug Resistance 2020:13 submit your manuscript 4093

Dove


http://www.dovepress.com
http://www.dovepress.com

Li et al

Dove

was removed by washing twice in 2x SSPE/0.5% SDS for
10 min at 42 °C, and rinsed once in 2x SSPE for 5 min at
room temperature. Finally the membrane was developed
by incubating with 1 mL of 3,3",5,5'-Tetramethylbenzidine
(Beyotime, Shanghai, China) reagent for 5 min in the dark.
A clear visible blue-green spot was recorded as posi-
tive. Clinical isolate was considered to be susceptible to
the drug when the WT probes reacted positively while the
MT probes were negative. When the MT probe had
a stronger or equal color than the corresponding WT
probe, the strain was considered to be a mutant genotype
and therefore resistant to the drug. A strain without posi-
tive spots of WT and MT probes was recognized to have
a specific mutation, and interpreted as resistant to the drug.
H37Rv was used as positive control and water was
employed as negative control. The assay was performed
and read in a double-blind way, the results were compared
to those obtained by proportion method and sequencing.

Sequencing

Mutations in the key fragment of 3 genes or regions (gyr4,
rrs 1400 region and eis promoter) were also determined by
sequencing. The primer sequences used for separate PCR
were equal to that used in multiplex-PCRs. The amplifica-
tions were performed in a 0.2-mL tube contained 10 pL
2xPCR mix, 3 pmol each primer, 10-200 ng DNA, and
RNase-free water to a final volume of 20 pL. The PCR
conditions were as follows: 10 min at 94 °C, 35 cycles of 1
min at 94 °C, 1 min at 63 °C and 1 min at 72 °C, and 10
min at 72 °C. The PCR products of each gene/region were
characterized by sequencing using the forward primers on
an ABI Prism 3730 automated DNA sequencer (ABI
Prism, Carlsbad, CA, USA). The resulting DNA sequences
were analyzed using the basic local alignment search tool
(http://www.ncbi.nih.gov/BLAST), and the specific muta-
tions in protein sequences of the individual isolates were
identified.

Statistical Analysis
A Pearson’s chi-square test was used to determine the
sensitivity and specificity of the RDBH assay in compar-
ison with phenotypic DST and sequencing. The consis-
tency analysis on the results of the different methods was
conducted by kappa identity test. Kappa values below
0.41, 0.41-0.75 and above 0.75 are considered as limited
consistency, moderate consistency and excellent agree-
statistical analyses

ment, respectively.''  All were

performed using SPSS 18.0

Chicago, IL, USA).

software (SPSS Inc.,

Results

Drug-Resistant Profiles

Phenotypic DST showed that among 170 M. tuberculosis,
94 (55.3%), 25 (14.7%), 13 (7.6%) and 20 (11.8%) were
resistant to OFX, KN, AMK and CPM, respectively. In
total, 27 were SLID resistant and 93 were MDR, of which
26 were XDR. A full susceptibility profile for all strains is
shown in Table 3.

Sequencing Results

Sequencing for gyrd demonstrated that an AGC to ACC
polymorphism at codon 95 was present in all 170 clinical
isolates except for H37Rv. The mutation S95T in gyr4

Table 3 Drug Susceptibility Patterns of 170 Clinical M. tuberculosis
Isolates

Susceptibility or Resistance Number of Strains

Fully susceptible 57

R-monoresistant 10

O-monoresistant 3

Over all poly-resistant 7
RO [
OE [
RSO [
HSO 3
HSCKO [

MDR except XDR 67
HR 7
HRO 4
HRS 2
HREO 6
HRSO 9

HRSEO 39

Over all XDR 26
HROK
HROC
HREOC
HRSOK
HRSEOK
HRSOCKA
HREOCKA
HRSEOCK
HRSEOCKA

—_— A - - W N - =N

Abbreviations: H, isoniazid; R, rifampicin; S, streptomycin; E, ethambutol; O,
ofloxacin; C, capreomycin; K, kanamycin; A, amikacin; MDR, multi-drug resistant;
XDR, extensively drug resistant.
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gene was known not to confer drug resistance and
has been reported to be widely distributed in Beijing

