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ABSTRACT

Background. The Sultanate of Oman is country a low TB-incidence, with less than
seven cases per 10° population detected in 2020. Recent years have witnessed a persis-
tence in TB cases, with sustained incidence rate among expatriates and limited reduc-
tion among Omanis. This pattern suggests transmission from the migrant population.
The present study examined the genetic profile and drug resistance-conferring muta-
tions in Mycobacterium tuberculosis collected from Omanis and expatriates to recog-
nise possible causes of disease transmission.

Methods. We examined M. tuberculosis cultured positive samples, collected
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found in different spoligo-lineages. rpsL K43R, katG S315T and rpoB S450L mutations
were significantly higher in Beijing strains.

Conclusions. Diverse drug resistant M. tuberculosis strains exist in Oman, with drug
resistance-conferring mutations widespread in multiple spoligo-lineages, indicative of
a large resistance reservoir. Beijing’s M. tuberculosis lineage was associated with MDR,
and multiple drug resistance-conferring mutations, favouring the hypothesis of mi-
gration as a possible source of resistant lineages in Oman.

Subjects Genetics, Microbiology, Molecular Biology, Infectious Diseases
Keywords Mycobacterium tuberculosis, Drug resistance genes, Spoligotypes, Oman

INTRODUCTION

Oman is a low burden tuberculosis (TB) country with an incident rate of seven per
100,000 population in 2020 (WHO, 2021). The disease is widespread, with equal risk
among nationals and expatriates (Al Abri et al., 2020a; Al Abri et al., 2020b; Hegazy et al.,
2021), who represent a 45% of the population, with the vast majority from the Indian
subcontinent (NCSI, 2020). The initial phase of the national control program resulted
in a substantial reduction in TB cases (73%) between 1981 and 1992, with an average
reduction of 9% per year (Al-Maniri et al., 2010; Al Awaidy, 2018). However, recently
the TB reduction rates have slowed to 4.6% per year, with a large proportion of new TB
cases seen among expatriates (Al Abri et al., 2020a; Al Abri et al., 2020b; Al Awaidy, 2018).
For example, 8.1, 7.7, 6.3, 4.7 and 3.3 new TB cases were seen among Omanis compared
t0 9.8, 8.1, 7.7, 7.1 and 7.3 per 100,000 population in expatriates in 2014, 2015, 2016,
2017 and 2018, respectively. The vast majority of infected expatriates were from high TB
burden countries in the Indian subcontinent, including India (721 (76%)), Bangladesh
(103 (11%)) and Pakistan (25 (3%)) (Al Awaidy, 2018).

The increasing pattern of TB cases among expatriates in Oman (Al Abri et al., 2020a; Al

Abri et al., 2020b) may reflect M. tuberculosis transmission of reactivated latent TB (LTB)
(Aldridge et al., 2018), or transmission due to poor social conditions (e.g., overcrowding
and poor living conditions). This can be exacerbated by the fact that some expatriates seek
medical advice at an advanced stage of the disease (Al Mayahi et al., 2020). Consequently,
TB incidence rates among expatriates based on case notification may be lower than antic-
ipated (Pandey et al., 2017; Romanowski et al., 2019; Snow et al., 2018). Thus, TB control
targets in Oman for 2035 and the elimination threshold of 1 per million population
(Lonnroth et al., 2015) may not be met without a clear information on the impact of
expatriates and whether they serve as a transmission reservoir of drug resistant strains.
A significant proportion of drug resistant cases, particularly multi-drug resistant (MDR),
in migrants from high burden countries to Europe had resulted from reactivation of LTB
(Hargreaves et al., 2017). Therefore, the high influx of expatriates from TB endemic areas
poses a great risk for the spread of drug resistance in Oman.

The present study investigated the characteristics and diversity of drug resistant M. fu-
berculosis strains in Oman. We examined nine genes implicated in resistance to first-line
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anti-TB therapy (isoniazid (INH), rifampicin (RIF), ethambutol (EMB), streptomycin
(SM) and pyrazinamide (PZA)). Known mutations in these genes are associated with
resistance of M. tuberculosis to drugs such as SM, INH and RIF (lacobino, Fattorini &
Giannoni, 2020). However, due to the global geographical diversity of M. tuberculosis,
and the high proportion of expatriates in Oman, there is a possibility of varying efficacy
of these mutations, which could influence their diagnostic value. Thus, it is important
to validate the role of these mutations in Oman and examine their spatiotemporal
distribution among Omanis and expatriates. This information can lead to optimization
of current management and control strategies to limit the evolution of drug resistance.

MATERIALS AND METHOD

Study population and characteristic of M. tuberculosis isolates

A total of 2,547 unique M. tuberculosis isolates were obtained from pulmonary and extra-
pulmonary TB diagnosed Omanis (n = 1,344) and expatriates (n = 1,203), between 2009
and 2018 at the Central Public Health Laboratories (CPHL), Ministry of Health, Oman.
The laboratory provides TB diagnosis, and in vifro drug susceptibility testing (DST) for
the first line anti-TB drugs, to the population of Oman (4.4 million people comprising
2.8 nationals and 1.6 expatriates). The largest proportion of expatriates in Oman are from
high TB burden countries such as India, Pakistan and Bangladesh (NCSI, 2020).

Microbiology methods

Standard microbiological assays were carried out by staff at CPHL, for the identification
of members of the M. tuberculosis complex. DST was performed on 2,539 isolates (SM,
1.0 pg/ml; INH, 0.1 ng/ml; RIF, 1.0 pg/ml; EMB, 5.0 pwg/ml; PZA, 100.0 pg/ml) using
the BACTEC MGIT 960 system (Ardito et al., 2001). A sensitive response refers to
susceptibility to all first line drugs (SM, INH, RIF, EMB, and PZA), whereas resistance

to any drugs refers to growth at or above the lowest drug concentration that inhibits the
wild type (susceptible) strain. Different drug resistance profiles were identified including:
resistance to a single drug (mono-resistant (MonoR)), resistance to more than one drug
but not to both INH and RIF (poly-resistant (PolyR)), resistance to at least INH plus

RIF (multi-drug resistant (MDR)),) and MDR plus resistance to a second line anti-TB
treatment, fluoroquinolone, and least one of the injectable second-line drugs (extensively-
drug resistant (XDR)) (Song et al., 2019).

Ethical approval (SQU-EC/075/18) for the study was granted by the Ethics Committee
of The College of Medicine and Health Sciences, Sultan Qaboos University, Oman.
Patients’ consent was not obtained as this study examined archived heat killed DNA
samples obtained from material cultured as part of the routine diagnosis process by staft
of the Central Public Health Laboratories, Ministry of Health, Oman.

Detection of drug resistance-conferring mutations

DNA was extracted from Mycobacterium tuberculosis isolates using the heat-killing
method (Warren et al., 2006). PCR and targeted sequencing were used to detect mutations
in nine genes implicated in resistance to SM (rpsL and rrs), INH (katG, ahpc, InhA/InhA
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promoter), RIF (rpoB), PZA (pncA) and EMB (embB and emb C). Primer sequences and
PCR conditions are described in Table S1.

