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SUMMARY

Tuberculosis (TB) is one of the deadliest infectious diseases worldwide,
mainly caused by Mycobacterium tuberculosis. Multidrug resistant (MDR) and
extensively drug resistant (XDR) TB are currently main challenges for TB control. In
high MDR-TB burden countries like Vietnam, one of the main factors of drug
resistant strain spread is the insufficient capacity of drug resistance detection. Besides,
still little is known in these countries about the resistance to second line and
pyrazinamide drugs (key drugs in the MDR-TB treatment) and the genetic
determinants linked to these resistances. In this context, this work aimed to acquire
knowledge on drug resistance in Vietnam and to understand how M. tuberculosis

evolved from sensitive to highly drug resistance form by molecular analysis.

260 clinical isolates collected in Vietnam between 2005 and 2009 were
included. Various techniques and analyses were used: drug susceptibility testing
(development of a test with a reduced turn-around time), spoligotyping and 24-MIRU-
VNTR typing and gene sequencing. The data were analyzed by statistical and
phylogenetic analyses. First, this work was focused on quadruple-first line drug
(isoniazid, rifampicin, streptomycin and ethambutol) resistance and pyrazinamide
resistance in M. tuberculosis clinical isolates. Out of 91 quadruple-FLD resistant
isolates, 21 (23.1%) isolates were pre-XDR and 7 (7.7%) ones were XDR by DNA
sequencing. The molecular analysis revealed also 91/205 (44.4%) drug resistant
isolates carrying highly confident pyrazinamide resistance-associated mutations,

particularly in MDR and quadruple resistant isolates and in Beijing family.

Second, the genetic and phylogenetic analyses showed high diversity of
mutation patterns within each family and each MIRU-VNTR cluster suggesting
various evolutionary trajectories towards first and second-line drug resistance. The
predominance of specific mutations and combinations of mutations associated with
high level of resistance and low fitness cost suggests a cumulative effect of mutations
and a role for epistasis in multiple-drug resistance acquisition. In addition, 19/123
(15.4%) MDR isolates carried fitness-compensatory mutations associated with
rifampicin resistant mutations. These processes may drive the evolution of drug

resistance in this sample and lead to a successful spread of highly drug resistant



strains. It is worth noting that Beijing family was specifically linked to drug

resistances, low fitness cost mutations and to compensatory mutations.

In conclusion, this work provides knowledge on the resistance to the first and
second-line anti-TB drugs in clinical M. tuberculosis samples collected in Vietnam
between 2005 and 2009. These data predict an evolution towards a more problematic
situation in terms of drug resistance. First, because the Beijing family, which is
currently invading Vietnam. Second, the 69.1% (85/123) of MDR isolates carrying
highly confident pyrazinamide resistance-associated mutations in our sample
challenge the efficacy and the use of this drug in MDR-TB treatment. Third, the high
diversity of drug-resistance mutation patterns with some prevailing mutations suggest
an evolution of M. tuberculosis towards a higher potential of drug resistance because
of a probable cumulative effect of drug resistant mutations and epistatic interactions.
Since the samples under study were collected between 2005 and 2009, the next step is
to test our hypotheses on a recent sampling. Finally, this study together with
published data allowed making, for the first time, an inventory of the drug resistance
associated mutations in M. tuberculosis isolates from Vietnam. This database will be
used for the development of a DNAchip for the fast detection of drug resistance in

Vietnam.



RESUME

La tuberculose (TB), provoquée par Mycobacterium tuberculosis, est une des
trois maladies prioritaires dans le monde. Les TB multi-résistantes (MDR) et ultra-
résistantes (XDR-TB) représentent des obstacles majeurs pour la lutte
antituberculeuse. Dans les pays a MDR-TB ¢élevée, comme le Vietnam, la détection
insuffisante de la résistance aux antibiotiques est un des facteurs principaux qui
favorisent la transmission des souches résistantes. De plus, dans ces pays, encore tres
peu de choses sont connues sur la résistance a la pyrazinamide et aux antibiotiques de
seconde ligne (antibiotiques essentiels dans le traitement de la MDR-TB) et sur les
déterminants génétiques liés a ces résistances. Dans ce contexte, ce travail vise donc a
acquérir des connaissances sur la résistance aux antibiotiques au Vietnam et a étudier

comment M. tuberculosis évolue de 1’état sensible a I’état ultra-résistant.

260 isolats cliniques collectés au Vietnam entre 2005 et 2009 ont été inclus.
Diverses techniques et analyses ont été utilisées: tests de sensibilité aux médicaments
(développement d'un test a temps réduit), spoligotypage et MIRU-VNTR (24 loci) et
séquencage de génes. Les données ont été analysées par des analyses statistiques et

phylogénétiques.

Ce travail s’est d’abord focalisé sur la caractérisation d’isolats hautement
résistants et sur la résistance a la pyrazinamide. Une forte proportion d'isolats
quadruple résistants aux antibiotiques de premicre ligne a été identifiée comme pré-
XDR et XDR et en majorité appartenant a la famille Beijing. L'analyse moléculaire a
¢galement révélé une forte proportion d'isolats, en particulier MDR, quadruple
résistants et de la famille Beijing, portant des mutations associées a la résistance a la

pyrazinamide.

L'analyse génétique et phylogénétique globale a ensuite montré une grande
diversité de profils de mutations dans chaque famille et chaque cluster MIRU-VNTR.
Ces données suggerent que M. tuberculosis peut suivre des chemins évolutifs variés
pour devenir ultra-résistant. La prédominance de mutations et de combinaisons de
mutations associées a un haut niveau de résistance et a un faible colt en termes de
fitness suggeére un effet cumulatif des mutations et un réle de 1’épistasie dans

l'acquisition de la résistance multiple. De plus, une fréquence élevée de mutations



compensatoires associées a la résistance a la rifampicine a été détectée chez les isolats
trés résistants. Ces processus semblent donc influencer fortement 1'évolution de la
résistance dans notre échantillon. Il est a noter que les mutations liées a des niveaux
de résistance ¢levée et a de faibles cofits en termes de fitness, ainsi que les mutations

compensatoires étaient plus particulierement associées a la famille Beijing.

En conclusion, ce travail fournit des connaissances uniques sur la résistance
aux antibiotiques chez M. tuberculosis au Vietnam entre 2005 et 2009. En particulier,
ces données prédisent une évolution de la résistance vers une situation de plus en plus
préoccupante. Premierement, la famille Beijing, en cours d’invasion au Vietnam,
apparait associée a de hauts niveaux de résistance, de faibles colts en termes de
fitness et aux mutations compensatoires. Deuxiémement, le risque élevé de résistance
a la pyrazinamide remet en question son efficacité et son utilisation dans les
traitements contre la MDR et la XDR-TB. Troisiemement, les données suggerent une
évolution de M. tuberculosis vers un potentiel de résistance plus élevé par effet
cumulatif des mutations associées a la résistance et 1’existence de phénomenes
d’¢épistasie. Comme les échantillons étudiés dans ce travail ont été collectés entre
2005 et 2009, I’étape suivante est de valider nos hypothéses sur des données

actualisées.

Enfin, ce travail, avec les données déja publi¢es, a permis d’établir, pour la
premiere fois, un inventaire des mutations associées a la résistance aux antibiotiques
chez M. tuberculosis au Vietnam. Cette base de données sera utilisée pour le
développement d'une puce & ADN pour la détection rapide de la résistance aux

antibiotiques au Vietnam.
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Chapter 1. INTRODUCTION, OBJECTIVES AND
LITERATURE REVIEW

1.1 Introduction and Objectives

Tuberculosis (TB), one of the deadliest infectious diseases in the world,
caused by Mycobacterium tuberculosis, is a major problem of public health in
Vietnam. Although many successes in treatment and TB management of drug-
resistance were achieved between 1990 and 2015, Vietnam ranks 13" in the list of the
highest TB and 14" in the list of multidrug resistant (MDR-TB, resistant TB at least
to isoniazid (INH) and rifampin (RIF)) burden countries in the world (1). Vietnam, as
many developing or emerging countries, is facing an increase of MDR-TB (from
2.7% in 2005 to 4.0% in 2011) and the emergence of highly drug resistant strains such
extensively drug resistant TB (XDR-TB, MDR TB resistant to any fluoroquinolone
(FQ) and at least to one second-line injectable drug (SLID)) (1). However,
accessibility to drug susceptibility testing (DST) is still limited in these countries
leading to high spread of drug resistant strains. Several studies deal with MDR-TB in
Vietnam and thus with RIF and INH resistance, but still little is known about the
resistance to the other FLDs (streptomycin (STR), ethambutol (EMB) and
pyrazinamide (PZA)) and second line drugs (SLDs = FQs and SLIDs). However, it is
worth noting that PZA is a key drug in current and future treatment regimens for
sensitive TB, MDR-TB, XDR-TB and TB relapses and SLDs in the MDR-TB
treatment (2-4). On a genetic point of view, five papers demonstrated a link between
Beijing family, one of the most transmissible and drug resistant M. tuberculosis
families, with MDR-TB in Vietnam and two of them investigated the drug resistant
mutations associated with FQ and STR resistance (5-9). Thus, the data are still
limited and do not allow to have a detailed view of drug resistance, to estimate the
risk of XDR, to limit the risk of using and introducing ineffective TB treatment
regimens and to help the implementation of new diagnostic tools and efficient control

strategies.

In this context, this work aimed to acquire knowledge on drug resistance

within clinical samples of M. tuberculosis collected in Vietnam and to understand

14



how this bacteria evolved from sensitive to highly drug-resistant form by molecular
analysis. Finally, the data allowed to discuss about the risk of drug resistance increase
over time and to build a database of mutations associated with drug resistance in order
to develop a diagnostic kit specifically adapted to Vietnam based on the microarray

technology.

This study is of high interest because we will acquire global knowledge on
FLD and SLD resistance within a collection of clinical M. tuberculosis from Vietnam
belonging to different families. It is obvious that knowledge on drug resistant patterns,
their frequencies and distribution in M. tuberculosis population and the insights into
the contributing evolutionary processes are essential to determine the best TB
treatment, to implement efficient control strategies and to help the development of

diagnostic tools.
The specific objectives were as follows:

1. To develop a method with a reduced turn-around time and cheaper cost for M.

tuberculosis drug susceptibility testing.

2. To determine the FLDs and SLDs drug resistant patterns by drug susceptibility
testing in a clinical M. tuberculosis sample collected between 2005 and 2009
and to identify the genetic determinants linked to FLD and SLD drug
resistance by the sequencing of 11 main genes known to be associated with
these resistances including the following genes or promoters: rpoB, katG and
inhA and inhA promoter, rpsL, rrs, embB, pncA and pncA promoter, and
gvrA and gyrB. The objective here was to assign a genetic drug resistance
pattern to each isolate. The compensatory mutations linked to RIF and INH
resistance were also investigated in the genes, ahpC and its promoter, rpoA
and 7poC, in order to investigate the potential risk of fitness increase within

highly drug resistant isolates.

3. To characterize the M. tuberculosis isolates by spoligotyping and 24-loci
MIRU-VNTR typing in order to identify the families and determine the
genotypic diversity.

15



4. To acquire knowledge on drug resistance in Vietnam. The objective here was
to determine the link between FLD and SLD drug resistance patterns and the

M. tuberculosis genetic background.

5. To determine what we can learn from the genes and to better understand how
M. tuberculosis evolves from drug sensitive to MDR, pre-XDR and XDR
forms. The objective here is to explore the processes that drive the evolution

of drug resistance.

6. To investigate the sensitivity and the specificity of the molecular analysis for
the drug resistance detection. This work will help build a database of drug
resistance-associated mutations for the further implementation of a specific

diagnostic kit based on microarray technology.
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1.2 Literature review

1.2.1 Global tuberculosis burden and risk factors

Over tens of thousands of year, human has been infected with an ancient
pathogen named Mycobacterium tuberculosis, which is the main causative agent of

TB also historically called “White plague” or “Consumption”(10, 11).

Despite the undeniable progresses that has been made in global TB control,
with a decrease of TB prevalence and mortality rate since 1990, TB is still one of the
most devastating human infectious diseases, with HIV and malaria (1). It is a major
public health problem worldwide and 2-3 billion people have been infected with M.
tuberculosis of whom 5-15% will develop TB during their lifetime (1). According to
the WHO global TB report 2016, an estimated 10.4 million people developed TB.
South-East Asia and Western Pacific regions account for 58% of the estimated TB
cases (1). TB killed 1.8 million people in 2015, among which 0.4 million were HIV-
positive patients (1). Several parameters can explain this epidemiological situation,
such as the social and health conditions, the association with HIV/AIDS (1.2 million
of patients are co-infected by MTB/HIV), the movement of populations and the

existence of multidrug-resistant strains (1).

Regarding the last point, the emergence of MDR and XDR-TB is one of the
main challenges threatening the success of global TB control program (Figure 1.1)
(1). Globally, 480 000 (5%) TB cases were estimated to be MDR-TB in 2015 (1).
Drug resistance surveillance data showed that the proportion of MDR-TB was 3.3%
among new TB cases and 20% among previously treated cases (1). Besides, XDR-TB
has been reported in 117 countries by the end of 2015 (Figure 1.1) (1). During this
year, an estimated 9.5% of people with MDR-TB developed XDR-TB. In some
regions of the world, this proportion was over than 15% such as in Latvia (19%),

Lithuania (25%) and Belarus (29%) (1).
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Figure 1.1. Global picture of MDR- and XDR-TB in 2014. Percentage of new TB cases
with MDR-TB (A) and countries with XDR-TB (B) (WHO, 2015).

Overall, the treatment success rate was of 83% for new TB cases in 2014 (1).
The treatment of MDR and XDR-TB is much more difficult, complex and costly with
higher rates of treatment failure and mortality. Globally, only 50% of MDR-TB and
26% of XDR-TB patients are successfully treated (1). The economic situation of the
countries may also impact the success of TB control programs. It is estimated that
about $ 8 billion per year is required for a full response to TB epidemic in these
countries, of which about 20% is for detection and treatment of MDR-TB (1, 12).
Additionally about $ 2 billion per year is required for research and development for
new TB diagnostics, drugs and vaccines. In brief, the global economic burden of TB

is approximately $ 12 billion annually (1).