12
3612 and was

family or Euro-American lineage strains,
excluded in the present study when mentioning mutations.
The probes we set for the RDBH assay for FQs resistance
detection did not cover this codon. Among 94 OFX resis-
tant isolates, 63 (67.0%) carried mutations in the QRDR of
gyrd at codons 88, 90, 91 and 94. The most common
mutation was observed at codon 94 (42 isolates, 44.7%),
where the codon Asp was replaced with Gly (18 isolates,
19.1%), Ala (13 isolates, 13.8%), His (3 isolates, 3.2%),
Tyr (3 isolates, 3.2%), Asn (2, 2.1%) and Val (2 isolates,
2.1%), respectively (Table 4). The Asp94 mutations were
found in two combinations, once with an Ala90Val muta-
tion and once with a Ser91Pro mutation. Ala90Val was the
next most predominant mutation (13 isolates, 13.8%), of
which one combined with Ser91Pro and one with
Asp94Ala. Other mutations within the gyrd4 included
Ser91Pro (n = 10), and Gly88Ala (n = 2). The results are
shown in Table 4. All of the OFX susceptible isolates were
found to carry a wild type of gyrA.

Among 25 KN resistant isolates, 16 carried muta-
tions in eis promoter or rrs 1400 region. Mutations in
the eis promoter included (—10) G-A (n = 2), (-29)
deleted G (n = 1) and (-14) C-T (n = 1), whilst muta-
tions in r7s 1400 region included 1401 A-G (n = 11) and
1484 G-T (n = 1) (Table 4). None of the KN susceptible
isolates were found carrying mutations in neither eis
promoter nor rrs 1400 region.

It was reported that AMK and CPM resistance was
mostly attributed to the mutations in r7s*® but not in the
eis promoter, which was concordant with our results that
none of the AMK or CPM resistant isolates carried muta-
tions in this region (Table 5). In the present study, we only
studied the relationship between AMK, CPM and muta-
tions in rrs 1400 region, but not with that in eis promoter.
Sequencing results showed that 9 out of 13 AMK resistant
and 12 out of 20 CPM resistant isolates carried mutations
in rrs 1400 region, the most frequent mutation site in
AMK or CPM resistant isolates both was rrs 1401
A-G (n was 8 and 11, respectively) (Table 4). Three out
of 157 AMK susceptible and one out of 150 CPM suscep-
tible isolates carried mutation of rrs 1401 A-G.

In total, 16 out of 27 SLID resistant isolates (resis-
tant to at least one of SLIDs KN, AMK or CPM)
carried mutations in rrs 1400 region or eis promoter
(Table 4).

Comeparision of the RDBH Assay,
Phenotypic DST and Sequencing

Our previous report had built a RDBH assay to simulta-
neously detect RIF, INH, ethambutol and streptomycin
resistance.'® In the present study, a RDBH assay based
on multiplex PCRs was built to detect FQs and SLIDs
resistance and evaluated its performance by comparing to
phenotypic DST and sequencing. The RDBH assay can
test up to 42 M. tuberculosis DNA samples at a time, the
turnaround time from the beginning of multiplex PCRs to
provide resistance results was 7 h, as described in our
previous report.'* The results of agarose gel electrophor-
esis show that each target fragment was successfully
amplified. The RDBH results were determined by two
readers according to the blot on the hybrid membrane.
All of the interpretations on the susceptibility results of
FQs and SLIDs of 170 isolates between two readers were
identical. Figure 1 shows the hybridized image of the
RDBH assay on 39 M.
Supplemental Table 1 shows the corresponding results of

tuberculosis samples and

the RDBH assay, phenotypic DST and sequencing of each
sample.

The sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), concordance
and Kappa values of the RDBH assay for detecting FQs
and SLIDs resistance and XDR compared with phenotypic
DST and sequencing are shown in Tables 6 and 7. The
Kappa values and concordance between the RDBH assay
and phenotypic DST varied from 0.61-0.72 and 80.0—
95.3%, respectively, whilst between the RDBH assay and
sequencing varied from 0.87-0.97 and 98.2-99.4%,
respectively.