Spoligotyping

Spacer oligonucleotide typing (spoligotyping) was successfully completed on 1,295
isolates (629 Omanis and 666 expatriates), as described elsewhere (Al-Mahrouqi et al.,
2022; Kamerbeek et al., 1997). Briefly, the direct repeat (DR) region of M. tuberculosis
was amplified using a pair of PCR primers. The PCR products were hybridized to

a set of 43 oligonucleotide probes corresponding to spacers on the DR region and
covalently bound to the membrane. Obtained spoligo-patterns were then compared to
the SITVIT-Web database (http:/iwvww.pasteur-guadeloupe.fr:8081SITVIT_ONLINE,
http:/fwww.pasteur-guadeloupe.fr:808 1 /SITVIT2 filesSITVIT-KBBN_report_310313.xls)
for identification of spoligo families and spoligotype international types (SIT) (Demay et
al., 2012).

Data analysis

Associations between categorical variables were tested using Chi-squared and/or Fisher’s
exact tests and was applied to the association of DST among isolates from Omanis and
expatriates, as well as the association of drug resistance-conferring mutations with their
corresponding DST. In addition, chi-squared/Fisher’s exact tests were used to examine
the distribution of different resistance profiles (MonoR, PolyR and MDR) and drug
resistance-conferring mutations in different M. tuberculosis lineages. Fisher’s exact test
was used to compare variables when the observed count was <5 in 20% or more of the
cells in 2 x 2 chi-squared table. Logistic regression models were used to estimate the effect
of demographic variables (Omanis vs expatriates) on the probability of detecting DST.
Odds ratio (OR) and 95% confidence intervals (CI), with their associated log likelihood
chi-squared test were presented for logistic regression models. Analyses was conducted in
SPSS, version 23 and R program, version 1.4.1717.

RESULTS

Characteristics of study subjects

We examined 2,539 of 2,547 M. tuberculosis strains obtained from Omanis (1,341, 52.8%)
and expatriates (1,203, 47.2%). The age of patients ranged between 3 and 100 years, with
amean of 44.2 (20.2 & SD) among Omanis and 33.7 (10.2 & SD) for expatriates. Most
of the patients were male (n = 1,549, (61.0%)) with a slightly higher percentage of males
among expatriates (51.8%) compared to Omanis (48.2%) (P =0.218).

Drug susceptibility profile of M. tuberculosis isolates

Of the 2,539 M. tuberculosis isolates examined, 2,198 (86.6%) were sensitive to the first
line therapy (INH, RIF, SM, EMB and PZA) (Fig. S1). The remaining 341 (13.4%) isolates
fell into four drug resistance profiles: 242 (71%) were MonoR, 40 (11.7%) were PolyR, 49
(14.4%) were MDR, and 9 (2.6%) wereXDR. Of the MonoR strains, 92 (38%) were INHR,
76 (31.4%) were PZAR, 65 (26.9%) were SM® and 9 (3.7%) were RIFR (Table 1).
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Table 1 Drug response profile of M.tuberculosis isolates obtained from Omanis and expatriates, be-

tween 2009 and 2018.
Expatriates Omanis P-value
1,198 (47.2%) 1,341 (52.8%)
Sensitive 1022 (85.3%) 1176 (87.6%) 0637
Any drug resistance 176 (14.7%) 165 (12.3% )
SMR 35 (53.8%) 30 (46.2%) 0.689"
INHR 60 (65.2%) 32 (34.8%) 0.002°
RIFR 4 (44.4%) 5 (55.6%) 0.663"
PZAR 31 (40.8%) 45 (59.2%) 0.032°
PolyR 25 (62.5%) 15 (37.5%) 0.143°
MDR 21 (35.6%) 38 (64.4%) 0.007¢
Notes.
*x2.

*logistic regression.
SMR, Streptomycin mono-resistant; INHR, Isoniazid mono-resistant; RIFR, Rifampicin mono-resistant; PZAR, Pyrazinamide
mono-resistant; PolyR, Poly-resistant; MDR, Multi-drug-resistant.

Table 2 Drug resistance response profiles among different M.tuberculosis obtained from Omanis and

expatriates.
Odds ratio 95% CI*
Lower Upper

INHR-TB®

Non-Omani (n=60) Referent

Omani (n=32) 0.46 0.28 0.75
MDR-TB*

Non-Omani (n=21) Referent

Omani (1 = 38) 1.90 1.03 3.56
PZAR-TB*

Non-Omani (n=31) Referent

Omani (n=45) 1.79 1.07 3.02

Notes.

2Logit regression.

bTsoniazid mono-resistant tuberculosis.

“Multi-drug resistant tuberculosis.

dPyrazinamide mono-resistant tuberculosis.

Similar rate of resistance to any drug was seen among M. tuberculosis isolated from
Omanis and expatriates (P = 0.637). However, variations were noted in INHR (Log
Likelihood ratio = —194.30; x2, 9.66; P = 0.002), PZAR (Likelihood ratio = —179.9;
x2,5.01; P = 0.025) and MDR (Log Likelihood ratio = —140.16; x2,4.275; P = 0.039).
INHR was lower among Omanis (OR = 0.46; 95% CI [0.28-0.75]), contrasting the
elevated rates of PZAR-TB (OR = 1.79; 95% CI [1.07-3.02]) and MDR (OR = 1.90; 95%
CI [1.03-3.56]) (Table 2).
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Figure 1 Odds ratio and 95% confidence interval of PZAR-TB and MDR-TB to evaluate the strength of
association between DST profiles and provinces with > 10 reported TB cases.
Full-size Gal DOI: 10.7717/peerj.13645/fig-1

Spatial distribution of drug susceptibility in M. tuberculosis

The MonoR forms, SM® (Log Likelihood ratio = —131.77; x2,6.19; P = 0.186), INH®
(Log Likelihood ratio = —172.04; %x2,8.51; P = 0.074) and the PolyR cases (Log Like-
lihood ratio = —104.82; x2,7.92; P = 0.095) were stable in different regions in Oman.
However, variation was seen in RIER (Log Likelihood ratio = —31.17; x2,10.88; P =
0.028), PZAR (Log Likelihood ratio = —143.94; x2,13.11; P = 0.011) and MDR (Log
Likelihood ratio = —116.82; x2,23.35; P = 0.000). For example, RIFR was 14 and 11 times
higher in Ad Dakhliyah (OR = 14.53; 95% CI [1.32-324.20]) and Ash Sharqgiyah (OR =
11.47; 95% CI [1.05-254.22]), respectively, compared to Muscat. Likewise, in Dhofar,
MDR was four time higher (OR = 3.84; 95% CI [1.82-8.38]) and PZAR was significantly
lower compared to Muscat (OR = 0.40; 95% CI [0.15-0.93]) (Fig. 1).