The detection rate of TB patients remains low (57% of the pulmonary cases

reported were bacteriologically confirmed), which may seriously underestimate the
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burden of the disease and favor the spread of the disease in the community. One of the
main factors contributing to the high rate of DR-TB is the treatment non-adherence of
TB patients (13, 14). The treatment duration is long (usually six months or longer)
and is a combination of multiple drugs that often have side effects, therefore patients
can be refractory to the treatment. Furthermore, patients often experience rapid
improvement of symptoms, and then stop the treatment leading to TB relapses and
DR. In 1990, WHO recommended the DOTS (Directly Observed Treatment, Short-
course) strategy for TB control. However, the lack of full supervision during the
intensive phase of treatment, of follow up, drug supply and management and of
infrastructure largely contributes to the development of DR (15, 16). In addition, the
low quality of drugs can be also one of the reasons of relapses and DR (16, 17). The
major concerns of the MDR-TB treatment are the duration (20 - 30 months), the use
of SLDs, which are very expensive and the complex management (1, 4). Factors such
as poverty, migration, traveling, HIV infection, homelessness, being in prison,
substance abuse, weak immune system, alcohol and smoking were also linked to DR
transmission (14-17). Finally, in the regions with high prevalence of virulent M.
tuberculosis strains such as Beijing or LAM genotypes, the risk of TB and MDR-TB
infection is also higher (7, 18, 19).

1.2.2 Detection of M. tuberculosis

The most common method for diagnosing M. tuberculosis worldwide remains
the conventional Ziehl-Neelsen (ZN) method, that has been developed more than 100
years ago (1). Bacteria are observed in sputum samples examined under a light
microscope. This method is a low-cost and frontline tool for TB diagnosis. However,
this method cannot distinguish between drug-susceptible and drug-resistant M.
tuberculosis or between different species of mycobacteria such as non-tuberculous
mycobacteria. Moreover, this method has variable sensitivity (20 - 80%) than can be
very low in HIV/TB co-infected patients (1, 12, 20). Currently, WHO recommends
the use of fluorescent light-emitting diode (LED) microscopy as alternative technique
because it is more sensitivity (10%) than ZN method (20). Nevertheless, the use of
LED microscopy is limited because of its high cost. Therefore only 7% of TB centers

worldwide used this technology in 2014.
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The culture-based method is the gold standard for detection of M.
tuberculosis. The detection rate often increases of 30-50% compared to microscopy
(20). In addition, culture provides the bacterial material for drug susceptibility testing
(DST). However, this method is more complex and expensive than microscopy, time
consuming (4-8 weeks by solid culture) and strict biosafety measures (20-22).
Besides, liquid culture media is a more sensitive and faster culture system but does
not permit to identify contamination with other bacteria (20, 22). Regarding the DST,
the reliability also varies with the anti-TB drugs. DST is more accurate in detecting
susceptibility to INH, RIF, FQs and SLIDs, but results are less reliable and
reproducible for ethambutol (EMB), streptomycin (STR), pyrazinamide (PZA) and
for drugs of groups 4 and 5 (20, 22, 23).

The development of genetic methods showed considerable advantages in M.
tuberculosis and DR detection. The two main molecular tools endorsed by WHO in
2008 and 2010 are Line Probe Assay (LPA) and Xpert MTB/RIF, respectively (24,
25). LPA allows rapid detection of M. tuberculosis and RIF resistance alone (INNO-
LiPA®RIif. TB assay, Innogenetics, Ghent, Belgium) or in combination with INH
(GenoType® MTBDR assay, Hain Lifescience, Nehren, Germany) within 24 hours
(20). LPA is suitable for both AFB smear-positive sputum specimens and M.
tuberculosis isolates grown by conventional culture method. This test shows high
sensitivity for detection of RIF resistance (over 94%), but is less sensitive for the
detection of INH resistance (approximately 85%) (20, 26). Therefore, it may
underestimate the number of MDR cases (20). The Xpert MTB/RIF assay allows to
identify M. tuberculosis complex and the RIF resistance directly from sputum
specimens in less than two hours (20, 24). The assays had similar sensitivity,
specificity and accuracy as culture on solid media and this tool has been
recommended by WHO as initial diagnostic test for persons with a risk of MDR-TB
and HIV. However, the tests for detection of RIF resistance alone cannot accurately
predict RIF resistance and MDR-TB since about 10% of RIF resistant isolates were
sensitive to INH (20). Besides, despite the overall high sensitivity (99%), Xpert
MTB/RIF sensitivity was 60 - 88% compared with liquid culture and false results
have been reported (27, 28). Recently, a new version called Xpert Ultra is able to
detect M. tuberculosis with a limit of detection of 10 — 100 CFU/ml sputum (27). This

new version has already shown higher sensitivity and specificity for detection of M.
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tuberculosis and RIF-resistant samples compared to the previous Xpert MTB/RIF and
is expected to be launched in 2017.

For the rapid identification of XDR-TB, the Genotype MTBDRsI® test has
been developed in 2009 with the capacity to detect resistance to FQs and SLIDs (25).
However, the moderate sensitivity (69%) for XDR-TB detection leads to an
underestimation of XDR-TB cases (WHO 2016). The accuracy of MTBDRs/ by
indirect testing for the detection of FQ resistance in patients with RIF-resistant or
MDR-TB was 86% of sensitivity and 99% of specificity (27). For detection of SLID
resistance by indirect testing, this test showed 77% of sensitivity and 99% of
specificity (27). Therefore, the results obtained by MTBDRs/® may be used as initial
test for detection of SLD resistance but cannot be used to properly guide the choice of

SLIDs for the MDR-TB treatment (20, 22, 27).

Overall, the TB case detection remains low. In 2014, only 6 million (63%) out
of the 9.6 million estimated TB cases by WHO were reported (1). Furthermore, if the
6 million notified TB cases were tested for DR, an estimated 300 000 people would
have been found to have MDR-TB (globally 5% MDR). However, only 12% of new
TB cases and 58% of previously treated TB cases were examined for drug
susceptibility (1). Therefore, only 123 000 MDR-TB cases were notified globally,
represented 41% of the estimated 300 000 MDR-TB cases in the world in 2014. As a
result, many TB patients with undetected MDR were not potentially correctly treated
leading to treatment failure and an increased risk of MDR transmission in the
community. Moreover, among the 110 000 notified MDR-TB patients enrolled on
MDR-TB treatment according to WHO standards, only 24% received DST for both
FQs and SLIDs (1). This suggests that many XDR-TB cases were never diagnosed.
These data show the depth of the challenge for the management of MDR-TB and
emergence of XDR-TB worldwide.

1.2.3 Anti-TB drugs

More than 20 anti-TB drugs are currently available for the treatment of TB
(Table 1.1) (WHO 2016). These drugs have traditionally been divided into FLDs and

SLDs, and have been classified into 5 different groups.
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The FLDs (group 1, Table 1.1) generally have the greatest activity against TB

bacilli and they are the core elements of the TB control programs in the world. These

drugs have been combined to form the backbone of the directly observed
therapy (DOT) program launched by WHO since 1995 (29). The SLDs (groups 2 — 4,
Table 1.1) are mainly used for treating MDR and XDR-TB cases (4). The drugs in

group 5 are the third-line drugs including anti-TB drugs with limited data on their

efficacy and/or on their long-term safety. They are mainly used for treating XDR-TB

(4), but some drugs were designed for new treatment regimens of sensitive-drug

cases, such as LZD and CFZ (30-33). The mode of action of the main FLDs and SLDs

and the mechanisms of DR are described in the part 1.2.7 (mechanisms of drug

resistance in M. tuberculosis) of this chapter (see below).

Table 1.1. The five groups of anti-TB drugs recommended by WHO for treating
drug-sensitive and drug-resistant TB (including MDR and XDR)

Group Description Drug (year of discovery) TB treatment
1 First-line oral anti-TB  Isoniazid/INH (1952) DS-TB
drugs
Rifampicin/RIF (1966) DS-TB

2 Injectable anti-TB drugs

3 Fluoroquinolones (FQs)

4 Oral bacteriostatic
second-line anti-TB drugs

Ethambutol/EMB (1961)

Pyrazinamide/PZA (1952)

DS-TB, DR-TB (add-on agents)

DS-TB, DR-TB (add-on agents)

Rifabutin/RBT (1975) DS-TB
Rifapentine/RPT (1975) DS-TB
Streptomycin/STR (1943) DS-TB
Kanamycin/KAN (1957) DR-TB
Amikacin/AMK (1957) DR-TB
Capreomycin/CAP (1960) DR-TB
Levofloxacin/LFX (1987) DR-TB
Moxifloxacin/MFX (1996) DR-TB
Gatifloxacin/GFX (1998) DR-TB
Ofloxacin/OFX (1982) DR-TB
Ethionamide/ETO (1956) DR-TB
Prothionamide/PTO (1956) DR-TB
Cycloserine/CS (1954) DR-TB
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Anti-TB drugs  with
limited data on efficacy
and/or long-term safety in
the treatment of drug-
resistant TB

(This group includes new
anti-TB agents)

Terizidone/TZD (1956)
p-aminosalicylic acid/PAS (1946)

p-aminosalicylate sodium/ASS (1946)

DR-TB

DR-TB

DR-TB

Bedaquiline/BDQ (2006)
Delamanid/DLM (2006)
Linezolid/LZD (1996)
Clofazimine/CFZ (1950s)
Amoxicillin/Clavulanate/AMX-CLV
Imipenem/Cilastatin/LPM
Meropenem (1976)/MPM

High-dose isoniazid/H"
Thioacetazone/T

Clarithromycin/CLA

DR-TB (add-on agents), clinical trial
DR-TB (add-on agents), clinical trial
DR-TB

DR-TB

DR-TB (add-on agents)

DR-TB (add-on agents)

DR-TB (add-on agents)

DR-TB (add-on agents)

DR-TB (add-on agents)

DR-TB (add-on agents)

Adapted from WHO 2014 (Companion handbook to the WHO guidelines for the programmatic
management of drug-resistant tuberculosis) and WHO 2016 (WHO treatment guidelines for drug-
resistant tuberculosis: 2016 update). Add-on agents: PZA and EMB are added in the regimens if drug-
sensitive strains are confirmed; drugs in group 5 are added in the regimen if the full regimen cannot

contain drugs from the groups 2, 3 and 4. DS=drug sensitive; DR=drug resistant.

New anti-TB drugs are now in the pipeline (Figure 1.2) and combinations of

drugs that include new compounds are being tested in clinical trials (3, 34). New TB

drugs are urgently needed because of the complexity, the duration and the toxicity of

the current TB drug regimens and the major problem of DR-TB.
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Figure 1.2. Global TB drug pipeline in 2016
(Source: http://www.newtbdrugs.org/pipeline.php)

1.2.4 TB Treatment

» Standard treatment regimen for drug-sensitive and drug-resistant TB

Treating TB takes much longer time than treating other types of bacterial
infection and requires a combination of at least four distinct drugs. Indeed, TB
patients must take antibiotics for at least six to nine months (35, 36). The drugs and
the length of treatment depend on patient’s profile including age, health condition,
drug-sensitive/-resistant status and the location of infection in the body. TB patients
have to strictly comply with the treatment regimen. Stopping treatment or skipping

doses can allow the emergence of resistance.

To date, the current standard treatment regimen recommended by WHO
consists of 2 months of INH, RIF, PZA and EMB, followed by 4 months of INH and
RIF (2HRZE/4HR) for new TB patients (4). This regimen has not changed in nearly
40 years because it is efficient for the treatment of drug-sensitive TB despite the
substantial drawbacks of treatment duration, complexity and toxicity (37).
Nevertheless, the lack of treatment compliance is frequent because some patients

abandon therapy when they start to feel better. For the retreatment of TB patients, the
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eight-month regimen 2SHREZ/1IHREZ/5SHRE is then applied. Besides, the regimens
for treatment of mono- and poly-resistant (either resistant to INH or RIF) TB are not

yet standardized. They are based on the DR patterns (DST results) (38).

For MDR-TB patients, a combination of FLDs (except INH and RIF) and
SLDs are generally used for 20 to 30 months (38). In all settings, WHO and the
national guidelines for MDR-TB treatment suggest personalized regimens based on
DST results. Globally, most of treatment regimens contain a minimum of four drugs
including one FLD (PZA or EMB), one SLID (AMK/KAN or CAP), one drug
belonging to FQ group (in decreasing frequency of use: OFX/LFX/MFX/GFX) and
one drug from group 4 (often CS or PAS) (4, 38). The drugs belonging to group 5

should be included when four active drugs from previous groups are not available.

An inappropriate treatment for MDR-TB is one of the main factors that can
lead to XDR-TB. Since XDR-TB is resistant to the most powerful FLDs and SLDs,
treatment options are seriously limited. In this case, the group 5 and the new approved
drugs are often key drugs in XDR treatment regimen. In general, the XDR-TB
regimen should be prescribed as followed: one SLID (KAN or AMK or CAP), one
drug of the last generation of FQ (LEV or MFX), at least two drugs of group 4 (ETH,
PAS or CS), one drug of group 5 (BDQ or DLM or CFZ) and one drug of group 1
(PZA or EMB) (4, 38).

Recently, a standardized regimen for treating MDR-TB cases has been used in
several African and Central Asian countries (WHO 2016). This regimen allowed
shortening treatment course with duration of 9- 12 months. The treatment regimen
consisted of 4-6 months of Kan-Mfx-Pto-Cfz-Z-H"-E, followed by 5 months of Mfx-
Cfz-Z-E and had 82% success rate. From these data, WHO updated the treatment
guidelines for DR-TB and also included a recommendation to use shorter MDR-TB
regimen under specific conditions. This regimen is expected to benefit MDR-TB
patients worldwide. However the regimen needs to be strictly controlled, otherwise

XDR could rapidly emerge.
» New treatment regimens

The new regimens are mostly or entirely composed of new drugs having

potent activity against M. tuberculosis and no cross-resistance with the existing
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agents. The goal is to shorten and simplify the TB treatment in general. Several new
regimens for drug-susceptible and/or drug-resistant TB are in Phase II or Phase III
trials (30, 31, 33, 39, 40). The new generation of FQs, MFX and GFX are currently
being tested for replacing EMB or INH in the treatment of drug sensitive TB, to

shorten the standard treatment course from six months to four months (32, 33, 41, 42).