Ofloxacin Resistance

In the present study, only one of the FQs was used to
perform phenotypic DST among 170 isolates. However,
mutations in gyrd were reported to be associated with
OFX resistance, as well as levofloxacin and moxifloxacin
resistance.'*'> So the performance of the RDBH assay
based on mutations in gyrd can predict FQs resistance
especially OFX resistance.

In two phenotypically OFX resistant isolates, both MT
blots and WT blots were negative, and were interpreted as
resistant. Additionally, 58 phenotypically OFX resistant
isolates were correctly predicted as OFX resistant and
the mutation patterns of each isolate identified by the
RDBH assay were equal to that acquired by sequencing,
among which three OFX resistant isolates carrying double

Infection and Drug Resistance 2020:13
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Table 4 Distribution of Mutations in Genes and Regions
Associated with Ofloxacin, Kanamycin, Amikacin, Capreomycin
and Second-Line Injectable Drug Resistance in the Drug

Table 5 Distributions of Mutations in rrs 1400 Region and eis
Promoter by Sequencing in 27 Second-Line Injectable Drug
Resistant M. tuberculosis Isolates According to the Resistance

Resistant M. tuberculosis Isolates Patterns*
Phenotype Genes/ Mutation Types No. of Phenotypic Genes/ nt Change No. of Resistant
Resistance Regions Resistant Resistance Patterns Regions Isolates with
nt Change AA . .
(No. of Isolates with (No. of Isolates) Mutation
Change .
Isolates) Mutation
AMK+KN+CPM (13) rrs 1400 1401A- G 8
Over all OFX gyrA GGC88GCC Gly88Ala 2 region 1484G-T |
(94) GCG90GTG Ala90Val I WT 4
GCG90GTG, Ala90Val, | ]
TCG9ICCG | Ser9IPro e wT 3
GCGIOGTG, | Aa90val, | | promoter
GAC94GCC | Asp94Ala KN+CPM (5) rrs 1400 | 1401A-G 2
TCGYICCG | Ser9IPro | 8 region WT 3
TCGIICCG, Ser91Pro, |
GAC94GCC | Asp94Ala eis WT 5
GAC94GCC | Asp94Ala | 11 promoter
GACIAGGC | Asp94Gly | 18 Mono-KN (7) s 1400 | 1401A-G |
GAC94CAC Asp94His 3 region WT 6
GAC94TAC Asp94Tyr 3
GAC94AAC | Asp94Asn | 2 eis —10G-A 2
GAC94GTC Asp94Val 2 promoter | —29 deleted G | |
WT 31 —14C-T |
WT 3
Over all KN eis —10G-A - 2
(25 promoter | —14C-T - | Mono-CPM (2) rrs 1400 WT 2
—29 deleted G | — | region
s 1400 | 1401 A-G - " efs wT 2
region 1484 G-T - | promoter
WT* 9 Note: *The resistance patterns only included the resistance of the isolates to
kanamycin, amikacin and capreomycin.
Over all AMK rrs 1400 1401A-G - 8 Abbreviations: nt, nucleotide; KN, kanamycin; AMK, amikacin; CPM, capreomy-
(13) region 1484G-T - | cin; WT, wild type.
WT 4
Over all CPM rrs 1400 1401A-G - I
(20) region 1484G-T - |
WT 8 . . . .
susceptible isolates and all of the OFX resistant isolates
SLIDs (27) rrs 1400 | 1401A-G - q with wild type of gyrd were identified as susceptible by
i 1484G-T - |
reglon the RDBH assay.
eis ~10G-A - 2 The Kappa value between the RDBH assay and phe-
promoter | ~29 deleted G | — ! notypic DST for OFX resistance detection was 0.61, indi-
~14C-T - I ; .
WT# " cating moderate agreement, whilst the Kappa value

Note: *Means that isolates showed wild type both in rrs 1400 region and eis
promoter.

Abbreviations: nt, nucleotide; AA, amino acid; OFX, ofloxacin; KN, kanamycin;
AMK, amikacin; CPM, capreomycin; SLID means that the isolates were resistant to
at least one of kanamycin, amikacin and capreomycin; WT, wild type.

mutations were all correctly identified by the RDBH assay.
Two isolates carried mutations of gyrd 88 GGC-GCC
(Gly-Ala) and one carried 94 (GAC-CAC) (Asp-His)
acquired by sequencing which could not be identified by
the RDBH assay. All of the phenotypically OFX

between the RDBH assay and sequencing was 0.96, indi-
cating excellent agreement.