Temporal distribution of drug susceptibility in M. tuberculosis
Overall, resistant M. tuberculosis isolates remained stable over the study period, with the
exception of INHR (Table S2). The PolyR and MDR M. tuberculosis strains remained
stable over the study period (P = 0.158 and 0.248 respectively) (Figs. 2A & 2B). However,
the MonoR strains increased steadily, with 2 times higher prevalence in 2018 compared
to 2009 (Log Likelihood = —791.78; x2,19.98; P = 0.025) (OR 2.1; 95% CI [1.13-3.76])
(Fig. 2C), driven by PZAR (Log Likelihood = —161.4; x2,42.00; P = 0.000) (Fig. 2D). In
contrast, INHR decreased steadily (Log Likelihood = —189.7; %2,19.00; P = 0.025) (Fig.
2F) while SMR (P =0.113) and RIF® (P =0.210) remained unchanged (Figs. 2F & 2G).

Diversity of drug resistant M. tuberculosis isolates
Spoligotyping was completed for 242/341 (70.9%) drug-resistant M. tuberculosis isolates
(106 Omanis and 136 expatriates) (Fig. S1). Of these, 187 (76.4%) exhibited known
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Figure 2 Drug susceptibility test (DST) profiles of M. tuberculosis isolates collected between 2009 and
2018. MDR pattern (A), mono-resistance (B), poly-resistance (C) and pattern of INHR (D), PZAR (E),
RIF® (F) SM® (G). Black dots are the observed data with 0 being negative and 1 being positive for drug re-
sistance response. Lines represent estimated prevalence overtime based on logistic regression models, gray
shade around the line is the 95% confidence intervals. P and logistic regression model and odd ratio (OR)
correspond to time of significant change in prevalence compared to the reference year (2009).

Full-size G DOI: 10.7717/peerj.13645/fig-2

spoligotype patterns (SIT), while 55 (22.7%) were ‘orphans’. The isolates with known
spoligotypes comprised 8 lineages, EAI (66, 35.3%), CAS (50, 26.7%), Beijing (28, 15.0%),
T (21, 11.2%), LAM (10, 5.3%), H (5, 2.7%), X (2, 0.5%), Ural-1 (2, 0.5%), Cameroon (2,
0.5%) and UK (1, 0.5%). Of these, 137 (73.26%) isolates existed in clusters of 33 spoligo-
profiles (with 2 to 28 isolates), and 50 (26.74%) were singletons, each with a distinct
profile. Of the above clusters, 16/33 (48.48%) included M. tuberculosis isolates from

both Omanis and expatriates (Table 3), suggesting close genetic relatedness and possible
transmission of drug-resistant lineages between the two groups.

The patterns of resistance (MonoR, PolyR and MDR) were found in most of the
spoligotype-defined lineages (Table 4). However, MonoR and MDR were significantly
associated with strain lineage (p = 0.000) for both types of resistance patterns (Table 3).
MonoR was disproportionately higher in the EAI and CAS lineages, whereas MDR was
over-represented in the Beijing, CAS, and T lineages. The variation in MonoR seen in the
different linages was linked to SMR® (p > 0.001) and PZAR (p > 0.001) (Table 4).

Mutations in M. tuberculosis drug resistance genes

Full length sequences for nine genes implicated in resistance to SM (rpsL and rrs), INH
(katG, ahpc, InhA/InhA promoter), RIF (rpoB), PZA (pnc A) and EMB (emb B and emb
C) were obtained for 356 of the M. tuberculosis isolates (211 (58.8%) sensitive and 154
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Table 3 Distribution of clustered drug resistant M tuberculosis lineages among Omanis and expatri-

ates.
Clade SIT Expatriate Omani Total P-value
n(%) n(%) n(%)
Beijing 1 17 (36.2) 11 (22.0) 28 (28.9) 0.124
25 2(4.2) 6(12.0) 8(8.2)
CAS1-Delhi 26 12 (25.5) 12 (24.0) 24 (24.7) 0.526
309 1(2.1) 2(4.0) 3(3.1)
48 2(4.2 1(2.0 3(3.1
EAI1-SOM (42) 20 (3.1 0.758
72 1(2.1) 3 (6.0) 4(4.1)
11 3(6.4) 1(2.0) 4(4.1)
EAI3-IND 298 1(2.1) 1(2.0) 2(2.1) 0.918
3803 1(2.1) 3 (6.0) 4(4.1)
126 1(2.1 1(2.0 2(2.1
EALS (2.1) (2.0) (2.1) ND'
2921 1(2.1) 2 (4.0) 3(3.1)
LAM11-ZWE 59 1(2.1) 2 (4.0) 3(3.1) ND
T1 393 1(2.1) 1(2.0) 2 (2.1) ND
T2 52 1(2.1) 1(2.0) 2(2.1) ND
T3-ETH 149 1(2.1) 2(4.0) 3(3.1) ND
X3 92 1(2.1) 1(2.0) 2(2.1) ND
Total 47 50 97
Notes.
*not done.
Table 4 Distribution of drug resistance profiles among M.tuberculosis sub-lineages in Oman, 2014-2018.
Clade Total Any drug resistance Total Resistance to one drug
n=242 n=181
MonoR" PolyR® MDR¢ SMR¢ INHR' RIFR® PZAR"
EAI 100 90(37.2%) 8(3.3%) 2(0.8%) 90 13(7.2%) 23(12.7%) 1(0.6%) 53(29.3%)
BEIJING 28 12(5.0%) 4(1.7%) 12(5.0%) 12 8(4.4%) 3(1.7%) - 1(0.6%)
CAS 60 41(16.9%) 9(3.7%) 10(4.1%) 41 15(8.3%) 19(10.5% 4(2.2%) 3(1.7%)
T 25 13(5.4%) 2(0.8%) 10(4.1%) 13 2(1.1%) 7(3.9%) 2(1.1%) 2(1.1%)
LAM 11 8(3.3%) 3(1.2%) - 1(0.6%) 6(3.3%) - 1(0.6%)
H 10 10(4.1) - - 10 3(1.7%) 6(3.3%) - 1(0.6%)
Others® 8 25(10.3%) 3(1.2%) 1(0.4%) 25 6(3.3%) 12(6.6%) 1(0.6%) 6(3.3%)
P- value 0.000 0.154 0.000 0.028 0.632 0.329 0.000
Notes.
2Cameroon (n=2), Manu (n=2), X(n=23), Zero (n=1).
YMono-drug resistant.
“Poly-drug resistant.
dMulti-drug resistant.
¢Streptomycin mono-resistant.
fIsoniazid mono-resistant.
8Rifampicin mono-resistant.
"Pyrazinamide mono-resistant.
Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 8/19
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(42.2%) resistant to any drug) (Fig. S1). The resistant isolates were obtained from 58
(37.7%) Omanis and 96 (62.3%) expatriates (Table 5).