The re-proposed and new drugs including CFZ, LZD, BDQ, DLM, PA-824
and sutezolid (also known as PNU-100480) are currently under study as add-on
therapy to the current drug-resistant treatment. Recent reports showed that the
combination of BDQ, sutezolid and PA-824, with or without CFZ has greater
sterilizing activities than that of the first-line regimen RIF, INH and PZA (30, 31, 33,
39, 40). Other studies showed that the combination of BDQ and PZA with either PA-
824 or sutezolid or CFZ had a greater bactericidal and sterilizing activities also
compared to the first-line regimen, RIF, INH and PZA (39, 40). This suggests that the
new regimens may offer potential shorter treatment duration (4 months) against PZA-
susceptible isolates, but still constitute effective short-course regimens (6 months)
against isolates resistant to PZA (39, 40). The combination of BDQ, PA-824, CFZ
and PZA is currently in clinical trial (ClinicalTrials.gov, registration no.

NCT01691534).

1.2.5 BCG vaccine, new vaccines and perspectives

The ‘Bacillus Calmette-Guérin® (BCG) vaccine, an attenuated form
of Mycobacterium bovis, is currently the only available TB vaccine and has been
introduced in 1921 (43). This vaccine is one of the most widely used of all current
vaccines. It can reach more than 80% of all newborn children and infants in countries
where it is a part of the national childhood immunization program (BCG vaccine, the

WHO, 2011, www.who.int/biologicals/areas/vaccines/). It has been reported in 2004

that about 100 million children received BCG vaccine each year

(http://www.who.int/vaccine safety/initiative/tools/BCG Vaccine rates informat

ion_sheet.pdf). The BCG vaccine provides protection against TB meningitis and the
disseminated form of the disease in infants and young children (43, 44). It is unclear if
the BCG vaccine has an overall effect in reducing TB. Previous studies indicated that

BCG vaccine efficacy against pulmonary diseases varies geographically (43, 44).
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Overall, the vaccine is relatively safe, inexpensive and requires only one injection.
However, vaccine-induced protection wanes with time and is likely to be lost after
10-20 years (43). Furthermore, it does not prevent primary infection and, more
importantly, does not prevent reactivation of latent pulmonary infection, the principal
source of bacillary spread in the community. Furthermore, a previous study showed
that BCG vaccine could induce M. bovis BCG disease in HIV-infected children (45).
The other limitation of BCG vaccine is the reactivity to the tuberculin skin test after
vaccination (43, 44). This test cannot distinguish a positive response caused by M.
tuberculosis infection from that caused by BCG vaccination or non-tuberculous
bacterial infection. Currently, BCG vaccination is mainly used for infants and
children who reside in settings in which the likelihood of M. tuberculosis transmission
is high (44). Thus, development of new, safe, effective and affordable vaccines to

replace the BCG vaccine is therefore essential.
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Figure 1.3. Global TB vaccine pipeline in 2014
(Source from http://www.aeras.org/annualreport2014)

According to AERAS report in 2014, 15 vaccine candidates were in Phase I or
Phase II clinical trials (Figure 1.3). The most promising approaches are the
recombinant BCG vaccines, the attenuated strains of M. tuberculosis and DNA
vaccines. Although recent progresses have been made in the development of new TB
vaccines, the population structure of M. tuberculosis and the host-specific pathogen
adaptation may need to be considered when engineering and evaluating new vaccine

candidates (46).
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1.2.6 General characteristics, lineage classification, evolution and distribution

of Mycobacterium tuberculosis

A. Characteristics of M. tuberculosis

M. tuberculosis was first discovered in 1882 by Robert Koch (47). This
pathogen belongs to the slow-growing bacterial group, characterized by a 18 to 24
hour division rate (48). Consequently, the growth on LJ medium requires at least 3-4
weeks (48). Faster results can be obtained using solid Middlebrook medium with
growth supplement (OADC) or liquid medium (BACTEC) (20, 49-52). M.
tuberculosis is non-pigmented, rough, dry colonies and forms a cord-like structure on

L) medium (Figure 1.4, A). Using Ziehl-Neelsen staining or acid-fast staining

method, the tubercle bacteria are rod-shaped and bright red (Figure 1.4, B).

Figure 1.4. Visualization of M. tuberculosis colonies on Lowenstein-Jensen medium (A)
and M. tuberculosis visualization using the Ziehl-Neelsen stain (B)
(Source from http://textbookofbacteriology.net/tuberculosis.html)

Under electron microscope, the bacteria are about 2 — 4 um in length and 0.2-
0.5 pm in width (Figure 1.5). M. tuberculosis is classified as acid-fast Gram-positive
bacteria due to their lack of outer cell membrane. Nevertheless, the membrane
characteristics do not correspond to Gram-positive ones. Indeed, the bacteria do not
retain the crystal violet dye as expected for Gram-positive bacteria, sometimes
resulting in “ghost” appearance after washing with alcohol or acetone. M. tuberculosis
has a specialized cell wall complex, which consists of four major components,
mycoside, mycolic acids, arabinogalactan and peptidoglycan. Mycolic acids, the
major lipids of the cell wall of mycobacteria in general, are major components of the
outer permeability barrier and are responsible for the "acid-fastness" of this group of

microorganisms (53). Furthermore, the fatty acids are linked with carbohydrate
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components that form an unique envelope which inhibits phagolysosome fusion (48).
Like many other bacteria, M. tuberculosis does not form spores but has the capacity to
become dormant — a non-replicating state characterized by low metabolic activity and

prolonged persistence (48).
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Figure 1.5. Mycobacterium tuberculosis scanning electron micrograph
(Source from http://phil.cdc.gov/phil/details.asp?pid=9997)

By 1998, the genome of M. tuberculosis H37Rv strain has been sequenced
(54). Recently, thanks to the progresses in whole genome sequencing (WGS)
technology, the sequences of many genomes have been determined covering all types
of DR from pan-drug sensitive to MDR and XDR strains (55-60). The M. tuberculosis
genome contains about 4.4 megabase pairs and around 4000 genes with a very high

guanine + cytosine (GC) content (about 65%) (http://genolist.pasteur.fr/Tuberculist/).

M. tuberculosis is described as a clonal bacteria and the genome is highly conserved
(54, 61, 62). The pathogen is characterized by a low mutation rate about 10~
mutation/bacterium/cell division (63-65). The genome evolutionary rate is very low,

estimated between 0.4 - 0.5 SNP/genome/year (55, 66).
B. Evolutionary history and clonal expansion of MTBC

M. tuberculosis is a member of the M. tuberculosis complex (MTBC), which
comprises three human-adapted species (including 8 lineages), M. tuberculosis (5
lineages), Mycobacterium africanum (2 lineages) and Mycobacterium canettii and
several animal-sourced lineages including Mycobacterium bovis (mainly pathogen of

cattle), Mycobacterium caprae (pathogen of sheep and goats), Mycobacterium
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microti (pathogen of voles) and Mycobacterium pinnipedii (pathogen of seals and sea
lions) (11, 46, 67-71). Phylogenetic analyses indicated that the MTBC is the clonal
progeny of an ancestral strain of M. canettii, belonging to the group of ‘smooth
tubercle bacilli’ (Figure 1.6) (67, 71, 72). The genome of the MTBC members is
highly conserved with 99.9% identity (62, 71-73).
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Figure 1.6. Evolutionary relationships between selected mycobacteria and members of

the Mycobacterium tuberculosis complex.
(From Galagan (2014) (72):The animal-adapted Mycobacterium bovis ecotypes branch from a
presumed human-adapted lineage of Mycobacterium africanum that is currently restricted to West
Africa. Human-adapted M. tuberculosis strains are grouped into seven main lincages. The dates of
branching events are only crude estimates. TbD1 indicates the deletion event specific for M.
tuberculosis lineages 2, 3 and 4. Evolutionary distances are not to scale. All species shown are from the
genus Mycobacterium.)

Among the eight human-adapted lineages, the 5 lineages belonging to M.
tuberculosis are M. tuberculosis lineage 1 (The Philippines and Indian-Ocean), M.
tuberculosis lineage 2 (East-Asian), M. tuberculosis lineage 3 (East-African-Indian),
M. tuberculosis lineage 4 (Euro-American) and M. tuberculosis lineage 7 (Ethiopia)
(46, 68, 69). From several detailed phylogenetic analyses, the lineages 1, 5 and 6 were

defined as ancient lineages with M. canetti as the more ancestral branch; lineages 2, 3,
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4 as modern lineages and lineage 7 appears to be intermediate between the ancient

and modern lineages (10, 62, 71, 72).
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Figure 1.7. Out-of-Africa migration and Neolithic expansion of human MTBC
(from Comas et al (10). Note: Major splits are annotated with the median value (in thousands of years)
of the dating of the relevant node.)

The study of Comas et al. analyzed the whole genome of 259 strains
representative of the global diversity of MTBC and showed that, the MTBC emerged
about 70,000 years ago in Africa, accompanied migrations of modern humans out of
Africa and expanded as a consequence of the human population density increase
during the Neolithic period (Figure 1.7) (10). It is obvious now that MTBC has
evolved together with humans for a long time and that they have thus influenced
reciprocally their evolution (74). Among these lineages, the ancient linage 1 emerged
as early as 67,000 years ago, coinciding with the initial migration of humans out of
Africa towards the Indian Ocean (10). The modern lineages 2, 3, 4 would have
emerged about 46,000 years ago, coinciding with the second wave of human
migration towards the Middle East, Europe and East Asia. The lineage 7 would have
emerged 64,000 years ago and is still strictly associated with the Horn of Africa (10,
68). Finally, the lineages 5 and 6 seem to have emerged earlier than other lineages and

as lineage 7 stayed on the African continent (10).
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C. Global distribution and M. tuberculosis lineages

Detailed phylogenetic analyses suggested that during these migration events,
the M. tuberculosis lineages would have adapted to different human populations (10,
62). Indeed, the lineages are strongly associated with geographical areas, their names

reflecting the geographical origin of the M. tuberculosis population (Figure 1.8) (62).
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Figure 1.8. Phylogeny of the MTBC and distribution
of the 7 main M. tuberculosis lineages
(Source from Coscolla and Gagneux (62). (A) Node support after 1000 bootstrap replications
is shown on branches and the tree is rooted by the outgroup M. canettii. Large Sequence
Polymorphisms (LSPs) are indicated along branches. Scale bar indicates the number of nucleotide
substitutions per site. (B—D) Dominant MTBC lineages per country. Each dot corresponds to 1 of 80
countries represented in the 875 MTBC strains from the global strain collection analyzed by Gagneux
et al. (10). The yellow dot represents the Lineage 7 in Ethiopia and the orange one the extinct MTBC
strains from Peru, respectively. Panel (B) shows the most geographically widespread lineages, panel

(C) the intermediately distributed lineages, and panel (D) the most geographically restricted lineages.)

The ancient lineage 1 (Indo-Oceanic, mainly EAI family) is reported in East
Africa, but also spread all around the Indian Ocean and is frequently reported in

Southeastern and Southern Asia, accounting for over 33 — 73% of total cases (75, 76).
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This family is also prevalent in Northern Europe, Middle East and Central Asia, and
in Oceania (22 — 25% of total cases) (75, 76).

Lineage 2 (East-Asian, mainly Beijing family) is one of the most virulent M.
tuberculosis lineages and is spreading all over the world (75-77). More specifically,
the Beijing family is predominant in East and South East Asia and in the countries of
former Soviet Union, accounting for over 50 - 85% of total cases (75, 76). This family
is also highly prevalent in Oceania, Africa (except the West) and in North America
(more than 17% of total cases) (75, 76). However, this lineage is less detected in the
other regions of the world, such as in Northern Europe, India, Central and South
America, and in Middle East (less than 10% of total cases) (75, 76). The Beijing
family was found at very high frequency with more than 85% in the Beijing region of
China (78). This family is also found in high proportion in Mongolia, South Korea,
Hong Kong, Taiwan, Vietnam, Thailand, and Malaysia (75, 76, 79). Overall, this

lineage accounted for 13% of all M. tuberculosis lineages (76).

The lineage 3 (East-African-Indian, mainly CAS family) is essentially
localized in the Southern and Western Asia (9 — 30% of total cases, mainly in the
South) (75, 76). This lineage is also found in the Eastern and Northern Africa (7 —
12% of total cases, mainly in the East) (75, 76). In several other regions including
Central and North America, Europe, Far-East-Asia, and Oceania, this lineage is less
frequent (0.1 - 5% of total cases) (75, 76). This lineage is predominant in India, Iran,

and Pakistan, accounting for over 50% of total cases (75, 76).

The lineage 4 (Euro-American) consists of 10 different families, in which 5
main families LAM, T, X, H and S that are widespread throughout the world (75, 76).
Molecular epidemiology data showed that this lineage is the most frequent in Europe
and Americas, but is also dominant in North Africa, Middle East and Oceania (10, 75,
76). However, the distribution of these specific families varies according to the
regions. The T family was found in all continents, accounting for 20 — 35% of total
cases (75, 76). The LAM family is the most represented in Americas (20 — 50% of
total cases, mainly in the South), in Oceania (20% of total cases) and in all sub-
regions of Africa (37% of total cases, except the West). The H family is the most
represented family in Europe (24% of total cases) and in America (15 — 25% of total

cases, mainly in the Caribbean region), while the X family is prevalent in Americas (8
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— 21% of total cases, mainly in the North). Finally, the S family is found in Africa (5
— 8% of total cases, mainly in the North) and in Southern Europe (5.8% of total cases)
(75, 76).