Kanamycin Resistance

In the present study, the RDBH assay predicted KN
resistance based on mutations in the rrs 1400 region
and eis promoter. Among 25 phenotypically KN resis-
tant M. tuberculosis isolates, 14 displayed positive MT
blots and negative WT blots and 1 only displayed
a negative WT blot, so were interpreted as KN resistant.
Of the 15 isolates, 14 showed the identical mutation
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gyrA 90-94 WT1 |
gyrA 90-94 WT2
gyrA 90 GCG-GTG
gyrA 91 TCG-CCG
gyrA 94 GAC-GGC
gyrA 94 GAC-GCC
gyrA 94 GAC-TAC
gyrA 94 GAC-AAC
gyrA 94 GAC-CAC
rrs 1392-1407 WT |
rrs 1401 A-G

eis (-17)-0 WT |-

eis (-14) C-T

eis (-10) G-A

Figure | The hybridized image detected with the reverse dot blot hybridization assay for ofloxacin and second-line injectable drug resistance conferring mutations.
Notes: Lane |: H37Rv reference strain; lane 2: Negative control; lanes 3 to 40: Mycobacterium tuberculosis clinical isolates. The sequence of probe gyrA 90-94 WTI was
equal to that of gyrA 90-94 WT2. The results of the RDBH assay, phenotypic drug susceptibility testing and sequencing of each sample are shown in Supplemental.

patterns between the RDBH assay and sequencing, and
1 only displaying a negative WT blot was found carry-
ing a mutation of eis (—29) deleted G by sequencing.
None of the KN phenotypically susceptible isolates were
misclassified as resistant by the RDBH assay. One
simultaneously resistant to KN, AMK and CPM isolate
carried a mutation of rrs 1484 G-T and could not be
correctly identified by the RDBH assay. The Kappa
value between the RDBH assay and phenotypic DST
for KN resistance detection was 0.72, indicating moder-
ate agreement, whilst the Kappa value between the
RDBH assay and sequencing was 0.97, indicating excel-
lent agreement.

Amikaxin/Capreomycin Resistance

In the present study, the probes designed for AMK and
CPM resistance detection was aimed at mutations in the
rrs 1400 region, which was identical to that used for
KN resistance detection. Among 13 phenotypically
AMK resistant and 20 phenotypically CPM resistant
M. tuberculosis, eight and ten were correctly identified
by the RDBH assay, respectively, whilst among 157
phenotypically AMK susceptible and 150 phenotypically
CPM susceptible isolates, three and one were misclassi-
fied as AMK and CPM resistant, respectively. All of the
AMK or CPM resistant isolates predicted by the RDBH
assay showed specific mutation types, which were equal

Table 6 Sensitivity, Specificity, PPV, NPV and Agreement of the RDBH Assay Compared with Phenotypic DST Among M. tuberculosis

Drugs | Phenotypic DST | RDBH Assay
R[S Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%) | Concordance (%) | Kappa value

OFX R 60 | 34 | 638 100.0 100.0 69.1 80.0 0.6l
S 0 |76

KN R I5 (10 | 60.0 100.0 100.0 93.5 94.1 0.72
S 0 145

AMK R 8 |5 61.5 98.1 727 96.9 95.3 0.64
S 3 154

CPM R 10 [ 10 | 50.0 99.3 90.9 93.7 93.5 0.6l
S [ 149

SLIDs* | R I5 (12 | 556 100.0 100.0 922 929 0.68
S 0 143

XDR Yes I {15 | 423 100.0 100.0 90.6 91.2 0.55
No 0 144

Note: *Isolates resistant to at least one of kanamycin, amikacin and capreomycin were defined as SLID resistant, in contrast, some were defined as SLID susceptible.
Abbreviations: S, susceptible; R, resistant; PPV, positive predictive value; NPV, negative predictive value; OFX, ofloxacin; KN, kanamycin; AMK, amikacin; CPM,
capreomycin; DST, drug susceptibility testing; SLIDs, second-line injectable drugs; XDR, extensively drug-resistant.
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Table 7 Sensitivity, Specificity, PPV, NPV and Agreement of the RDBH Assay Compared with Sequencing Among M. tuberculosis