Streptomycin related mutations

Three mutations were detected in the rpsL sequences from 282 isolates. Of these, muta-
tions V19F and R86W were rare, and seen among both streptomycin sensitive (SM%) and
streptomycin resistant (SMR) isolates. However, mutation K43R was frequent, found in
45% of SMR isolates compared to 0.4% SMS isolates (p > 0.001) (Table 5). However, the
rrs sequences (n = 190 isolates) showed three infrequent mutations (Q302E (1.1%), L341F
(1.6%), A409G (0.5%)), seen among both SMS and SMR isolates (Table 5).

INH related mutations

katG, ahpC, inhA and its promoter region were screened for mutations conferring
isoniazid resistance (INHR). Out of 298 isolates, 209 (70.1%) carried 10 mutations in
katG, all at a low prevalence (<2%), with the exception of katG S315T (11%) and katG
R463L (55.7%). The katG S315T mutation occurred in 47.1% of INHR compared to
0.4% isoniazid sensitive (INH®) isolates (p > 0.001), whereas R463L was similar in INH®
(54.0%) and INHR (52.9%) isolates (P = 0.457) (Table 5).

Mutations inhA promoter C-15T and G-17T were found in 19.7% (p > 0.001) and
10.6% (p > 0.001) of INHR isolates compared to 0.4% and 0.00% of INHS isolates,
respectively. Additional rare mutations (I95L (1.4%) and 1194T (1.4%)) were seen in the
coding region of inhA,whereas no mutations were found in the ahpC gene (Table 5).

Rifampicin related mutations

rpoB held 10 mutations. Of these, S450L was linked to rifampicin resistance (RIFR)

in 16/30 (53%) isolates (p > 0.001) (Table 3). This mutation plus a further 3 (5441L,
H4445], H445D) existed exclusively in RIFR isolates, in the 81-bp rifampicin-resistance-
determining region (RRDR) (codons 426—452), which is associated with high-level RIF
resistance (Hirani et al., 2020). The remaining six mutations were rare, located outside the
RRDR region, and seen only in rifampicin sensitive (RIF®) isolates, (Table 5).

Ethambutol related mutations

emb B (n = 287) and emb C (n = 101) harboured six and two mutations, respectively.
With the exception of one mutation (emb B M306V/I), other mutations on both genes
existed exclusively in ethambutol sensitive (EMB®) isolates. The emb B M306V/I mutation
occurred at a substantially higher frequency among ethambutol resistant (EMBR) isolates
(16.7%) compared to EMB® isolates (1.1%) (Table 5). This mutation has been found to be
associated with two- and ten-fold higher EMB MIC when the wild type was replaced with
M306I and M306V, respectively (Starks et al., 2009). However, mutations embB E 378A
(38.7%), emb C T2701 (40.6%) and emb C N394D (39.6%), were common in EMB®, and
are suggested to be ancestral M. tuberculosis markers (Brossier et al., 2015).

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 9/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.13645#supp-3
http://dx.doi.org/10.7717/peerj.13645

Peer

Table 5 Drug resistance conferring mutations among M.tuberculosis in Oman, 2009 to 2018.

Drug Gene Allele Overall Sensitive Resistant p-value
mutation isolates isolates
prevalence mutation (%) mutation (%)
K43R 20/282(7.1%) 1/240 (0.4%) 19/42 (45.2%) 0.000
rpsL R86W 1/282(0.4%) 0.00 (0.00%) 1/42 (2.4%) ND
Streptomycin VI19F 1/282(0.4%) 1/240 (0.4%) 0(0%) ND
Q302E 2/190(1.1%) 1/168 (0.6%) 1/22 (4.5%) ND
rrs L341F 3/190(1.6%) 3/168 (1.8%) (0%) ND
A409G 1/190(0.5%) 1/168 (0.6%) (0%) ND
- C-15T 14/299(4.7%) 1/233 (0.4%) 13/66 (19.7%) 0.000
(Pro) G-17T 7/299(2.3%) (0%) 7/66 (10.6%) 0.000
G-47A 1/299(0.3%) 1/233 (0.4%) (0%) ND
inhA, 1951 1/313(0.3%) (0%) 1/71 (1.4%) ND
(OF) 1194T 1/313(0.3%) (0%) 1/71 (1.4%) ND
S315T 34/309(11%) 1/239 (0.4%) 33/70 (47.1%) 0.000
P364S 2/298(0.7%) 1/239 (0.4%) 1/70 (1.4%) ND
Isoniazid A379D 1/298(0.3%) (0%) 1(0.3%) 0.228
S383A 1/298(0.3%) 1/239 (0.4%) (0%) ND
YatG R463L 166/298(55.7%) 129/239 (54.0%) 37/70 (52.9%) 0.457
L4721 1/298(0.3%) 1/239 (0.4%) (0%) ND
T4751 1/298(0.3%) 1/239 (0.4%) (0%) ND
V503A 2/298(0.7%) 2/239 (0.8%) (0%) ND
L526H 1/298(0.3%) (0%) 1/70 (1.4%) ND
D735A 1/298(0.3%) (0%) 1/70 (1.4%) ND
ahpC F77V 1/250(0.4%) 1/194 (0.5%) (0%) ND
H343Q 1/306(0.3%) 1/276 (0.4%) (0%) ND
V359A 1/306(0.3%) 1/276 (0.4%) (0%) ND
M390T 1/306(0.3%) 1/276 (0.4%) (0%) ND
S441L 1/306(0.3%) (0%) 1/30 (3.3%) ND
Rifampicin 1poB H445L 1/306(0.3%) (0%) 1/30 (3.3%) ND
H445D 1/306(0.3%) (0%) 1/30 (3.3%) ND
S450L 16/306(9.8%) (0%) 16/30 (53.3%) 0.000
K512R 8/306(2.6%) 71276 (2.5%) 1/30 (3.3%) ND
P541L 1/306(0.3%) 1/276 (0.4%) (0%) ND
V5751 2/306(0.7%) 2/276 (0.8%) (0%) ND
M306V 4/287(1.4%) 3/281 (1.1%) 1/6 (16.7%) ND
M3061 2/287(0.7%) 2/281 (0.7%) (0%) ND
omibB A313V 1/287(0.3%) 1/281 (0.4%) (0%) ND
Ethambutol S347R 1/287(0.3%) 1/281 (0.4%) (0%) ND
E378A 111/287(38.7%) 111/287 (0%) ND
G406D 2/287(0.7%) 2/281 (0.7%) (0%) ND
embC T2701 41/101(40.6%) 41/98 (41.8%) (0%) ND
N394D 40/101(39.6%) 40/98 (40.8%) (0%) ND

(continued on next page)
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Table 5 (continued)

Drug Gene Allele Overall Sensitive Resistant p-value
mutation isolates isolates
prevalence mutation (%) mutation (%)
I6L 1/287(0.3%) (0%) 1/54 (1.9%) ND
Q10 1/287(0.3%) (0%) 1/54 (1.9%) ND
DI2A 2/287(0.7%) (0%) 2/54 (3.7%) ND
Pyrazinamide prcA DI2E 1/287(0.3%) (0%) 1/54 (1.9%) ND
P54Q 2/287(0.7%) 1/233 (0.4%) 1/54 (1.9%) ND
H71R 1/287(0.3%) (0%) 1/54 (1.9%) ND
F106L 1/287(0.3%) 1/233 (0.4%) (0%) ND
G132D 1/287(0.3%) (0%) 1/54 (1.9%) ND
Notes.
*not done.
1407 P =0.153
12.0 4
10.0 A
1 P=0.735 =
% 8.0 P =0.039 P = 0.453
;E) 6.0 4
% 40 | |:| P =0.449 I
D_ D
2.0 -
THL M Eo =l EL
inhAP C- inhAP G-
rpsk K43R katG S315T 15T 17T rpoB S450L
@ Expatriates 7.5 12.6 6.7 1.7 6.0
OOmanis 6.1 7.1 15 3.1 3.8

Figure 3 Distribution of drug resistance-conferring mutations among M. tuberculosis obtained from
Omanis and expatriates.