In summary, the molecular epidemiology and clinical studies showed that the
most geographically widespread lineages, which are the lineages 2 and 4, are the more
virulent ones (62, 80-82). In particular, Beijing family has been reported to be
associated with young people, high virulence, drug resistance and MDR, relapses and

treatment failures in many countries in the world (9, 57, 60, 62, 77, 83-85).

1.2.7 Mechanisms of drug resistance in Mycobacterium tuberculosis

As described above, MDR and XDR-TB cases seriously compromise global
efforts to control TB. Despite the improvement of diagnostic and TB patient care,
globally there is still a slight trend for MDR-TB cases to increase with the burden of
MDR-TB either increasing faster or decreasing more slowly than the overall TB

burden in each country (1).

Although the majority of FLDs and SLDs have been developed more than 50
years ago, they are still the bases of treatment regimens for all TB forms (3, 86). The
modes of action of these drugs have been well established and the mechanisms of
resistance have been largely documented (87, 88). Nevertheless, still today the way
some isolates become drug resistant remains unexplained since many intrinsic and
extrinsic factors can be involved in these processes. Besides, the emergence of MDR-
and XDR-TB leads to the use of uncommon SLDs and new anti-TB agents even if the
mode of action of these drugs and the mechanisms of resistance are still little known

and they have sometimes no clear effects and many adverse sides (3, 86).

For the first time in many years, new anti-TB agents, BDQ and DLM, have
been endorsed by WHO for the treatment of adults with MDR-TB in 2013 and 2014,
respectively (12). These two drugs and several other new ones are in Phase II and III
clinical trials and have shown potent in vitro and in vivo activity against both drug-
susceptible and drug-resistant M. tuberculosis strains (89-91). The modes of action of
the new anti-TB agents are different from FLDs and SLDs and the resistance

mechanisms in vitro and in vivo need to be investigated. However, some resistances to
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the new anti-TB drugs and cross-resistances with SLDs have been already reported in
clinical M. tuberculosis isolates (92, 93). M. tuberculosis may resist antibiotic action
by using different mechanisms that can be subdivided in two categories, innate or

acquired drug resistances.
A. Innate drug resistance

The intrinsic resistance is the innate ability of bacteria to resist to antibiotics.
In M. tuberculosis, intrinsic drug resistance has been attributed to the highly
impermeable cell envelope and the active drug efflux mechanism (94-98). For
instance, M. tuberculosis 1is intrinsically resistant to macrolides such as
clarithromycin, while clofazimine and beta-lactam antibiotics have uncertain activity

(Andini et al. 2006, Dooley et al 2013, Wivagg et al. 2014).

As described above, the cell envelope of M. tuberculosis is very complex and
has characteristics of both Gram-positive and Gram-negative bacteria (97, 98). The
mycolic acid layer and the multi-layer with various degrees of hydrophobicity lead to
a highly impermeable cell envelope, which acts as an effective barrier for the
penetration of anti-TB drugs (48, 98). The low permeability of cell wall allows this
pathogen to tolerate diverse classes of drugs (48, 95, 96). However, this function is

important but not a decisive determinant of drug resistance.

The efflux of anti-TB drugs by membrane transporters is an important
mechanism in M. tuberculosis (94, 96, 99, 100). In general, the increased activity of
efflux pumps (EPs) results in the reduction of intracellular levels of drugs, which can
enable the survival of a bacterial subpopulation (96, 99, 100). This mechanism often
confers low-level of drug resistance and can lead to high-level of drug resistance by
selection of drug resistant mutants (94, 96, 100, 101). For instance, the prolonged
exposure of M. tuberculosis to INH or EMB can induce activation of EPs, resulting in
an increased resistance phenotype (99, 101). The EPs involved in drug resistance in

M. tuberculosis are listed in the Table 1.2.

Table 1.2. The major drug efflux pumps in M. tuberculosis and affected drugs

Transporter family  Drug efflux pump(s) Affected drug(s)
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MFS Rv1258c (Tap) STR, INH, RIF, FQs, and tetracycline
Rv1410c (P55) STR,INH, RIF and CFZ
Rv1634 FQs
Rv2459 (JefA), Rv3728 and Rv3065 INH and EMB
Rv2846¢ (EfpA) INH and ETO
ABC Rv2936-Rv2937-Rv2938 (DrrABC) EMB, FQs and STR
Rv2686¢-Rv2687¢c-Rv2688c FQs
Rv0194 STR, ampicillin, novobiocin,
chloramphenicol
Rv0341-Rv0342-Rv0343 (IniBAC) INH and EMB
Rv1218c novobiocins, pyrazolones, pyrroles
SMR Rv3065 (Mmr) INH, erythromycin and acriflavine
RND MmpL7 INH
MmpL5-MmpS5 BDQ and CFZ
MmpL3 SQ109
Regulatory protein ~ whiB7 INH

ABC: ATP-binding cassette; MFS: major facilitator super-family; RND: resistance nodulation division,
SMR: small multidrug resistance. See the reviews for details (94, 96, 102).

Although all the anti-TB drugs cannot be eliminated by the efflux systems

(103), the use of EP inhibitors as an adjuvant therapy might be considered as an
interesting option (104-106). For instance, Adams ef al demonstrated that verapamil
reverses tolerance to most anti-TB drugs, including the new agents such as MFX,
LZD, PA-824, and BDQ, and inhibits intracellular M. tuberculosis growth (107).
Recently, Li ef al also showed that verapamil and chlorpromazine could significantly

increase RIF susceptibility in mono-RIF resistant M. tuberculosis (108).
B. Acquired drug resistance

Unlike many bacteria, M. tuberculosis follows a pure clonal evolution model
without horizontal transfers. Thus, acquired drug resistance in this pathogen is mainly
caused by spontaneous mutations in drug resistance-associated genes (63). Herein, I
will present in details the molecular mechanisms of resistance to the drugs widely

used in clinical settings. I will also briefly present the new approved drugs as well as
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the new preclinical drugs. The mode of action and the resistance mechanism for each

drug as well as the mutation rate for each drug-resistance gene are described in the

Table 1.3.

Table 1.3. Description of the modes of action of anti-TB drugs as well as the genes

drug-resistant Mycobacterium tuberculosis isolates

involved in drug resistance, the mutation rates and the mutation frequencies in clinical

. . Mutation .
. Gene involved in . Mutation
Drug Drug action . Encoding for frequency 4
drug resistance (%) rate
(1)
Group 1
Binding to the B.-sybunlt of the RNA | rpoB B-subunit of RNA 90 - 100 9.8x10% to
RIF polymerase, inhibition of the olvmerase 2.3x10-10
elongation of messenger RNA poly
INH o . 3.2x107to
- Activation by a catalase peroxidase | katG Catalase peroxidase | 40 — 97 2 6x10°
enzyme
- Inhibition of the synthesis of Fatty acid enoyl
mycolic acids through binding to inhA and its promoter | acyl carrier protein | 8§ — 64
NADH-ACP-reductase reductase A (InhA)
Inhibition of an arabinosyl Arabinosvl 5
EMB transferase involved in cell wall embB y 47 -89 1.0x10
¢ transferase
synthesis
- Activation by the pyrazinamidase
o _ . -5
PZA - Disruption of membrane energetics | 7 neA Pyrazinamidase 4497 1-1.5x10
that inhibits membrane transport
Group 2
o . . s 12-26
Inhibition of protein synthesis by 16S rRNA
STR interaction with the 16S’rRNA and rpsL S12 r}bosomal 40 — 68 2.95%10°
the S12 ribosomal protein protein
gidB 7-Methylguanosine 513
methyltransferase
AMK, KAN & _ 16S IRNA 1.4x1078 to
Inhibition of protein synthesis s 40-90 3.9x1077
CAP '
; ; 3.85x1077 to
S . aminoglycoside 28— 80 -~
KAN Inhibition of acetyltransferase eis acetyltransferase 1.36x1078
CAP Inhibition of methylation of 16S A 2°-0- 4-13 4.9.7.8x10°
rRNA & 32S rRNA 4 methyltransferase
Group 3
Inhibition of the topoisomerase 11 QA DNA gyrase 70 -90 3
OFX, LFX, i bunit A 2x10”to
MFX & GFX (DNA gyrase), inhibition of DNA B subuni 2.3x107
supercoiling &r DNA gyrase 0-11 :
subunit B
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Group 4
- Activation by a monooxygenase . - Fatty a(?1d enoyl.
inhA acyl carrier protein
(ethA) reductase A (InhA) 33-62
- Inhibition of the synthesis of - Monooxygenase
ETO mycolic acids by forming an adduct (EthA) e 107
with NAD that inhibits the enoyl- oy 46 —172
ACP reductase ethA - Transcrlptfnal
. ) repressor EthR,
- EthA is regulated by the 0-4
transcriptional repressor EthR ethR NADH-ACP
Blocking of the activity of D-alanine alr Alr protein
csS and D-cycloserine and thus ald Ald protein NA NA
inhibition of the synthesis of cveA cycA encodes a D-
peptidoglycan 4 alanine transporter
Inhibition of the dihydropteroate thyA thymidylate "
PAS synthase and folate biosynthetic synthase A (ThyA) | 3750 10
pathway JolC FolC protein
Group S
. . -T iptional
Production of reactive oxygen ra?scrlp;{mz)%m 6
CFZ species, inhibition of energy 0678 re;glll/latoig 1\\;[ S)S NA Sx10
production, membrane disruption perQ 01 VMpLo-Wimp
-PepQ protein
o . . 1.1x1078 to
LZD Inhibition of protein synthesis 508 ribosomal subunit | rr/ 2-1 5%107°
New drugs
atpE ; 4.7x1078 to
BDQ Inhibition of ATP synthase The ¢ protein of | NA 8.9x10°9
0678 ATP synthase :
-Inhibition of methoxy- and keto-
o ; ; 4.19x107 to
DLM mycolic acid ;‘Z’?Iéddn’fb A, fbiB, F420 cofactors NA 6.44x108
-Activation by the bacteria
Inhibition of the synthesis of
PA-824 proteins and cell wall lipids g?(’jddn’ SfbiA, fbiB, F420 cofactors NA 6.7-9.0x10~7
Activation by the bacteria
trehalose
SQ-109 Inhibition of cell wall synthesis mmpL3 monomycolate NA 2.55x107!!
(MmpL3)
AZD-5847 Inhibition of protein synthesis 508 ribosomal subunit | 77/ NA 5.5x10°8
Sutezolid Inhibition of protein synthesis 50S ribosomal subunit | 77/ NA 1078
p y
(PNU-100480)

Note: Only the most commonly used FLDs and SLDs and the new developed anti-TB drugs are
described in this table. NA: not available. See the following reviews for details (87, 109, 110)
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C. Molecular mechanisms of resistance to FLDs and SLDs
¢ Isoniazid

INH was introduced in 1952 as an anti-TB agent and is one of the cornerstones
of the standard treatment regimen for drug-sensitive TB patients (35). This drug has
also been widely used for the treatment of latent TB infections (111, 112). Among
anti-TB drugs, INH has the strongest early bactericidal activity (EBA) against rapid
growing tubercle bacilli, but is not active against non-replicating bacilli or under
anaerobic conditions (113-115). Nevertheless, resistance to INH is commonly
observed, associated with various drug-resistance patterns and showed a higher

resistance rate than other FLDs (except STR) (16).

Mechanism of INH resistance has been associated with multiple genes (87,
88), but the role of some genes remains unclear (116). INH is a pro-drug that requires
activation of the catalase-peroxidase enzyme encoded by katG gene, while the
primary target of INH inhibition is thought to be the InhA enzyme (enoyl-acyl carrier
protein reductase), encoded by inhA gene (117). The main mechanism of INH
resistance is due to mutations in the two main genes katG and inhA, accounted for 89-
100% of INH-resistant isolates (117-119). Mutations in katG gene lead either to a
reduction or a loss of activity of the KatG enzyme, while mutations in the promoter or
coding region of inhA gene either leads to the overexpression of InhA enzyme or
affects the active site (117). The frequency of mutations in these two genes varies

according to the country (88).

The mutation frequency in the katG gene ranges between 40 - 95% of INH-
resistant clinical isolates, among which the Ser315Thr mutation accounted for 32 -
95% of all INH-resistant isolates (116, 118-121). This mutation has been reported
worldwide and has been associated with high-level of INH resistance (MIC > Img/L),
MDR and low fitness cost (low impact on the organism's ability to survive and
reproduce) (120, 122, 123). Many other mutations have also been detected at low
frequency (116-118). Besides many other infrequent mutations associated with low-
or high-level of INH resistance, deletion of a part or of the whole katG gene,
generally linked to high-level of INH resistance, was detected in few clinical INH-
resistant isolates (118, 124).
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Mutations in inhA and its promoter often confer low level of INH resistance
[56]. Approximately 0-5% of INH resistant M. tuberculosis isolates have mutations in
the inhA coding region, whereas 8-64% have mutations in the promoter (116, 119).
The most common mutations in the promoter region were detected at positions -8, -
15, -17 and in inhA coding region were observed at codons 21, 94 and 95 (116, 117,
119). A study from South Africa showed very high frequency of inhA mutations
(especially inhA-15 (C-T)) in XDR-TB cases (85.5%), compared to 48.4% in MDR-
TB and 30.1% in INH-resistant non-MDR TB cases (119). InhA mutations can also

confer resistance to ethionamide and prothionamide (117, 125).

Systematic review showed that detection of the two most frequent mutations,
katG315 (Ser-Thr) and inhA-15 (C-T) accounted for more than 76.0% of INH-
resistant isolates (119, 126, 127). Mutations in other genes such as ahpC, ndh, kasA
and furA have also been reported to be associated with INH resistance, but at low
frequency, often combined with katG mutations and also found in sensitive isolates

(116, 117). This underlines that these mechanisms need to be further investigated

(116, 117).
% Rifampicin

RIF was discovered in the 1960s and is one of the most potent anti-TB drugs
that greatly shortened the duration of TB chemotherapy from 12 — 18 months to 9
months (35). RIF shows not only EBA but also sterilizing activity against slow-
growing and even non-replicating bacterial populations (35, 114, 115, 128).
Moreover, together with INH, these drugs kill more than 99.0% of tubercle bacilli in
TB patients within the initial two-month intensive phases of the therapy. The residual
dormant bacilli are normally eliminated during the continuation phase of the treatment
course (35, 114). For these reasons, RIF remains a frontline anti-TB drug and is
widely used in the TB control program worldwide, despite the emergence and spread

of RIF-resistant M. tuberculosis, particularly MDR strains (12).