Isolates
Drugs Sequencing | RDBH Assay
M | W Sensitivity (%) | Specificity (%) | PPV (%) | NPV (%) | Concordance | Kappa value

OFX M 60 | 3 95.2 100.0 100.0 97.3 98.2 0.96
wW 0 107

SLIDs/KN?* M 15 |1 93.8 100.0 100.0 99.4 99.4 0.97
wW 0 154

AMK/CPM® | M Il 91.6 100.0 100.0 98.8 99.4 0.87
w 0 158

XDR Yes I3 84.6 100.0 100.0 98.1 98.2 0.87
No 0 156

Notes: *Means that the genotypic susceptibility or resistance profiles of second-line injectable drugs or kanamycin were both defined by mutations in rrs 1400 region and eis
promoter acquired by sequencing; ®Means that the genotypic susceptibility or resistance profiles of amikaxin or capreomycin were both defined by mutations in rrs 1400

region acquired by sequencing.

Abbreviations: M, mutatant; W, wild type; PPV, positive predictive value; NPV, negative predicte value; OFX, ofloxacin; KN, kanamycin; AMK, amikacin; CPM, capreomycin;

SLIDs, second-line injectable drugs; XDR, extensively drug-resistant.

to that acquired by sequencing. One isolate carried
a mutation of rrs 1484 G-T (as described in the
Kanamycin Resistance section) and could not be identi-
fied by the RDBH assay.

SLID Resistance

For the SLID resistance determination, the results on
detecting mutations in eis promoter and rrs 1400 region
were combined to assess the performance of the RDBH
assay. The isolates carrying mutations in rrs 1400 region
or eis promoter acquired by sequencing were recognized
as SLID genotypic resistant. Fifteen out of 27 SLID phe-
notypically resistant isolates and 15 out of 16 SLID geno-
typically resistant isolates were correctly predicted by the
RDBH assay. All of the SLID phenotypically or genotypi-
cally susceptible isolates were correctly predicted by the
RDBH assay (Tables 6 and 7).

Extensively Drug-Resistance

For the XDR determination, the results on detecting muta-
tions in gyrd, eis promoter and rrs 1400 region were
combined to assess the performance of the RDBH assay.
The isolates carried mutations in gyrA, rrs 1400 region or
eis promoter acquired by sequencing were recognized as
genotypically XDR. Eleven out of 26 phenotypically XDR
isolates and 11 out of 14 genotypically XDR isolates were
correctly predicted by the RDBH assay. All of the pheno-
typically or genotypically non-XDR isolates were cor-
rectly predicted by the RDBH assay (Tables 6 and 7).

Discussion

An accurate and fast DST which can diagnose XDR from
MDR is important to prevent the transmission of XDR and
initiate proper treatments for MDR-TB patients. Most of
the molecular and commercial diagnostic methods based
upon identification of specific gene mutations associated
with drug resistance were focused on INH and RIF.'®2!
method, the MTBDRsl (Hain

Lifescience, Nehren, Germany), was reported to detect

Only a commercial

the resistance of second-line antitubercular agents (FQs
and SLIDs) simultaneously and has been used in many
countries.>2° It has been reported that patients with early
available molecular DST results had a more rapid culture
conversion and higher rate of treatment success.””*® The
RDBH assay we built took only 7 h from multiplex PCRs
to provide results and allowed the simultaneous analysis of
42 clinical DNA samples for FQs and SLID susceptibility,
which was comparable to that needed by the MTBDRsl
v2.0 based on isolates and were obviously less than the
time (6 weeks) needed for L-J slants based DST.>® The
present study also provides detailed performance of the
RDBH assay on predicting KN, AMK and CPM resistance
and XDR by comparing to the phenotypic DST and
sequencing.