Full-size tal DOI: 10.7717/peerj.13645/fig-3

Pyrazinamide related mutations
Eight mutations detected in pncA occurred at low frequency (0.3 to 0.7%). These
mutations were seen in 8/54 (14.8%) pyrazinamide resistant (PZAR) isolates compared
to 2/287 (0.7%) of pyrazinamide sensitive (PZAS) isolates (p > 0.05) (Table 5).

Drug resistance-conferring mutations among Omanis and expatriates
The rpsL K43R, katG S315T and rpoB S450L mutations associated with SMR, INHR

and RIFR, respectively, existed at similar frequencies among Omanis and expatriates

(Fig. 3). However, the C-15T mutation in the inhA promoter linked to INHR existed at

a significantly higher prevalence among expatriates compared to Omanis (Fig. 3).
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Table 6 Distribution of drug resistance conferring mutations among different M. tuberculosis lineages.

Mutation Clades P-value®
EAI Beijing CAS T LAM H Others” Orphan

rpsL K43R - 10(55.6%) 1(5.6%) 2(11.1%) - 1(5.6%) 1(5.6%) 3(16.7%) 0.000
katG-S315T 4(12.5%) 9(28.1%) 9(28.1%) 8(25.0%) 1(3.1%) - 1(3.1%) - 0.001
inhA-15 4(57.1%) - 1(14.3%) - - - - 2(28.6%) 0.846
inhA-17 - - 3(100.0%) - - - - - 0.000
rpoB S450L - 6(40.0%) 2(13.3%) 6(40.0%) - - 1(6.7%) - 0.000
katG R463L 49(31.6%) 20(12.9%) 35(22.6%) 2(1.3%) - - 3(1.9%) 48(29.7%) 0.000
embB 36(63.2%) - - - - - - 21(36.8%) 0.000
E378A
embC 15(68.2%) - - - - - - 7(31.8%) 0.000
T2701
embC 15(68.2%) - - - - - - 7(31.8%) 0.000
N394D

Notes.

?Logit regression.
bCameroon, Manu, Turkey, S and X clades.

Drug resistance-conferring mutations in different M. tuberculosis
lineages

We examined whether the distribution of the drug resistance-conferring mutations were
influenced by M. tuberculosis genetic background. The rpsL K43R, katG S 315T and rpoB
S450L mutations associated with SMX, INHR and RIFR, respectively (Table 6), existed

at different frequencies in different lineages (Table 6). The rpsL K43R, katG S315T and
ropB S450L mutations were disproportionately higher in isolates of the Beijing lineage,
whereas katG S315T and inhA C-15T mutations were over-represented in the EAT lineage.
In contrast, isolates from the CAS lineage harboured all of the above mutations (Table 6).
Interestingly, the orphan isolates which most likely represent locally evolved strains, had
high rates of the evolutionary mutations, embB E378A, embC T2701, embC N394D and
katG R463L (Table 6).

DISCUSSION

This study has revealed widespread resistance to anti-TB drugs in Oman, comprising
MonoR, PolyR and MDR. These variable phenotypic responses were consistent between
2009 and 2018, and spatially, across different provinces of Oman (Table S2 ). The drug
resistant M. tuberculosis strains were linked to mutations implicated in SMR, INH® and
RIFR and MDR (rpsL K43R, katG S315T, InhA -15/-17, rpoB S450L) in other endemic
sites (Ghosh, N. & Saha, 2020).

The variable drug resistance patterns we observed in Oman were distributed across 83
M. tuberculosis spoligotype-defined lineages, highlighting a highly diverse reservoir of
resistant strains. However, some patterns were overrepresented in certain strain lineages
(Table 4). For example, MonoR was disproportionately higher in the EAI and CAS
lineages, while MDR was higher in isolates from the Beijing lineage (Table 4). These
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findings are in line with reports that identified a higher proportion of MonoR (RIFR and
SMR) among CAS and T lineages in India and other countries of origin of expatriates
(Siva Kumar et al., 2020). The over-representation of MDR in isolates of the Beijing
lineage is consistent with many studies that associated this family with any resistance

and MDR (Ding et al., 2017). Lineage 2 strains, which includes the Beijing lineage, are
most often isolated in Southeast Asia, India and East Africa (Couvin, Reynaud ¢ Rastogi,
2019; Panwalkar, Chauhan & Desikan, 2017). Therefore, the high prevalence of the Beijing
lineage in Oman (15.1%), can probably be attributed to the large influx of imported

TB cases from Southeast Asia, India and East Africa (Al Abri et al., 2020a; Al Abri et al.,
2020b), in line with the high frequency of shared spoligotype-defined lineages between
Omanis and expatriates (Table 3) (Al-Mahrougi et al., 2022). Thus, the diversity of drug
resistant M. tuberculosis strains in Oman can, in part, be attributed to regular influx of
novel drug resistant lineages via expatriates. Therefore, control strategies that can limit
transmission as well as drug pressure and thereby positive selection of drug resistant
strains should be considered. Drug pressure may not only select resistant strains, but also
may enhance transmission (Leung et al., 2013), as several studies have shown that drug
resistant TB is dominated by a few highly transmissible closely related clades (Koch ¢ Cox,
2020).

The present study reinforces the association of mutations rpsL K43R and ropB S450L
with SMR and RIFR, respectively, as well as katG S315T and inhA promoter -15/-17 with
INHR. Our findings confirm the role of these mutations in the phenotypic response
of M. tuberculosis to these drugs, as reported in other geographical regions (Singh et
al., 2020). The frequency of these mutations varies in different geographical regions.
Consequently, their diagnostic value can differ in different countries. This necessitates
analysis of local frequencies of these mutations to estimate the predictive diagnostic
accuracy of drug resistance and their efficacy in epidemiological surveillance. These
markers rpsL K43R (45.2% SMR), kat G S315T (47.1% INHR), inhA -15/-17 (30.3%
INHR) and rpoB S450L (53.3% RIFR) detected a large proportion of drug resistant M.
tuberculosis isolates in Oman. This accords with the worldwide reported figures observed
for phenotypic resistance associated with the above mutations to streptomycin, isoniazid
and rifampicin (Hazbo et al., 2006; Torres et al., 2015).