The mechanism of action is to inhibit the mycobacterial transcription by
targeting DNA-dependent RNA polymerase encoded by the B subunit of rpoB (129,
130). RIF binds in a pocket of the RNA polymerase B subunit deep within the
DNA/RNA channel (129, 130). Previous studies demonstrated that mutations in the
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four distinct regions of rpoB encompassing cluster I (CI, codons 505-537), cluster 11
(CII, codons 562-575), cluster III (CIII, codons 684-690) and N-terminal region
(codons 143-148) were associated with RIF resistance in M. tuberculosis (note: E. coli
rpoB codon system) (131-136). 90-100% of RIF-resistant clinical isolates displayed
mutations in the 81-bp hot spot region also called Rifampicin Resistance-Determining
Region (RRDR) corresponding to codons 507-533 within the cluster I of rpoB gene
(131-136). Mutations found in the other regions of rpoB may responsible for
approximately 5% of the RIF-resistant isolates (137, 138). Mono-resistance to RIF is
quite rare and over 90% of RIF-resistant isolates were also resistant to INH (134,
139). Therefore, resistance to RIF is considered as a surrogate marker for MDR-TB

(16, 131).

Mutations in rpoB are very diverse, single, double and multiple mutations,
codon deletions and insertions were detected (131-136). In the RRDR region, the
codons, 510, 511, 513, 514, 516, 526, 531 and 533 are directly involved in the
interactions with RIF and mutations in these codons generally lead to RIF resistance
(129, 130). Mutations at these codons accounted for over 90% of the RIF-resistant
isolates (130). Particularly, mutations at the three main codons 516, 526 and 531 have
been frequently observed (80%) in RIF-resistant isolates, and thus have been used as
main markers for detection of RIF-resistant M. tuberculosis isolates (131-136, 140).
Nevertheless, mutations at codons 511 and 533 often confer low level of RIF

resistance and are also found in RIF-sensitive isolates (130).

Outside the RRDR, mutation at codon 572 located in the CII is associated
with low-level of RIF resistance, while mutation at codon 170 within N-terminal
region showed high-level of RIF resistance (137, 141-143). These mutations
accounted for 1 - 4% of RIF-resistant isolates and up to 100% of RIF-resistant ones
without mutations in the RRDR (134, 137, 138). However, recent study showed a
high frequency (30%) of rpoB 572 (Ile-Phe) mutations in MDR clinical strains (28).
The commercial kits including LPA and Xpert MTB/RIF assays do not detect these

last mutations.
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% Pyrazinamide

PZA, a nicotinamide analog, was discovered in 1952 and introduced into TB
chemotherapy in the early 1950s (35). This drug is an important FLD used with INH
and RIF for shortening TB treatment from the previous 9—12 months to 6 months (35,
144). PZA is the only FLD maintained in the new regimens in trial for treating all TB
forms (3, 34). This drug is believed to exert the greatest bactericidal activity against
the population of persistent bacilli contained within macrophages or in acidic pH
environment in the lesions that is not killed by other drugs (35, 145). PZA has high
sterilizing activity in vivo, but no activity against tubercle bacilli in normal culture
conditions at neutral pH (145). Global prevalence of PZA resistance is little known

because of no standardized DST method (22).

PZA is a pro-drug that needs to be converted to its active form, pyrazinoic
acid (POA), by the enzyme pyrazinamidase (PZase) coded by the pncA gene (146).
The proposed mechanism of PZA action is that POA, its active moiety, disrupts
bacterial membrane energetics and thus interferes with energy production, necessary
for survival of M. tuberculosis in acidic site of infection (146). Mutations in the pncA
gene and its promoter are the major mechanism of PZA resistance (147, 148). The
pncA mutations are diverse including non-synonymous mutations, nucleotide
insertions or deletions and total pncA deletion (149, 150). These mutations are
scattered in the coding and promoter region throughout pncA gene without any
prevailing mutations (149, 150). A recent systematic review revealed more than 600
mutations affecting 171/187 codons of pncA gene (149). Nevertheless, three hot spot
regions in pncA, containing catalytic and metal-binding sites of the PZase enzyme
and including codons 3—17, 61-85, and 132—142 have been identified (147, 151, 152).
Almost all pncA mutations cause reduction or loss of PZase activity leading to high-
level of PZA resistance (149, 153, 154). Mutations in pncA promoter may disturb the
translation of the pncA gene leading to low or high-level of PZA resistance (147, 149,
155). The frequency of pncA mutations varies by settings, ranging between 40 - 99%
of PZA-resistant isolates (147, 148, 156). Besides, about 10% of PZA-susceptible
clinical isolates also revealed pncA mutations (149, 150). Since phenotypic PZA-
susceptibility testing was less reliable, discordance between phenotypic and genotypic

data is generally obtained (23, 157). Overall, systematic reviews showed that more
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than 80% of PZA-resistant isolates revealed high confident pncA mutations, which
could be linked to PZA resistance (149, 150).

Recently, it was shown that some PZA-resistant clinical isolates without pncA
mutations had mutations in the rpsA gene encoding ribosomal protein S1 (RpsA
protein), which has also been proposed as a target of PZA (158). Mutations in rpsA
gene were reported to be associated with a low-level of PZA resistance (158-160).
Nevertheless, rpsA mutations are less frequent, generally accompanied with pncA
mutations and also found in PZA-sensitive isolates, suggesting that the role of 7psA in
PZA resistance needs to be further investigated (159-163). Besides, some PZA
resistant isolates revealed mutations in panD gene, which encodes for aspartate
decarboxylase enzyme (PanD) (164, 165). Nevertheless, some recent studies could
not find any mutations in panD gene among PZA-resistant isolates without mutations
in pncA and rpsA genes, suggesting no correlation between panD mutations and PZA
resistance (160). Finally, a small number of PZA-resistant isolates did not show any
mutation in pncA, rpsA and panD, supporting the existence of other mechanisms such

as POA efflux (151).
+« Ethambutol

EMB was first introduced for treatment of TB in combination with INH and
SM in 1960s (35). Nevertheless, this drug was stopped since the two potent FLDs,
RIF and PZA were adopted into the standard 6-month short-course therapy in 1970s
(35, 37). Since 1995, because of the high rate of INH resistance, EMB was added in
the 6-month standard regimen, which is currently recommended by WHO for treating
drug-sensitive TB patients (166). EMB is a bacteriostatic drug that is active against
growing bacilli and has no effect on non-replicating bacilli (35). This drug is less
effective against M. tuberculosis than INH and RIF. Similar to RIF, mono-EMB
resistance is rare in clinical samples (167). EMB is commonly used in combination
with other anti-TB drugs for treating all TB forms including MDR and XDR TB
(EMB-sensitive cases confirmed by DST) (3, 86). Even if the mechanism of action of
this drug is not fully understood, we know that the drug inhibits arabinosyl transferase
encoded by embA, embB and embC genes involved in mycobacterial cell wall
synthesis, suggesting that mutations in these genes are associated with EMB

resistance (168-174).
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Mutation in embB gene is the main mechanism of EMB resistance accounting
for 50 - 89% of EMB-resistant isolates (168, 173, 175, 176). Mutations in embA and
embC were less frequent, ranging between 3 - 7% of EMB-resistant isolates, and often
accompanied by embB mutations (171, 172, 177). Mutations in the EMB resistance-
determining region (ERDR) of embB gene, encompassing codons 298-318, were
commonly observed in EMB-resistant mutants (168, 170). Among them, embB306
mutations were the most common, accounting for 50-90% of EMB-resistant isolates.
Several studies showed an association of embB306 mutations with MDR (167, 175,
178, 179). However, the embB306 mutations were also found at high frequency (10 -
45%) in EMB-susceptible isolates, particularly in isolates resistant to other FLDs.
This aspect questions the real role of this codon in EMB resistance (167, 175, 178,
180, 181). Mutagenesis experiments have confirmed that embB306 mutations increase
MICs (174, 179, 182). Epidemiological data and in vitro studies have also confirmed
that mutations in two other common codons embB3406 and embB3497 were
associated with EMB resistance (168, 169, 173-175, 177, 183). The frequency of
these mutations was up to 51% in non embB306 mutants (175). Similarly to
embB306 mutations, mutations in these two codons were also found in EMB-sensitive
isolates (175, 183). In brief, targeting these 3 mutations embB306, embB3406 and
embB3497 can detect 50 - 80% of EMB-resistant isolates (168, 173, 175, 176). This is
all the more important that the EMB-susceptibility testing is difficult to perform and
poorly reproducible (184).

Recently, mutations in ubiA gene (Rv3806¢) have been reported leading to an
increased MICs of EMB (169). These mutations were associated with high-level of
EMB resistance. This study also found that, the synonymous mutations in aftA gene
(Rv3792) could also increase the expression of embC, resulting in EMB resistance

(169).
s Streptomycin

STR was discovered in 1943 and was the first antibiotic used in the treatment
of TB in early 1940s (35). However it was used as mono-therapy at that time that led
to rapid emergence of STR-resistant strains. STR activity against M. tuberculosis has

shown to be approximately equivalent to EMB, and therefore it can be replaced by
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EMB in the standard treatment regimen (35). STR kills actively growing tubercle

bacilli, but it is inactive against non-growing or intracellular bacilli (35).

STR interacts directly with the 30S subunit of the ribosome, thereby
interfering with bacterial protein biosynthesis (185-187). The main targets of STR are
16S rRNA encoded by rrs gene and ribosomal protein S12 encoded by rpsL gene
(187). STR interferes with the protein synthesis by binding with the phosphate
backbone of the 16S rRNA in the main domain encompassing the 530 and 915 loops
of rrs gene (185-187). This binding results in forming both salt bridges and hydrogen
bonds, preventing the contact with the S12 ribosomal protein and eventually leading
to a misreading of the genetic code during translation (187). Mutations in rpsL and rrs
genes are major mechanisms of STR resistance (188, 189). Mutations in rpsL gene
are the most common (19 - 78%), and often associated with high level of STR
resistance. While mutations in rrs gene are less frequent (10 - 28%) and often
associated with low level of STR resistance (188-190). In rpsL gene, STR resistance-
associated mutations were found mainly at two codons 43 and 88 (88). Whereas, STR
resistance-associated mutations in rrs gene were found in several positions such as
513, 514 and 517 of the 530 loop and 905, 906, 907 and 908 of the 915 loop (88, 188,
191-193). For both genes, the frequencies of mutations significantly vary according to
settings (188, 190-193). Taken together, approximately 48 - 93% of the STR-resistant

isolates revealed STR-resistant mutations in rpsL and/or rrs gene (188, 190, 193).

It has been observed that mutations in gidB, encoding for a 7-methylguanosine
methyltransferase specific for the 16S rRNA, can confer low-level of STR resistance
in isolates without mutations in rpsL and rrs gene (194, 195). Mutations in gidB gene
are diverse and distributed throughout the gene and found at high frequency (33%) in
STR-resistant isolates (195). However, mutations in gidB are often accompanied by
mutations in rpsL and/or rrs gene and were also found in STR-sensitive isolates,
suggesting that the role of gidB mutations in STR resistance need to be further

investigated (176, 190, 194).
¢ Second-line injectable drugs

SLIDs including the aminoglycosides (KAN and AMK) and the polypeptides
(CAP and viomycin (VIO)), together with FQs are the mainstay in the treatment of
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MDR and XDR-TB cases (196). These drugs show high extracellular bactericidal
activity, but some of them have also intracellular bactericidal activity (35, 197).
Nevertheless, KAN and AMK have poor activity against slowly multiplying bacilli,
while CAP show significant activity against non-replicating M. tuberculosis (198). It
is worth noting that there is an incomplete cross-resistance between the SLIDS (199-
202). Most of the strains that acquire resistance to AMK are resistant to both KAN
and CAP, while strains acquiring resistance to KAN show different levels of cross-
resistance to AMK and CAP (22). Besides, mono-KAN, or CAP resistances have also
been detected (203).

Although they belong to different drug classes, all of them display the same
mechanism of action by inhibiting the protein synthesis (199, 200, 204). The
aminoglycosides inhibit protein synthesis by modification of the ribosomal structures
in the 16S rRNA, encoded by rrs gene (199, 205). CAP and VIO bind across the
ribosomal interface involving helix 44 (H44) of 16S rRNA and helix 69 (H69) of the
23S rRNA, resulting in the inhibition of the protein synthesis (206). In addition, the
tlyA gene encodes a 2’-O-methyltransferase and mutations at positions 1409 of H44
and 1920 of H69 inhibiting methylations resulting of resistance to CAP and VIO
(206).

Mutations in the 1400 — 1500 region of 7rs gene seem to be major mechanism
of resistance to SLIDs, accounting globally for 30 - 90% of drug-resistant isolates
(176, 183, 201, 202, 207-209). The mutations at positions 1401 (A-G) and 1484 (G-T)
of rrs are linked to high-level of resistance to all SLIDS, while the mutation at
position 1402 (C-T) is associated with high-level of resistance to KAN and CAP (176,
183, 201, 202, 207, 208). The mutations at position rrs1401 were present in the
majority of drug-resistant rrs mutants (183, 201, 202, 207, 208). However, high
frequency (40%) of CAP-susceptible isolates carrying the 7751401 has been reported
(210).

Overexpression of eis gene encoding for the aminoglycoside acetyltransferase
enzyme has also been reported to be associated with a low-level of KAN resistance
(211). Mutations found in the promoter of eis gene was observed in 29 - 80% of

KAN-resistant isolates, but also found in 3% of KAN-sensitive ones (183, 211, 212).

46



The combination of mutations in r7s and eis could cover up to 86% of KAN-resistant

isolates (183).