A system review showed that globally 60.0-90.0% of
M. tuberculosis isolates resistant to FQs presented muta-
tions in codons between 88 to 94 in the QRDR of the

30,31

gvrd gene, which was consistent with our results

(67.0%). At the present study the most common mutation
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loci was at codon Asp94 which showed six substitutions
(Gly, Ala, Tyr, Asn, His and Val), followed by Ala90Val,
Ser91Pro and Gly88Ala, similar to the trends reported in
previous studies from China*® and Korea.>* In previous
studies from Brazil or Mozambique, the most frequent
mutation in gyrd was Ala90Val.>*>* A study from Iran
reported that 100% FQs resistant isolates carried muta-
tions at codon 94 of gyrAd.*® Previous studies show that
mutations at codon 94 are related to the high level of
OFX
whilst mutations at codon 90 and 91 are

in vitro phenotypic resistance and clinical

resistance,3°’37
related to the low level resistance of OFX and their
implication with clinical outcomes is discussed.*®*’
Ala90Val, Asp94Ala,

Asp94Tyr are reported to be related with moxiflocaxin

Specific  substitutions and
resistance.'* In 2019, moxifloxacin and levofloxacin
instead of OFX were recommended for longer MDR-TB
treatment.*” So it would be possible that the RDBH assay,
which

provides clues for clinicians to choose moxifloxacin in

could provide specific mutation patterns,
tuberculosis treatments.

Several molecular DST methods, ie, multiplex allele
specific (MAS)-PCR,*' MTBDRsl Line probe assay (Hain
GmbH, Nehren, a high-

throughput assay system based on allele-specific primer

Lifescience Germany),>*
extension and MagPlex-TAG microspheres®® and whole-
genome sequencing have been used in FQs** resistance
diagnosis. Mutations at codon 90 and 94 in gyrd were
targeted by Liang et al, used in MAS-PCR, and the sensi-
tivity and specificity of this method were 67.3% and
100%."" MTBDRsl which targeted mutations in the
QRDRs of gyrd and gyrB (not included in MTBDRsl
version 1.0) were reported to have a sensitivity from
57-100% and specificity from 77-100% on detecting clin-
ical isolates compared to phenotypic DST, whilst having
a sensitivity from 33-100% and specificity from 83.6—
100%
sequencing.”> ?® In the present study, the RDBH assay

on detecting clinical isolates compared to
used one WT probe and seven MT probes targeting muta-
tions in codons 90-94 of gyr4 and could detect 63.8% (60/
94) of OFX phenotypically resistant isolates and 95.2%
(60/63) gyrA mutated isolates. For the discrepancy caused
by gyr488, we did not design WT or MT probes targeting
this codon in the RDBH assay, resulting in the misjudg-
ment. There was still one out of three isolates carrying
a mutation gyrd 94 (GAC-CAC) (Asp-His) which could
not be correctly identified by the RDBH assay, one expla-

nation may be that the strain was a mixed colony and

colonies used for sequencing were different from the
ones used for the RDBH assay. We also found that, com-
pared with the control strain H37Rv, some strains showed
weak signals in addition to the strong signals at some MT
probes for gyrdA 94 (Figure 1), we speculated that there
were mixed infections and the weak signal was produced
by the one with the concentration close to the detection
limitation. To confirm the hypothesis, it is necessary to
perform PCR with DNA from monoclonal strains. Sirgel
et al reported finding two strains carried D94G plus D94N
and they speculated there was a mixed population,*® which
was similar to the present study though they did not meet
the standard and were not reported as mutant.
Heteroresistant M. tuberculosis infections (defined as
concomitant infection with drug-resistant and drug-
susceptible strains) have been reported in some areas, eg
China**** and Saudi Arabia.*’ In the present study, one
isolate had identical intensity of color both in the WT and
MT probe (Figure 1, lane 31), and was reported as OFX
resistant, the results of sequencing and phenotypic DST
supported this judgement. However, we speculated that the
strain was heteroresistant to OFX. Previous studies
showed that 11.0% OFX resistant isolates and 10.9%
AMK -resistant detected with
heteroresistance.**** In phenotypic DST proportion