In addition, combinations of mutations implicated in resistance to one drug, can
enhance the detectability of resistance. In the current study, inhA promoter mutations
-15/-17 in the absence of any katG mutation detected 21.9% of INHR isolates, while
katG 315T alone identified 46% of INHR isolates, which increased to 68% when both
katG S315T and inhA -15/-17 were taken together. Thus, these mutations can provide
valuable diagnostic tools to mitigate the risk of treatment failure and evolution of drug
resistance. Nonetheless, we identified a number of rare mutations in the above genes
(Table 5), as seen in other geographical regions (Hazbo et al., 2006; Torres et al., 2015).
Regular monitoring of these mutations is important as is watching for the emergence of
new mutations given drug pressure is expected to be a major determinant in the selection
and spread of drug resistance genes. Some evidence suggests that acquired drug resistance
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results in stepwise acquisition and consistent increase in mutations can lead to a gradual
increase in resistance (Prasad, Gupta ¢ Banka, 2018).

Similar to the drug response profiles, the drug resistance-conferring mutations were
spread in all M. tuberculosis lineages (Table 6), demonstrating the diversity and multiple
origins of drug resistant strains in Oman. We found that MDR strains are more likely to
harbour mutations rpsL K43 R, katG S315T and ropB S450L linked to SMR, INHR and
RIFR, respectively, and that these mutations existed at a significantly higher prevalence
among isolates of the Beijing and CAS genotypes (Table 6). Mutations katG S315T and
ropB S450L are known to be low-cost mutations, associated with high-level RIFR and
INHR (Ding et al., 2017). This association has been explained by possible positive epistasis
between the Beijing genetic background and drug-resistance-conferring mutations
(Borrell & Gagneux, 2009), making it favourable for drug selection and dissemination
of MDR. Therefore, the high prevalence of CAS (25.4%) and Beijing (15.1%) lineages
among drug resistant M. tuberculosis strains in Oman, emphasises the epidemiologically
importance of these lineages, and the spread of drug resistance via imported TB cases
form the Indian Sub-continent, East Africa and Southeast Asia, where these lineages
predominate (Cain et al., 2015).

An important limitation of the present study was the absence of a more sensitive in
vitro drug test for the M. tuberculosis isolates. The phenotypic drug response was based
on DST and not MIC, and therefore, it was not possible to relate mutations to different
levels of drug resistance, as it has been suggested that different combination of mutations
in katG and inhA can result in different MIC for INH (Lempens et al., 2018). Accurate
phenotypic data is critical for the identification of highly sensitive and specific drug
resistance markers.

The absence of discriminatory genotypic data impeded proper interpretation of genetic
relatedness of INH M. tuberculosis haplotypes shared between Omanis and expatriates.
Many mutant haplotypes belong to M. tuberculosis strains shared between Omanis and
expatriates. In addition, further study using a more discriminatory technique such as
MIRU-VNTR or whole genome sequencing can identify transmission routes of the
selective drug resistant strains with shared spoligotypes.

In summary, the spread of drug resistant M. tuberculosis in Oman is linked to known
drug resistance conferring mutations, supporting the value of these mutations as di-
agnostic and surveillance tools to limit the spread of drug resistance. The occurrence
of these mutations in different spoligotype-defined lineages, is an indicative of a large
reservoir of resistant strains in Oman. The most critical drug resistance mutations are
over-represented in isolates of the Beijing lineage, reinforcing their value to predict MDR.
The similar frequencies of drug resistance mutations among M. tuberculosis obtained
from Omanis and expatriates highlights the need to bolster molecular surveillance of TB
infection.

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 14/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.13645

Peer

ACKNOWLEDGEMENTS

We express our sincere appreciation to the staff of the Central Public Health Laboratories,
MOH, Oman for their cooperation and help. We are grateful to staff of the Biochemistry
Department of the College of Medicine in SQU for facilitating laboratory work.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was funded by Research Council, Oman, Project RG/MED /BIOC/19/01. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Research Council, Oman: RG/MED /BIOC/19/01.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Sara Al Mahrougqi performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.

e Amal Gadalla performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Saleh Al Azri conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

e Salama Al-Hamidhi performed the experiments, analyzed the data, prepared figures
and/or tables, authored or reviewed drafts of the article, and approved the final draft.

e Amina Al-Jardani conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the article, and approved the final draft.

e Abdullah Balkhair conceived and designed the experiments, analyzed the data,
authored or reviewed drafts of the article, and approved the final draft.

e Amira Al-fahdi performed the experiments, analyzed the data, prepared figures and/or
tables, and approved the final draft.

e Laila Al Balushi performed the experiments, prepared figures and/or tables, and
approved the final draft.

e Samiya Al Zadjali performed the experiments, prepared figures and/or tables, and
approved the final draft.

e Asmahan Mohammed Nasser Al Marhoubi performed the experiments, prepared
figures and/or tables, and approved the final draft.

e Hamza A. Babiker conceived and designed the experiments, analyzed the data,
authored or reviewed drafts of the article, and approved the final draft.

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 15/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.13645

Peer

Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

The Ethics Committee, of The College of Medicine and Health Sciences, Sultan Qaboos
University, Oman approved the study (REF.NO.SQU-EC/075/18).

Data Availability
The following information was supplied regarding data availability:
The raw data is available in the Supplementary Files.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.13645#supplemental-information.

REFERENCES

Al Abri S, Kasaeva T, Migliori GB, Goletti D, Zenner D, Denholm J, Al Maani A, Cirillo
DM, Schén T, Lillebzek T, Al-Jardani A, Dias HM, Tiberi S, Go UY, Al Yaquobi F,
Khamis FA, Kurup P, Wilson M, Memish Z, Al Magbali A, Akhtar M, Wejse C,
Petersen E. 2020a. Tools to implement the World Health Organization End TB strat-
egy: addressing common challenges in high and low endemic countries. International
Journal of Infectious Diseases 92:560-S68 DOI 10.1016/.1j1d.2020.02.042.

Al Abri S, Kowada A, Yaqoubi F, Al Khalili S, Ndunda N, Petersen E. 2020b. Cost-
effectiveness of IGRA/QFT-Plus for TB screening of migrants in Oman. International
Journal of Infectious Diseases 92:572—S77 DOI 10.1016/5.1jid.2020.03.010.

Al Awaidy ST. 2018. Tuberculosis elimination in Oman: winning the war on the disease.
ERJ Open Research 4(4):121-2018 DOIT 10.1183/23120541.00121-2018.

Al-Mahrougqi S, Ahmed R, Al-Azri S, Al-Hamidhi S, Balkhair AA, Al-Jardani A, Al-
Fahdi A, Al-Balushi L, Al-Zadjali S, Adikaram C, Al-Marhoubi A, Gadalla A,
Babiker HA. 2022. Dynamics of Mycobacterium tuberculosis Lineages in Oman,
2009 to 2018. Pathogens 11(5):541 DOI 10.3390/pathogens11050541.