Mutations within #/yA are infrequent, scattered along the gene, accounting for
only 4 - 13% of CAP-resistant clinical isolates (183, 208, 213). Nevertheless, a study
from Portugal showed 57.7% of XDR isolates with mutations in this gene, particularly
the insertion at position 755 (G-T) accounting for 42.3% (209). The #/yA mutations
were also found in CAP-sensitive isolates, and some studies did not find any
mutations in #/yA in CAP-resistant isolates (183, 208). In addition, the #/yA mutations
were often accompanied by r7s mutations and not all mutations in #/yA lead to CAP

resistance, suggesting that t/yA plays a minor role in CAP resistance (183, 213).
¢ Fluoroquinolones

Among the FQs, OFX is as second-generation FQ, LFX is the third-
generation, MFX and GFX are the fourth-generation (3, 214). Several studies showed
variable level of cross-resistances between them (86, 215, 216). However, clinical
results showed that strains resistant to OFX can be still treated with the later FQ
generations (215, 216). MFX and GFX have greatest bactericidal activities (only
slightly lower than INH), followed by LFX and OFX (217, 218). Nevertheless, all the
FQs have a greater extended EBA than INH (217). In addition, MFX has a
bactericidal activity against slow growing bacilli and also a sterilizing activity against
persistent bacilli that are tolerant to high RIF concentrations (218). MFX and GFX are
currently in clinical trials for treatment of drug-susceptible TB and are proposed as
first-line antibiotics with the goal of shortening duration of TB treatment to 4 months

(31-33, 41, 42).

In M. tuberculosis, the principal target of the FQs is the DNA gyrase, a type 11
DNA topoisomerase encoded by gyrA and gyrB genes. Mutations in the highly
conserved FQ resistance-determining regions (QRDRs) of these genes were
associated with FQ resistance (219-224). The QRDRs were determined from codon
74 to 133 of gyrA and from codon 461 to 501 of gyrB (219, 225). High frequency of
gyrA mutations were observed in FQ-resistant clinical isolates, accounting for 70 -

90%, while gyrB mutations were infrequent represented only 0 - 11% of FQ-resistant
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isolates. Combined gyrA-gyrB mutations could detect 80 - 95% of FQ-resistant
isolates (6, 226-229).

In gyrA gene, mutations in codons 94 and 90 were the most common (6, 226-
229). Nevertheless, gyrA94 mutations were detected at higher frequency with various
changes (Asp-Gly/Ala/Tyr/Asn/His) often associated with high-level of FQ resistance
and low fitness cost compared to mutations in codon 90 (Ala-Val) (228, 230-232).
The mutation gyrA91 (Ser-Pro) associated with low-level of FQ resistance was less
common than the mutations at codons 90 and 94 but was found at higher frequency
(42.3%) in XDR samples from Portugal (209). The infrequent mutations at codons 74,
80, 88 and 89 in gyrA, associated with low or high-level of FQ resistance, were also
reported (227-229, 233). The combination of the two mutations gyrA80 (Thr-Ala) and
gvrA90 (Ala-Gly) caused hyper-susceptibility to FQs (224). Various mutations of
2yrB gene were associated with high or low-level of FQ resistance (6, 224, 226, 228,
229). The mutations occurred independently in gy»B and gyrA genes, but sometimes
they were detected in combination (228, 234). Finally, double mutations found in
gyrA gene and in both gyrA and gyrB genes revealed high level of FQ resistance
(224, 228). Previous studies showed that there is no clear correlation between the type
of mutations in the gyrA and gyrB genes and the MIC level of FQs (224, 227, 228).
Mutations in the QRDR of gyrA gene were strongly associated with OFX resistance,
but the level of OFX resistance may not be predicted based on the mutation patterns
in this gene (224). Determining the resistance levels of individual mutations in M.
tuberculosis s imperative to ensure that strains with a low-level of FQ resistance can

be effectively treated with high-dose of FQs or the newest generation of FQs.
¢ Resistance to other SLDs

Almost all the modes of action and mechanisms of resistance to SLDs
including ethionamide, 4-aminosalicylic acid, CS, CFZ and LZD are not yet fully
understood. The investigated molecular mechanisms of these drugs are described in
the Table 1.3. In brief, mutations in ethA and in inhA or inhA promoter region are the
main molecular mechanisms of ETH resistance (117, 235). Nevertheless, mutations in
the ethR (ethA regulator) and mshA (encoding for a glycosyl transferase) have also
been reported to be associated with ETH resistance (235, 236). Overall, 81% of the

ETH-resistant isolates had mutations in one of these genes (236).
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Mutations in the thymidylate synthase A, encoded by the thyA gene involved
in thymine biosynthesis in the folate pathway have been associated with resistance to
PAS (237-239). In addition, mutations in 7ibD, dfrA and folC genes were found in
both PAS-resistant laboratory strains and clinical isolates, suggesting that they may be
involved in PAS resistance (239-241). However, only 61.1% of PAS-resistant isolates
revealed mutations in fo/C, thyA, and ribD genes, suggesting that EPs could confer
PAS resistance (238, 241). Various mutations in the promoters or coding sequences of
five genes including alr, ddlA, ald, cycA, and pykA have been suggested to be associated
with CS resistance. The clinical strains with mutations in ald and alr exhibited
increased MICs of CS (242). However, clinical isolates with non-synonymous mutations in
either pykA or cycA or ddIA have not been tested for MICs of CS. Thus, the link of these

genes with CS resistance in M. tuberculosis needs to be further elucidated.

For CFZ resistance, Zhang et al found that 97% of M. tuberculosis H37Rv
mutants resistant to CFZ had a mutation in »v0678 (243). Moreover, mutations in this
gene also confer cross-resistance to BDQ (92, 244). Recently, mutations in the
rv2535c (pepQ) and rv1979¢ genes were also associated with cross-resistance to CFZ
and BDQ (245). It was reported that 50% of the in vitro selected LZD-resistant
mutants carried mutations in 77/ gene conferring LZD resistance (246). Recent studies
showed that mutations in rp/C gene were found in LZD-resistant H37Rv strain
selected in vitro and in LZD-resistant clinical isolates suggesting the link with LZD

resistance (247).
D. Molecular mechanisms of resistance to new anti-TB drugs

As mentioned above, the new anti-TB drugs including AZD5847, BDQ, DLM,
Pretomanid and SQ109 are being tested in Phase I, II or III clinical trials. The modes
of action of these drugs are new targets, compared to the FLDs and SLDs. For
instance, the mode of action of BDQ is to inhibit the bacterial adenosine triphosphate
(ATP) synthase of M. tuberculosis (91). The molecular mechanism of BDQ resistance
was described as mutations in the atpE gene coding for the ¢ protein of ATP synthase.
Nevertheless, mutations in 70678 gene led to cross-resistance between BDQ and
CLZ (92, 244, 248). The recent study of Almeida et al/ found loss-of-function

mutations in a new non-target-based pepQ gene. This gene encodes for a putative
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Xaa-Pro aminopeptidase and mutations in this gene confer low-level resistance to

BDQ and CFZ in M. tuberculosis (245).

Pretomanid and DLM are prodrugs that need to be activated by a deazaflavin
(F420 cofactor)-dependent nitroreductase (Ddn) encoded by ddn (rv3547) gene and
by the F420-dependent glucose-6-phosphate dehydrogenase (Fgd) encoded by fgd
(rv0407) gene. Their active forms target to inhibit the biosynthesis of M. tuberculosis
cell wall (90, 249-251). Besides, it has also been reported that inactivation of fbiA,
fbiB or fbiC genes, that are involved in the F420 biosynthetic pathway, lead to the loss
of F420 activity, cause of the resistance to these drugs (250, 252).

Although SQI109 is an analog of EMB, the mechanism of action is not the
same (253-256). SQ109 targets MmpL3 (Rv0206c), a membrane transporter of
trehalose monomycolates involved in cell wall biosynthesis of M. tuberculosis (255-
257). Lun et al confirmed that mmpL3 gene is the target of SQ109 and that mutations
in this gene confer high-level of SQ109 resistance (258). Recently, Li et al reported
that SQ109 also targets enzymes involved in menaquinone biosynthesis, electron
transport, inhibiting respiration and ATP biosynthesis, suggesting that the mode of
action of SQ109 is very complex (259).

In conclusion, knowledge on drug-resistance mechanisms is essential for both

the development of diagnostic tools and of new and more effective anti-TB agents.
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Abstract

We currently face successful transmission of drug resistance, including
multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB, Mycobacterium
tuberculosis strains in human population threatening global TB control. Different
parameters and evolutionary processes influence the drug resistance emergence and
spread. Unlike many bacteria, M. tuberculosis drug resistance is mainly acquired
through mutations in drug resistance-associated genes. The panel of mutations is
highly diverse depending on the genes and M. tuberculosis genetic background. This
indicates different evolutionary trajectories towards multiple drug resistance, even if
some mutation patterns are preeminent. This review deals with the intrinsic processes
that may influence the evolution of drug resistance in M. tuberculosis such as
mutation rate, drug resistance associated mutations, fitness cost, compensatory

mutations and epistasis. These knowledge help better predict the risk for M.
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tuberculosis to become multiple-drug resistant and develop new tools and strategies to

combat the emerging MDR and XDR-TB.
Introduction

Tuberculosis (TB), an infectious airborne disease mainly caused by
Mycobacterium tuberculosis, is one of the world’s deadliest infectious diseases. In
2015, TB infected approximately 10.4 million people and killed 1.8 million among
them (1). The currently recommended treatment regimen for new cases of drug-
susceptible TB is a six-month regimen of a combination of four first-line anti-TB
drugs (FLDs) including isoniazid, rifampicin, ethambutol and pyrazinamide (4). This
effective regimen developed in the early 1970s showed a high cure rate greater than
98% in clinical trials (37, 260). The regimen has not changed in nearly 50 years and
currently gave a global treatment success rate of 83% for new TB cases (1). The use
of this combination for treating TB in the last 5 decades had led to the global
emergence of the most dangerous form of FLD-resistant TB, which is multidrug-
resistant (MDR) TB (16, 261). MDR-TB is caused by M. tuberculosis strains resistant
to the two more potent FLDs, isoniazid and rifampicin. Treating MDR-TB requires
the use of second-line anti-TB drugs (SLDs) that are more expensive and toxic than
FLDs and may lead to the development of extensively drug-resistant (XDR) TB.
XDR-TB is caused by MDR strains that are also resistant to at least one of the three
second-line injectable drugs (SLIDs: kanamycin, amikacin and capreomycin) and one
of the fluoroquinolones (ofloxacin, levofloxacin, moxifloxacin or gatifloxacin). In
2015, 480 000 MDR-TB cases were estimated worldwide and approximately 10% of
them developed XDR-TB (1).

The mode of action of the major first and second-line drugs and the
mechanisms of drug resistance are now largely described in M. tuberculosis (87, 262).
The lineage-specific biological characteristics, the remarkable capacity of adaptation
and the variety of extrinsic and intrinsic processes contribute to the emergence and
spread of MDR and XDR strains (62, 82, 232, 263-268). In this review, we focus on
the intrinsic factors that may influence the evolution of drug resistance in M.
tuberculosis such as mutation rate, drug resistance-associated mutation, fitness cost,

compensatory mutation and epistasis. A better understanding of the role of these
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intrinsic factors is necessary to get insights into the evolutionary trajectories of drug

resistance in M. tuberculosis.
Evidences of drug resistance evolution in M. tuberculosis
Mutation rate and drug resistance acquisition

M. tuberculosis is mainly a clonal microorganism with a highly conserved
genome and a long history of co-evolution with humans (10, 72, 74). This pathogen is
characterized by a global low mutation rate (about 10 mutations/bacterium/cell
division), ranging between 0.4 - 0.5 SNPs/genome/year and the divergence was rarely
found to be higher than five SNPs per three years (55, 66). Despite this low mutation
rate, drug-resistant TB cases due to acquisition of mutations, especially MDR- and

XDR-TB cases are continuously globally increasing.

Besides the drug resistance attributed to the specific characteristics of the cell
envelope of M. tuberculosis and the active drug efflux mechanism (94-96), the
acquisition of drug resistance through chromosomal mutations is the major
mechanisms in M. tuberculosis (72, 87, 95, 130, 269). For genes associated with
resistance to FLDs (except pyrazinamide, no data available), second-line injectable
drugs and fluoroquinolones, mutation rate ranges from 10° to 107”7
mutations/bacterium/cell division (63-65, 110, 270). The mutation rate seems also
differ according to the concentration of drug, the drug-resistance pattern and the
genetic background of the bacteria (110, 270). Regarding the association between
mutation rate and genetic background, Ford ef al demonstrated that M. tuberculosis
lineage 2 (East Asia lineage, mainly Beijing) has a global higher mutation rate in the
drug resistant associated genes than M. tuberculosis lineage 4 (Euro-American

lineage), leading to higher rate of drug resistance acquisition (270).

In vitro, the frequency of spontaneous drug-resistant mutants was determined
to be between 10° and 10® bacilli/generation (124, 153, 271). Since the genes
responsible for resistance to the various anti-TB drugs are generally not linked, the
risk of emergence of spontaneous double, triple and quadruple mutants is theoretically
extremely low, ranging from about 10™'* (for both isoniazid and rifampicin) to 10
(for isoniazid, rifampicin, ethambutol and pyrazinamide). Clinical data showed that

the population size in an active pulmonary disease ranged between 107 and 10'° bacilli
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(16). Therefore, in theory the chance of drug resistance acquisition in a pan-
susceptible bacteria is negligible when four effective FLDs are used in combination.
Furthermore, it is known that resistance mutations may impose a fitness cost since
they target essential biological functions in the cell (272, 273). Consequently, the
spread of drug resistant strains and especially MDR and XDR strains should be
limited. However, MDR-TB is still emerging and spreading suggesting the existence
of favoring processes. As example, the study of Colijn ef al. showed a probability of
resistance acquisition to both isoniazid and rifampicin, even before therapy initiation,
as high as 107 to 107> per bacterium population (274). In Gao et al., 62/1671 (3.7%)
pan-susceptible clinical isolates (susceptible to isoniazid, rifampicin, streptomycin
and ethambutol) acquired different resistance patterns during the standard short course
chemotherapy under DOT guidelines (Directly Observed Treatment) (275). Among
the 62 acquired drug resistance cases, approximately 10% were resistant to four drugs,
22.6% were resistant to three drugs, 21% were resistant to two drugs and the
remaining 46.8% were mono-drug resistant. The two last examples underlined that the
theoretical rate of drug resistance acquisition does not reflect the in vivo reality.
Bacterial populations can be located in different environments and tissues in the body
or in different physiological states (48, 267). Thus even if a patient received an
optimal chemotherapy, the bacteria can be in contact with suboptimal drug
concentrations due to the various drug capacities of penetration according to the
tissues and also to the different patient’s capacities of drug absorption
(pharmacokinetic variability) (48, 267). Therefore, the risk of drug resistance
increases in these peculiar cases. In addition, Ford ef a/ demonstrated that macaques
infected with M. tuberculosis strains belonging to lineage 2 increased the risk
(approximately 22-fold) of de novo MDR acquisition before treatment compared to
macaques infected with the lineage 4, probably due to a higher mutation rate in

lineage 2 (270).