isolates were
method, a strain with 1% resistant clones was defined as
resistant, however, Ng et al reported that four routine
molecular DSTs including GenoscholarNTM+MDRTBII,
GenoType MTBDRplus v2.0, XpertMTB/RIF, XpertMTB/
RIF Ultra showed limit detection with more than 1%
(ranged from 1% to 80%) for RIF heteroresistance.*® It
is suggesting that a tuberculosis patient infected with het-
eroresistant strains is more likely to be misdiagnosed and
get improper treatment according to the results of mole-
cular DSTs, resulting in the emergence and spread of
XDR-TB. Besides mixed infection and heteroresistance,
the membrane probe assay was still challenged by its false
negative and false positive results from technical defects
that both lead to negative consequences.® In the present
study, we found that the primer concentrations in the
multiplex PCRs, the nucleic acid at 5’ end and GC content
of the probes, hybridization or elution temperatures and
reagent proportions were the key factors for the RDBH
assay.

Compared with the principle of GenoType MTBDRs/
version 2.0, our RDBH assay did not contain probes tar-
geted at mutations in QRDR (codons from 461-501) of
gyrB because of their low frequencies of occurrence and
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combination with mutations in the QRDR of gyr4,**” but
included two more MT probes to detect specific mutation
forms in codon 94 of gyrd.'” More and more evidence
showed that mutations in the QRDR of gyrB were asso-

4,6,35,47

ciated with FQs resistance, and mutations at gyr4

88-89 accounting for 1-22% FQs resistance,”***

so
including the probes targeted at these mutations would
be helpful to improve the sensitivity of the RDBH assay.

In the present study, among 27 SLID resistant isolates,
the most frequent mutation detected was rrs A1401G
(40.7%), which was consistent with the reports from
China,** Georgia America,”® eSwatini, Uganda and
Somalia*® and Northwest Pakistan,”' while different from
the report from India which showed that the most preva-
lent mutation was eis C (—12)T (46.1%).”* As for the
SLID resistance, the RDBH assay showed 51.9% sensitiv-
ity and 100% specificity compared to the phenotypic DST.
The inclusion of probes targeted at mutations in the eis
promoter in the RDBH assay obtained an increased sensi-
tivity with 11.1% than that based on probes targeted only
in rrs 1400 region, which was comparable to the reported
sensitivity differences between MTBDRsl v2.0, which
added probes targeted at eis promoter, and MTBDRsl
v1.0.2** In the present study, the RDBH assay showed
an excellent sensitivity (87.5%) for SLID resistance detec-
tion in comparison to sequencing. One isolate simulta-
neously resistant to KN, AMK and CPM carried
a mutation of rrs 1484 G-T which has been shown to be
associated with KN, AMK and CPM resistance,” > the
mutation was outside the targeted area and could not be
correctly identified by the RDBH assay. Another SLID
resistant isolate (resistant to KN but susceptible to AMK
and CPM) was found to carry a mutation of eis (—29)
deleted G which has never been reported, and was found
by negative WT blot in the membrane and interpreted as
resistant. However, the mutation was outside of the tar-
geted detection area in the RDBH assay, we speculated
that there may be a mixed infection or the changed spatial
structure caused by the deletion in sequence affected the
binding force with WT. In total, the RDBH assay showed
an excellent agreement with sequencing (Kappa value =
0.97) for SLID resistance detection.

A report from Pakistan showed that only 30% AMK
resistant isolates carried mutations in rrs 1400 region,>
which was apparently lower than that (69%) in the present
study and other reports from China (50-86%).">
A previous report from China showed that AMK or
CPM resistant isolates had lower mutation frequency in

rrs 1400 region than KN resistant isolates,”* however, in
the present study, AMK resistant isolates showed the high-
est mutation frequency in this region among three SLID
resistant isolates, which was consistent with another report
from China.” A systematic review of 22 studies found that
the A1401G mutation was present in 78% of AMK-
resistant and in 76% of CPM-resistant isolates, but in
only 56% of KN-resistant isolates,’ the trend of mutation
prevalence was concordant with the present study which
was 62%, 55% and 44% in AMK-resistant, CPM-resistant
and KN-resistant isolates, respectively. We also found that
mutations in the eis promoter were only found in four
isolates susceptible to AMK and CPM, but resistant to
KN, implying that mutations in the eis promoter do not
always confer cross-resistance between KN and CPM or
AMK, which was concordant with previous studies.”’®
However, a study showed that eis C (—14)T were also
conferred with low level AMK resistance.’