Al-Maniri A, Fochsen G, Al-Rawas O, De Costa A. 2010. Immigrants and health
system challenges to TB control in Oman. BMC Health Services Research 10:210
DOI10.1186/1472-6963-10-210.

Aldridge RW, Hayward AC, Hemming S, Yates SK, Ferenando G, Possas L, Garber E,
Watson JM, Geretti AM, McHugh TD. 2018. High prevalence of latent tuberculosis
and bloodborne virus infection in a homeless population. Thorax 73(6):557-564
DOI 10.1136/thoraxjnl-2016-209579.

Al Mayahi ZK, AlAufi I, Al Ghufaili B, Al Balushi Z, Al Mughazwi Z, Mohammed E,
Essa R, Yousif HM, Al Mayahi AK, Al Hattali A, Al Ghafri F, Al Shagsi N, Salim K,
Elmutashi HA, Yaquobi FI. 2020. Epidemiological profile and surveillance activity
of tuberculosis in South Batinah, Oman, 2017 and 2018. International Journal of
Mpycobacteriology 9(1):39-47 DOI 10.4103/ijmy.ijjmy_188_19.

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 16/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.13645#supplemental-information
http://dx.doi.org/10.7717/peerj.13645#supplemental-information
http://dx.doi.org/10.7717/peerj.13645#supplemental-information
http://dx.doi.org/10.1016/j.ijid.2020.02.042
http://dx.doi.org/10.1016/j.ijid.2020.03.010
http://dx.doi.org/10.1183/23120541.00121-2018
http://dx.doi.org/10.3390/pathogens11050541
http://dx.doi.org/10.1186/1472-6963-10-210
http://dx.doi.org/10.1136/thoraxjnl-2016-209579
http://dx.doi.org/10.4103/ijmy.ijmy_188_19
http://dx.doi.org/10.7717/peerj.13645

Peer

Ardito F, Posteraro B, Sanguinetti M, Zanetti S, Fadda G. 2001. Evaluation of BACTEC
mycobacteria growth indicator tube (MGIT 960) automated system for drug
susceptibility testing of Mycobacterium tuberculosis. Journal of Clinical Microbiology
39(12):4440-4444 DOT 10.1128/JCM.39.12.4440-4444.2001.

Borrell S, Gagneux S. 2009. Infectiousness, reproductive fitness and evolution of drug-
resistant Mycobacterium tuberculosis [State of the art]. The International Journal of
Tuberculosis and Lung Disease 13(12):1456—1466.

Brossier F, Sougakoff W, Bernard C, Petrou M, Adeyema K, Pham A, Amydela
Breteque D, Vallet M, Jarlier V, Sola C, Veziris N. 2015. Molecular analysis of the
embCAB locus and embR gene involved in ethambutol resistance in clinical isolates
of mycobacterium tuberculosis in France. Antimicrobial Agents and Chemotherapy
59(8):4800—4808 DOI 10.1128/AAC.00150-15.

Cain KP, Marano N, Kamene M, Sitienei J, Mukherjee S, Galev A, Burton J, Nasibov
0, Kioko J, DeCock KM. 2015. The movement of multidrug-resistant tuberculosis
across borders in East Africa needs a regional and global solution. PLOS Medicine
12(2):e1001791 DOI 10.1371/journal.pmed.1001791.

Couvin D, Reynaud Y, Rastogi N. 2019. Two tales: Worldwide distribution of Central
Asian (CAS) versus ancestral East-African Indian (EAI) lineages of Mycobac-
terium tuberculosis underlines a remarkable cleavage for phylogeographical,
epidemiological and demographical characteristics. PLOS ONE 14(7):e0219706
DOI 10.1371/journal.pone.0219706.

Demay C, Liens B, Burguiére T, Hill V, Couvin D, Millet J, Mokrousov I, Sola C,
Zozio T, Rastogi N. 2012. SITVITWEB—a publicly available international mul-
timarker database for studying Mycobacterium tuberculosis genetic diversity
and molecular epidemiology. Infection, Genetics and Evolution 12(4):755-766
DOI 10.1016/j.meegid.2012.02.004.

Ding P, Li X, Jia Z, Lu Z. 2017. Multidrug-resistant tuberculosis (MDR-TB) disease
burden in China: a systematic review and spatio-temporal analysis. BMC Infectious
Diseases 17(1):1-29 DOI 10.1186/s12879-016-2122-x.

Ghosh A, N. S, Saha S. 2020. Survey of drug resistance associated gene mutations in
Mycobacterium tuberculosis, ESKAPE and other bacterial species. Scientific Reports
10(1):8957 DOI 10.1038/s41598-020-65766-8.

Hargreaves S, Lonnroth K, Nellums LB, Olaru ID, Nathavitharana RR, Norredam
M, Friedland JS. 2017. Multidrug-resistant tuberculosis and migration to Europe.
Clinical Microbiology and Infection 23(3):141-146 DOI 10.1016/j.cmi.2016.09.009.

Hazbo MH, Brimacombe M, Bobadilla M, Cavatore M, Varma-basil M, Billman-
Jacobe H, Lavender C, Fyfe J, Garci L, Ine C, Bose M, Chaves F, Murray M,
Eisenach KD, Cave MD, LeoDe AP, Alland D. 2006. Population genetics study of
isoniazid resistance mutations and evolution of multidrug-resistant mycobacterium
tuberculosis. 2640-2649 DOIT 10.1128/AAC.00112-06.

Hegazy WAH, Al Mamari R, Almazroui K, Al Habsi A, Kamona A, AlHarthi
H, Al Lawati AI, AlHusaini AH. 2021. Retrospective study of bone-TB in

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 17119


https://peerj.com
http://dx.doi.org/10.1128/JCM.39.12.4440-4444.2001
http://dx.doi.org/10.1128/AAC.00150-15
http://dx.doi.org/10.1371/journal.pmed.1001791
http://dx.doi.org/10.1371/journal.pone.0219706
http://dx.doi.org/10.1016/j.meegid.2012.02.004
http://dx.doi.org/10.1186/s12879-016-2122-x
http://dx.doi.org/10.1038/s41598-020-65766-8
http://dx.doi.org/10.1016/j.cmi.2016.09.009
http://dx.doi.org/10.1128/AAC.00112-06
http://dx.doi.org/10.7717/peerj.13645

Peer

Oman: 2002-2019. Journal of Epidemiology and Global Health 11(2):238-245
DOI 10.2991/jeghk.210420.002.

HiraniN, Joshi A, Anand S, Chowdhary A, Ganesan K, Agarwal M, Phadke N. 2020.
Detection of a novel mutation in the rpoB gene in a multidrug resistant Mycobac-
terium tuberculosis isolate using whole genome next generation sequencing. Journal
of Global Antimicrobial Resistance 22:270-274 DOI 10.1016/j.jgar.2020.03.004.

Iacobino A, Fattorini L, Giannoni F. 2020. Drug-resistant tuberculosis 2020: where we
stand. Applied Sciences 10(6):2153 DOT 10.3390/app10062153.

Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S,
Bunschoten A, Molhuizen H, Shaw R, Goyal M, van Embden J. 1997. Simul-
taneous detection and strain differentiation of Mycobacterium tuberculosis for
diagnosis and epidemiology. Journal of Clinical Microbiology 35(4):907-914
DOI10.1128/JCM.35.4.907-914.1997.

Koch A, Cox H. 2020. Preventing drug-resistant tuberculosis transmission. The Lancet.
Infectious Diseases 20(2):157-158 DOI 10.1016/51473-3099(19)30613-9.

Lempens P, Vandelannoote K, Meehan CJ, Fissette K, De Rijk P, Van Deun A, Rigouts
L, De Jong BC. 2018. Isoniazid resistance levels of Mycobacterium tuberculosis can
largely be predicted by high-confidence resistance-conferring mutations. Scientific
Reports 8(1):1-9 DOI 10.1038/s41598-018-21378-x.

Leung ECC, Leung CC, Kam KM, Yew WW, Chang KC, Leung WM, Tam CM.

2013. Transmission of multidrug-resistant and extensively drug-resistant tu-
berculosis in a metropolitan city. European Respiratory Journal 41(4):901-908
DOI 10.1183/09031936.00071212.

Lénnroth K, Abubakar I, Migliori GB, D’Ambrosio L, De Vries G, Diel R, Douglas
P, Falzon D, Gaudreau M-A, Goletti D. 2015. Towards tuberculosis elimination:
an action framework for low-incidence countries. European Respiratory Journal
45(4):928-952 DOIT 10.1183/09031936.00214014.,

NCSI. 2020. Characteristics of Expatriates in Oman. NCSI 10.

Pandey S, Tripathi D, Khubaib M, Kumar A, Sheikh JA, Sumanlatha G, Ehtesham
NZ, Hasnain SE. 2017. Mycobacterium tuberculosis peptidyl-prolyl isomerases are
immunogenic, alter cytokine profile and aid in intracellular survival. Frontiers in
Cellular and Infection Microbiology 7:38.

Panwalkar N, Chauhan DS, Desikan P. 2017. Defined lineages of mycobacterium
tuberculosis and drug resistance: merely a casual correlation?. Indian Journal of
Medical Microbiology 35(1):27-32 DOI 10.4103/0255-0857.202327.

Prasad R, Gupta N, Banka A. 2018. Multidrug-resistant tuberculosis/rifampicin-resistant
tuberculosis: principles of management. Lung India 35(1):78
DOI 10.4103/lungindia.lungindia_98_17.

Romanowski K, Campbell JR, Oxlade O, Fregonese F, Menzies D, Johnston JC. 2019.
The impact of improved detection and treatment of isoniazid resistant tuberculosis
on prevalence of multi-drug resistant tuberculosis: a modelling study. PLOS ONE
14(1):e0211355 DOI 10.1371/journal.pone.0211355.

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 18/19


https://peerj.com
http://dx.doi.org/10.2991/jegh.k.210420.002
http://dx.doi.org/10.1016/j.jgar.2020.03.004
http://dx.doi.org/10.3390/app10062153
http://dx.doi.org/10.1128/JCM.35.4.907-914.1997
http://dx.doi.org/10.1016/S1473-3099(19)30613-9
http://dx.doi.org/10.1038/s41598-018-21378-x
http://dx.doi.org/10.1183/09031936.00071212
http://dx.doi.org/10.1183/09031936.00214014
http://dx.doi.org/10.4103/0255-0857.202327
http://dx.doi.org/10.4103/lungindia.lungindia_98_17
http://dx.doi.org/10.1371/journal.pone.0211355
http://dx.doi.org/10.7717/peerj.13645

Peer

Singh R, Dwivedi SP, Gaharwar US, Meena R, Rajamani P, Prasad T. 2020. Recent
updates on drug resistance in Mycobacterium tuberculosis. Journal of Applied
Microbiology 128(6):1547—-1567 DOI 10.1111/jam.14478.

Siva Kumar S, Ashok Kumar S, Sekar G, Devika K, Bhasker M, Sriram S, Menon SP,
Dolla PA, Tripathy CK, Narayanan PR. 2020. Spoligotype diversity of mycobac-
terium tuberculosis over two decades from Tiruvallur, South India. International
Journal of Microbiology 2020:8841512 DOI 10.1155/2020/8841512.

Snow KJ, Sismanidis C, Denholm J, Sawyer SM, Graham SM. 2018. The incidence
of tuberculosis among adolescents and young adults: a global estimate. European
Respiratory Journal 51(2):1702352 DOI 10.1183/13993003.02352-2017.

Song W, LiY,MaX,LiuJ, TaoN, LiuY, Zhang Q,Xu T, LiS, Yu C-B, Gao L, Cui L,

Li H. 2019. Primary drug resistance of mycobacterium tuberculosis in Shandong,
China, 2004-2018. Respiratory Research 20(1):223 DOI 10.1186/s12931-019-1199-3.

Starks AM, Gumusboga A, Plikaytis BB, Shinnick TM, Posey JE. 2009. Mutations
at embB codon 306 are an important molecular indicator of ethambutol resis-
tance in Mycobacterium tuberculosis. Antimicrobial Agents and Chemotherapy
53(3):1061-1066 DOI 10.1128/AAC.01357-08.

Torres JN, Paul LV, Rodwell TC, Victor TC, Amallraja AM, Elghraoui A, Goodmanson
AP, Ramirez-Busby SM, Chawla A, Zadorozhny V, Streicher EM, Sirgel FA,
Catanzaro D, Rodrigues C, Gler MT, Crudu V, Catanzaro A, Valafar F. 2015.
Novel katG mutations causing isoniazid resistance in clinical M. tuberculosis isolates.
Emerging Microbes & Infections 4(7):e42—e42 DOI 10.1038/emi.2015.42.

Warren R, de Kock M, Engelke E, Myburgh R, Gey van Pittius N, Victor T, van
Helden P. 2006. Safe Mycobacterium tuberculosis DNA extraction method that
does not compromise integrity. Journal of Clinical Microbiology 44(1):254-256
DOI 10.1128/JCM.44.1.254-256.2006.

WHO. 2021. Global tuberculosis report. Available at https://www.who.int/publications/i/
item/9789240037021.

Al Mahrougqi et al. (2022), PeerJ, DOI 10.7717/peerj.13645 19/19


https://peerj.com
http://dx.doi.org/10.1111/jam.14478
http://dx.doi.org/10.1155/2020/8841512
http://dx.doi.org/10.1183/13993003.02352-2017
http://dx.doi.org/10.1186/s12931-019-1199-3
http://dx.doi.org/10.1128/AAC.01357-08
http://dx.doi.org/10.1038/emi.2015.42
http://dx.doi.org/10.1128/JCM.44.1.254-256.2006
https://www.who.int/publications/i/item/9789240037021
https://www.who.int/publications/i/item/9789240037021
http://dx.doi.org/10.7717/peerj.13645