Thus, many factors can influence the mutation rate in drug resistance-
associated genes, leading to high variability of mutation rates and higher values than

theoretically expected.

Intra-host heterogeneous drug-resistant population
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The intra-host bacterial evolution is one of the fundamental aspect of the drug
resistance emergence and spread (57, 276, 277). The existence of heterogeneous drug-
resistant bacilli populations within patients is a well-known phenomenon that may
impact the evolution of drug resistance (263, 265, 267, 277, 278). Meacci et al
investigated drug resistance evolution of a M. tuberculosis population from a
noncompliant patient during more than 12 years of active disease (276). The authors
identified a MDR M. tuberculosis population from one single parental strain. This
MDR population included discrete subpopulations of different variants of drug
resistance-associated genes. These data suggest that the intra-host bacteria population
evolved over time by acquiring and accumulating different resistance-associated
mutations to isoniazid, rifampin and streptomycin leading to different coexisting
subpopulations with different drug susceptibility profiles in one patient. In another
study, Sun et al showed dynamic changes of drug resistance-associated mutations in
M. tuberculosis populations during different drug-resistance acquisition stages (279).
These authors found four to five transient drug resistance mutants in single sputum,
but the fittest resistant mutant was ultimately fixed. Eldholm ef al, tracking the
evolution of XDR strain from a susceptible ancestor in a single patient, showed that
drug resistance-associated mutations were acquired multiple times by individual
clones (277). Finally, only one prevailed clone expanded and replaced the other
clones. Recently, Black et al showed heterogeneous evolution within and between
single colonies isolated from mono-rifampicin resistant clinical isolates and an
evolution of isoniazid resistance in these colonies. The authors found high genetic
diversity in the mono-rifampicin resistant colonies compared to parental isolates.
Furthermore, among the mono-rifampicin resistant colonies acquiring isoniazid
resistance, the authors observed the emergence and the disappearance of numerous
variants in the genome. These observations suggest continuous genome evolution
with multiple independent mutational events in the bacterial population despite the
evolutionary bottleneck imposed by the isoniazid selective pressure (263). Finally,
some mutations were fixed and become dominant, while others were lost during the
selection pressure. All these findings suggest that the genome of M. tuberculosis is
more dynamic than previously thought and highlight the high potential of drug
resistance acquisition and of adaptation of these bacteria under drug selective

pressure.
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Characteristics and diversity of drug resistance-associated mutations

The frequency and type of mutations vary according to various parameters
such as the geographic region, the drug-resistance pattern and the genetic background
of the bacteria (88, 191, 280-284). Despite the large diversity of mutation patterns,
particular mutations are predominant (Table 1) (87, 88). For instance, hundred rpoB
mutations have been reported but more than 80% of rifampicin-resistant isolates
displayed mutations in three main codons (rpoB531, 526 and 516) (130). Among
more than 300 mutations found in katG gene, the katG315 (Ser-Thr) mutation is
observed in up to 95% of INH-resistant clinical isolates (117). However, the
prevalence of katG315 mutation ranges between 32 — 95% of isoniazid-resistant

isolates according to different geographic regions (116, 121, 191).

Table 1. The most frequent drug resistance-associated mutations found in

clinical drug-resistant Mycobacterium tuberculosis isolates

Gene associated Frequent mutation Mutation frequency Reference
Drug(s) with drug (amino acid/nucleotide  in clinical drug-
resistance change) resistant isolates (%)
isoniazid katG 315 (Ser-Thr) 32-95 Hazbon et al.
2006, Soolingen
et al. 2000,

Mokrousov et al.
2002, Lipin et al
2007
inhA -15 (C-T) 8171 Hazbon et al.

2006, Niehaus et
al. 2015, Miiller et
al. 2011

rifampicin rpoB 531 (Ser-Leu) 41-74 Telenti et al.
1993, Pozzi et al.
1999, Hillemann
et al. 2005, Qian

et al. 2002,
Campbell et al.
2011
526 (His-Tyr) 624
526 (His-Asp) 2-30
516 (Asp-Val) 5-18
streptomycin rpsL 43 (Lys-Arg) 35-62 Nhu et al, 2012,
Sreevatsan et al.
1996, Lipin et al.
2007
88 (Lys-Arg) 13-28
rrs 514 (A-C) 3-12
ethambutol embB 306 (Met-Val) 40 - 60 Sreevatsan et al.
1997, Shi et al.
2011, Campbell et
al. 2011
fluoroquinolones  gyrA 94 (Asp-Gly) 25 -60 Duong et al. 2010,
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Campbell et al.
2011Von Groll et
al. 2009
90 (Ala-Val) 12-30 Lietal 2014
kanamycin, rrs 1401 (A-G) 30-90 Campbell et al.
amikacin & 2011, Du et al.
capreomycin 2013, Perdigao et
al. 2009

In addition, different mutations in a single gene or in different genes can
produce similar drug-resistance phenotypes (87, 88) and can be associated with
different levels of drug resistance (122, 231, 285, 286). For instance, resistance to
rifampicin is associated with many different mutations only in 7poB gene, while
resistance to isoniazid can be due to mutations in several genes such as katG, inhA
and inhA promoter, ndh and kasA (87, 88, 117). The rpoB mutations such as rpoB531
(Ser-Leu) and rpoB526 (His-Tyr/Arg/Asp) are associated with high level of
rifampicin resistance, while mutations rpoB511 (Leu-Pro), rpoB533 (Leu-Pro) and
rpoB572 (Ile-Phe) are generally associated with low level of rifampicin resistance
(130). In the case of isoniazid resistance, katG mutations are often associated with
high level of isoniazid resistance, while inhA mutations are associated with low level
of isoniazid resistance (117, 120, 123). Even different amino acid changes occurred at
the same position in drug resistance-associated gene, they can lead to different level
of drug resistance. For instance, the poB526 His-Leu/Asn changes are linked to a
lower level of rifampicin resistance compared to the 7poB526 His-Tyr/Arg changes.
Besides, phenomena of cross-resistance were also clearly demonstrated in M.
tuberculosis consisting in one mutation leading to the resistance to several drugs. As
examples, the rrs1401 (A-G) substitution can be associated with resistance to
kanamycin, amikacin, and capreomycin (200, 204, 287) and inhA-15 (C-T) mutation
to isoniazid and ethionamide (117). Recently, some studies reported that mutations in
0678 gene encoding for efflux pump MmpL5 are associated with clofazimine and
bedaquiline cross-resistance in both, laboratory and clinical M. tuberculosis isolates
(92, 244, 248). It is worth noting that clofazimine is a second-line drug currently re-
proposed and widely used for MDR treatment and bedaquiline is a new drug currently
in phase III clinical assay also used for the treatment of MDR-TB patients. Finally,
mutations in different regions of the same gene can be associated with different drug
resistances. This is the case of rrs gene, since mutations in the 530 loop and 915

region are associated with streptomycin resistance (188, 190), while mutations in the
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1400 — 1500 region are linked to resistance to kanamycin, amikacin and capreomycin

(200, 201, 204).

In addition, drug resistance-associated mutations may provide advantage that
can lead to the acquisition of other drug resistances (179, 232, 268). For instance, Safi
et al showed that embB306 (ATG-CTG) M. tuberculosis mutants had growth
advantages compared to parental sensitive strain at sub-MICs of isoniazid or
rifampicin in mono-cultures and at sub-MICs of isoniazid in competition assays (179).
The embB306 (ATG-CTG) M. tuberculosis mutants were also more resistant to the
additive or synergistic activities of isoniazid, rifampicin or ethambutol used in
different combinations (179). Furthermore, multiple-drug resistant isolates acquire
drug resistance-associated mutations more easily than mono-drug resistant isolates or
susceptible isolates, suggesting a cumulative effect of the mutations specifically
associated to drug resistance (116, 277, 288-290). For instance, katG315 (Ser-Thr)
mutation was more frequently observed in MDR isolates than in isoniazid-mono
resistant isolates (116, 290). Hazbon et al concluded that embB306 mutations may
favor the emergence of resistance to other antibiotics and increase the ability of drug-
resistant isolates to be transmitted between subjects (178). A later study of Shen et al
showed that MDR isolates had higher proportion of embB306 mutations than in non-
MDR isolates (167). Furthermore, in a recent study, Nguyen et al suggest a
cumulative effect of drug resistance-associated mutations since the quadruple drug
resistant strains showed a significant higher potential to be pre-XDR or XDR than
MDR isolates or triple drug resistant isolates in agreement with previous studies (268,

288).

Besides, correlation between drug resistance-associated mutations and genetic
background of M. tuberculosis lineages has been largely reported, as well as
variations in frequencies according to the geographical regions (84, 132, 281-284,
291). As example, among isoniazid resistance-associated mutations, katG315 (Ser-
Thr) is more prevalent in lineage 2 than in other lineages (83, 121, 280, 292).
Concerning lineage 1, isoniazid drug resistance is more associated with inhA-15 C-T
mutation (118, 280, 292). Similarly, the rpoB531 (Ser-Leu) mutation is more
associated with lineage 2 than with other lineages, while the poB516 (Asp-Val) is
associated with lineage 4 (LAM family) (83, 191, 281, 282, 293). Furthermore, for
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each M. tuberculosis lineage, the prevalence of drug resistance-associated mutations
varies according to the regions. As example, the frequency of rpoB531 (Ser-Leu)
mutation ranged between 71% to 84% in the Beijing population from East Europe and
Russia, whereas it ranged between 41% and 45% in the Beijing population in Korea
and Japan (132, 281-284). Similarly, frequency of katG315 (Ser-Thr) was found up to
95% in the Beijing population from East Europe and Russia, whereas it ranged
between 51% and 65% in the Beijing population from Korea and Japan. These
differences might reflect the adaptation of M. tuberculosis sub-lineages to the

different human populations and treatment strategies applied in the country (10, 72,

74).

Overall, the panel of mutations can be highly diverse according to the genes
and the genetic background of the M. tuberculosis, highlighting that the evolution of
drug resistance is multifactorial in the bacteria. This indicates different evolutionary
trajectories towards multiple drug resistance, even if some mutation patterns are
preeminent. Nevertheless, mutations are expected to produce a fitness cost because

they target important biological functions.

Fitness cost of drug resistance-associated mutations

Since the drug targets are generally involved into important biological
functions, mutations in these genes are expected to impart a biological cost that results
in a reduced fitness of resistant strains in comparison with sensitive strains in absence
of antibiotics (272, 273). Accordingly, several studies described drug-resistant M.
tuberculosis mutants characterized by a fitness decrease (122, 130, 294, 295).
However, the magnitude of the fitness cost depends on the mutations and the genetic
background of the strains (122, 123, 230, 295, 296). Theoretically, mutations arise
spontaneously at a constant rate but only beneficial mutations would be positively

maintained in population and transmitted in community (297, 298).

Clinical epidemiological and in vitro data showed that, the in vitro selected
drug-resistant mutants did not always reflect the in vivo drug resistances.

Furthermore, the predominant mutations in clinical isolates are frequently not
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associated with a substantial reduction in growth rate and virulence (124, 294, 299,
300). Previous studies demonstrated that mutations such as katG315 (Ser-Thr),
rpoB531 (Ser-Leu), rpsL43 (Lys-Arg) and gyrA94 (Asp-Gly) conferring resistance to
isoniazid, rifampicin, streptomycin and fluoroquinolones, respectively, are not only
associated with high level of drug resistance but also with a low fitness cost in both
clinical and laboratory-derived mutants (123, 230, 294-296). Some clinical isolates
carrying these mutations showed even no fitness cost (122, 294, 296). As expected,
these mutations are most commonly found in clinical drug-resistant isolates because

they confer a fitness advantage to the bacteria compared to other mutations (83, 130,

288, 298).

In contrast, mutations associated with high fitness cost detected in in vitro
resistant mutants were rarely found in clinical drug-resistant isolates (122, 124, 231,
299). For example, the mutation 7poB529 (Arg-Gln) leading to the highest fitness cost
among rifampicin resistance-associated mutations has never been found in clinical
rifampicin-resistant isolates (122, 130). Many other nucleotide deletions within the
rifampicin resistance-determining region of rpoB, frequently detected in in vitro-
selected rifampicin-resistant mutants were also rarely found in clinical isolates (130,
299). Another example, mutations such as frame-shift nucleotide deletions or
insertions in katG gene that lead to complete loss of catalase—peroxidase enzyme
function were found much less in clinical mutants than in in vitro ones (124). All
these observations suggest that the prevalent mutations in clinical isolates are
positively selected because of their high level of drug resistance and low fitness cost

(297, 298).