In the present study, the total mutation frequency in rrs
1400 region and eis promoter of KN resistant strains was
still lower than that in rrs 1400 region of AMK resistant
isolates (64.0% vs 69.2%), but higher than that in 7»s 1400
region of CPM resistant isolates (64.0% vs 60.0%) accord-
ing to sequencing. Consequently, compared to the pheno-
typic DST, the sensitivity of the RDBH assay for
predicting resistance of AMK was higher than KN and
CPM (61.5%>60.0%>50.0%). The low sensitivity of the
RDBH assay for CPM resistance detection strengthens the
necessity to include more codons good for CPM resistance
detection. It has been reported that tly4 is another gene
confering CPM resistance.*””% Li et al reported that
mutations in this gene were found in 3 out of 4 CPM
but KN and AMK
A system review showed that 1-3% CPM resistant isolates

resistant susceptible isolates.*
carried mutations in #/y4, but none of the CPM susceptible
isolates carried them, suggesting that mutations in #/y4
of CPM

Miotto et al reported that mutations of

were potentially highly specific markers
resistance.>®
N236K, pooled frameshifts and premature stop codons in
tlyA were high-confidence mutations associated with CPM
resistance.”” However, the gene 7ly4 was not sequenced
and the specific codons or regions of this gene were not
included in the RDBH assay in this study. The good news
was that in the latest MDR-TB treatment guidelines
released in 2019 by WHO, AMK instead of KN and
CPM was recommended for use and listed as one of the
group C medicines.*’ The RDBH assay built in the present
study provided a rapid and highly reliable method for
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AMK resistance detection compared to the phenotypic
DST and sequencing, nevertheless, there is an urgency to
of SLIDs in
M. tuberculosis to raise the diagnostic abilities of molecu-
lar DSTs.

In the present study, we combined the susceptibility
results of OFX and SLIDs from the RDBH assay, and
found that 42.3% phenotypically XDR isolates and
84.6% genotypically XDR isolates had been correctly

explore the resistance mechanisms

identified. It has been reported that the sensitivity of
MTBDRsl version 2.0 in detecting XDR among mycobac-
terial isolates was estimated ranging from 75% to
100%'7%" compared to culture-based DST. The ability of
the RDBH assay for predicting XDR is directly affected by
its ability for predicting FQs and SLIDs resistance.
Consequently, the difference of mutation rates in varying
regions will cause the sensitivity difference of the RDBH
assay. The Guideline Development Group of WHO
decided that the line probe assay can be used for the
diagnosis of XDR-TB while acknowledging that the diag-
nostic accuracy is sub-optimal and felt that the assay could
be used for surveillance of XDR-TB given statistical
approaches to adjust for lower sensitivity and specificity
during surveillance studies.'®

The main limitation of this study was that the inter-
pretation of the results may be affected by heterogeneous
drug resistance, it would be better to use the vision equip-
ment to get the blot intensity and set a cut-off value to
diagnose resistance in the future, like the proportion
method applies >1% as the limit of detection for resis-
tance. While our study also needed to improve the signal
intensity of some probes, eg, gyrd 90 GCG-GTG and eis
promoter (—10) G-A, we speculated that the probes started
with T or A were the major reason, second the low GC%
of the probe meant the sequences on the membrane were
more easily eluted, and then caused the weak signals.
Third, the performance of the RDBH assay was only
evaluated in cultures which may result in missed
diagnoses of second-line drug resistant tuberculosis due
to the decrease of minor mutated clones in culture-based
strains, so performance in sputum samples should be spe-
cifically evaluated in the future.

Conclusions

The RDBH assay based on multiplex PCRs built in our
study could determine FQs and SLID resistance of 1 to 42
M. tuberculosis samples within 7 h, and showed a high
consistency to sequencing and a general consistency to the

phenotypic DST method, suggesting that it could serve as
a valid supplementary tool for simultaneously determining
the resistance to FQs and SLIDs and emphasizing the
urgency to explore the resistance mechanisms of FQs
and SLIDs against M. tuberculosis.
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