In the case of mutations in pncA gene, the high diversity of mutations detected
in clinical isolates (over six hundred different mutations) can be explained by two
different hypotheses. First, mutations associated with PZA resistance in pncA gene
may not cause any fitness deficit since pncA is not an essential gene (M. tuberculosis
can survive without this gene by using another metabolic pathway (149, 153)). In this
case, each mutation would have the same probability to be selected and transmitted.
Second, all the mutations would cause high fitness cost that impaired the M.
tuberculosis transmission of these mutants strains (301). This situation can explain the

lack of pncA mutant clusters that reflect a low potential of transmission. Nevertheless,
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clusters of pncA mutants were found in some specific outbreaks of MDR and XDR
clones in South Africa (288, 302). All these data, high diversity of mutations and
existence of clusters even if it is rare, suggest that all the pncA mutations should have
the same fitness cost and thus the same probability to be transmitted (149).
Nevertheless, it is necessary to validate this assumption by further experimental

evolution studies.

Since the fitness cost imparted by drug resistance acquisition also varies
according to the lineages, several studies investigated the influence of genetic
background on the cost of drug resistance mutations in M. tuberculosis (118, 122,
280). In the study by Gagneux et al, the authors found differences in fitness cost for
rifampicin resistance-associated mutation »poB526 (His-Asp) between lineage 2 and
lineage 4. Conversely, the rpoB531 (Ser-Leu) mutants of both lineages revealed
similar costs (122). In another study, Gagneux et al reported that the inhA-15 (C-T)
and the karG315 (Ser-Thr) mutations are known to be associated with low/no cost
linked to lineage 1 and lineage 4, respectively. On the contrary, the isoniazid-resistant
non katG315 (Ser-Thr) mutations appear to be linked to lineage 2 and to be likely to
abrogate katG activity resulting in high biological cost (118). From Gagneux et a/, the
lineage 2 might be better adapted to compensate the loss or reduced activity of KatG
enzyme in the context of isoniazid resistance (122, 230). This hypothesis can also
explain that Beijing lineage is generally strongly associated with resistance to
isoniazid regardless the isoniazid resistant-associated mutations in katG and the

country (84, 118, 120, 121, 280, 281).

Compensatory mutations

The compensatory mutations have the ability to alleviate a loss of fitness
produced by drug resistance-associated mutations (296, 303, 304). The role of
compensatory mutations has been demonstrated in many other bacteria (304, 305). In
M. tuberculosis, knowledge on compensatory evolution is still limited and mainly
focused on isoniazid or rifampicin resistance (296, 306-309). Nevertheless,
mechanisms of compensatory evolution listed in the Table 2 were proposed for some

other drug resistances.
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Table 2. Mechanisms of drug resistance, fitness costs and compensatory processes in

Mycobacterium tuberculosis

Gene (drug Mechanism of resistance . Compensatory Reference
. . Fitness cost .
resistance) caused by gene mutation mechanism
katG (INH) Reduction of prodrug Reduction of protection from  Overexpression of ahpC by  Sherman et
activation oxidative damage mutations in its promoter al 1996,
Gagneux et
al 2006
inhA promoter Overexpression of NADH-  No fitness cost No This study
(INH) ACP-reductase
inhA (INH) Reduction of its affinity for ~ Reduction of fatty acid Secondary mutation in This study
drug biosynthesis promoter (suggested)
rpoB (RIF) Decrease of DNA Reduction of DNA Secondary mutation in Comas et al.
polymerase affinity for drug transcription efficiency rpoA or rpoC or rpoB 2012
rpsL (STR) Reduction of ribosomal Impairment of ribosome Unknown Bottger et al
target affinity for drug performance 1998
embB (EMB) Decrease of arabinosyl Reduction of cell wall Secondary mutation in This study
transferase affinity for drug  biosynthesis efficiency embA or embC (suggested)
pncA (PZA) Reduction or loss of PZA Unknown Unknown
prodrug activation
ayrA & gyrB Reduction of DNA gyrase Reduction of supercoiling of ~ Secondary mutation in This study
(FQs) affinity for drug DNA, DNA replication and gyrA or gyrB (Suggested)
transcription efficiency
rrs (STR, KAN, Reduction of ribosomal No fitness cost No Nessa et al
AMK, CAP) target affinity for drug 2011
eis (KAN) Overexpression No No This study
of aminoglycoside
acetyltransferase

In 1996, it has been shown that mutations in ahpC promoter leading to

overexpression of ahpC gene (encoding an alkyl hydroperoxide reductase) can

partially compensate the loss of KatG enzyme activity (309). However, ahpC

mutations are rare and not genetically clustered with katG mutations, indicating that

acquiring ahpC promoter mutations is not essential for the transmission of isoniazid-

resistant strains (118). Later, since almost all the laboratory-generated mutants

harboring a rifampicin resistance-associated mutation in RRDR showed a significant

fitness deficit compared to their drug-susceptible ancestors when grown in the

absence of rifampicin, it was believed that fitness cost linked to rifampicin resistance
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can be reduced by compensatory mutations in clinical isolates (122, 130, 294, 295,
306, 307). Non-synonymous mutations in the rpoA and rpoC encoding the o and ’
subunits of RNA polymerase, respectively, were suspected to play the role of fitness-
compensatory mutations in rifampicin-resistant mutants (306, 307). Comas et al found
that 27.1% (89/239) of MDR clinical strains having a mutation in 7poB also carried a
non-synonymous mutation in 7poA or rpoC (94). Furthermore, the use of Sal/monella
as model organism and genetic reconstructions demonstrated that mutations not only
in rpoA and rpoC, but also in rpoB genes were associated with an increased growth
rate (303, 310). Furthermore, many previous studies showed that rifampicin-resistant
M. tuberculosis clinical isolates carried multiple (double, triple and quadruple)
mutations in rpoB gene, suggesting a compensatory evolutionary mechanism to
improve the fitness cost of the original resistance mutation (305). It is worth noting
that, the compensatory mutations in 7poA and rpoC genes were more commonly
identified in the dominant MDR and XDR clones in high MDR-TB burden countries
suggesting that the highly drug-resistant mutants carrying these mutations were
successfully transmitted in the population (83, 85, 288, 306, 307, 311). Moreover,
these studies showed that the rpoC mutations were significantly associated with
rpoB531 Ser-Leu mutation, suggesting cooperation between compensatory mutations
and drug resistance-associated mutation (83, 307, 311). This may explain that the
rpoB531 Ser-Leu is the most common mutation observed in rifampicin-resistant M.
tuberculosis clinical isolates and impart a low fitness cost. Furthermore, the
compensatory mutations seem to be associated with Beijing strains and especially
with the rpoB531 Ser-Leu mutants (83, 311). Nevertheless, the frequency of
compensatory mutations differs according to the Beijing genotype clades, suggesting
strong link between drug resistance mutations, compensatory mutations and genetic

background (83).

Although the SLD resistance is more and more a problem of public health
with the emergence of pre-XDR and XDR-TB cases, the fitness cost and the
mechanisms of compensatory mutations in SLD resistance still need to be
investigated. Thus, further studies need to be addressed in order to better evaluate the

risk of spread of evolutionary successful SLD resistant isolates.

Role for epistasis in drug resistance evolution in M. tuberculosis
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Epistasis is known to play an important role in the evolution of organisms in
general and of drug resistance in particular (312, 313). Epistasis generally defines the
interactions between two genes or several genes. Depending on the effects of the
combined mutations (deleterious or beneficial), epistasis can be negative or positive
(312, 313). In the case of negative epistasis, the total cost of multiple-drug resistance
is higher than the cost of single-drug resistance and thus the multiple-drug resistance
mutants would be less fit than their single-drug resistant counterparts and therefore
will disappear in the absence of drug pressure (313, 314). On the contrary, when
positive epistasis occurs, the total cost of multiple-drug resistance is lower than the
cost of the single resistance even in the absence of drug pressure. The multiple-drug

resistant mutants, in this case, will become dominant in the population (312-314).

Although still little is known about epistasis in M. tuberculosis, there are
evidences suggesting that this process could play an important role in the emergence
and evolution of MDR and XDR M. tuberculosis strains (315). The interaction
between drug resistance mutations may restore or even increase fitness of drug-
resistant mutants compared to drug-susceptible strains. As example, Spies et al
demonstrated that, the double mutants rpsL43 (Lys-Arg)/katG315 (Ser-Thr), rpsL43
(Lys-Arg)/rpoB531 (Ser-Leu), and rpoB531 (Ser-Leu)/katG315 (Ser-Thr), more
frequently detected in clinical isolates, grow faster than drug-susceptible strains (264).
This suggests that the interaction between these mutations may provide fitness
advantage for the double mutants. Indeed, these double mutations have been proven
to increase the fitness of drug-resistant E. coli and to drive evolution of multiple drug
resistance acquisition (314). Nevertheless, recent study of Salvatore ef al/ found that
the MDR strains carrying the double mutations katG315 (Ser-Thr) and rpsL43 (Lys-
Arg) were less detected in multiple-case households, compared to single-case
household MDR strains suggesting a negative epistasis (290). Since the katG315
mutation unchanged the virulence and transmission of isoniazid-resistant strains, the
authors suggested that the 7psL.43 mutation might impart a cost on the transmissibility
of drug-resistant bacteria. Nevertheless, since the combination of katG315 and rpsL43
mutations was commonly found in drug-resistant clinical isolates, particularly in
Beijing strains, it is thus possible that the epistasis effect is also regulated by the

genetic background of the strains.
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In another study, Borrell et al described epistatic interaction between
mutations associated with resistance to ofloxacin and rifampicin using M. smegmatis
as model organism (232). They showed that 35% (6/17) of the double drug-resistant
mutants carrying mutations associated with rifampicin and fluoroquinolone
resistances, rpoB526 (His-Pro/Arg/Tyr) and gyrA94 (Asp-Asn), rpoB526 (His-
Pro/Arg) and gyrA94 (Asp-Gly), and rpoB526 (His-Pro) and gyrA94 (Asp-Tyr) had a
significantly higher fitness than the corresponding single drug-resistant mutants (232).
This study also showed that the specific gyrA94 (Asp-Gly) mutation was associated
with improved fitness in all of the double mutants, irrespective of the 7poB mutation.
It is worth noting that these peculiar combinations of mutations were the most
common among MDR and XDR clinical isolates in South Africa, which is one of the
highest MDR-TB burden country in the world. Nevertheless, these authors also found
some double mutants with fitness defect, which is the sign of negative epistasis. In TB
treatment, rifampicin, classified as a FLD is always used before fluoroquinolones that
are classified in SLD. Consequently, »poB mutations are generally acquired before
gyrA mutations. Following this route, we may predict the mutation paths leading to
rpoB-gyrA double mutants resulting from epistastic interaction (268). However,
fluoroquinolones have been widely used for treating other infectious diseases
increasing the burden of selective pressure and compromising their efficacy in the TB
treatment. Consequently, M. tuberculosis strains could be exposed to
fluoroquinolones before rifampicin. It would be interesting to explore the epistasis
effect in this drug pressure configuration and the gyrA-rpoB mutation combinations

acquired by the bacteria.

It is worth noting that, in some cases without drug pressure, drug-resistant
mutants may reveal higher relative fitness than the drug-sensitive strains owing to the
epistatic interaction between a drug-resistant mutation and a compensatory mutation
such as rpoB531 and rpoC mutations (312). By using M. smegmatis model, Song et al
demonstrated that the recombinants strains carrying both 7poB531 (Ser-Thr) and rpoC
mutations had higher growth rate and showed also a higher relative fitness than their
counterparts bearing only rpoB531 (Ser-Thr) mutation (308). However, these
interactions have not been yet explored in M. tuberculosis. Nevertheless, a proportion

of clinical drug-resistant mutants carrying compensatory mutations had low or no
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fitness cost, suggesting that the interaction between these two types of mutations

could also exist in this pathogen.

Concluding remarks

While M. tuberculosis can be intrinsically resistant to drugs thanks to the drug
extrusion capacity by activation of drug efflux systems, the main mechanism of
resistance is the acquisition of chromosomal drug-resistance-associated mutations.
This mechanism is essential for the bacteria because it can maintain the resistances in
the bacterial populations. However, the evolution of drug resistance in M. tuberculosis
is driven by various factors impacting this mechanism. Mutation frequencies and the
mutation type can be affected by the drug resistant-patterns and the genotypes.
Different mutations can cause different levels of drug resistance and biological fitness
cost even if they are located in the same genes. The most frequent drug resistance
mutations found in clinical isolates worldwide are often associated with high level of
drug resistance and/or low/no fitness costs, or with other mutations (drug resistance-
associated mutations or compensatory mutations). These points strongly suggest that
epistatic interactions drive the evolution of drug resistance in M. tuberculosis.
Furthermore, all these evolutionary processes not only maintain drug-resistant strains
in the population but also favor their transmission in host population. Thus, MDR and
XDR strains are emerging worldwide probably due to compensatory mechanisms,

reduced fitness cost and epistasis.

Nevertheless, still today some drug resistance mechanisms remain unclear and
many mechanisms of fitness-compensatory evolution and epistasis have not been yet
investigated in this pathogen. Therefore, further works are needed to better know all
the forces that drive the evolution of drug resistance in M. tuberculosis in order to

better control the emergence and rapid spread of highly drug-resistant strains.

Disclosure: The authors declare no conflict of interest.
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1.2.9 The tuberculosis situation in Vietnam

A. TB burden, drug-resistant TB and risk factors

Till now, Vietnam is one of the countries with the highest TB and MDR-TB
burden (12). The incidence, prevalence and mortality rates were estimated at 130, 180
and 17 per 100 000 population, respectively (12). Nevertheless, Vietnam was one of
the 9 high TB burden countries, which met all the three WHO’s 2015 targets: 50%
reduction in incidence, prevalence and mortality rates compared with that in 1990
(12). The overall treatment success rate for all TB cases, including new and retreated
cases, was 89% in 2013, slightly higher than the global rate (83%) (12). TB has been
associated with male (76%) and with working age (60%), indicating that TB is also a

social and economic burden in this low-income country (316).

The most recent National anti-TB drug resistance survey in 2011 showed that,
the proportion of TB cases with resistance to any FLD drug was as high as 32.7% and
54.2% among new cases and previously treated cases, respectively (316). Among
resistances to FLDs, INH and STR resistances were the most commonly detected.
Resistance to STR was lower among new cases than among previously treated cases
(27.4% vs. 42.2%), as was INH resistance (18.9% vs 44.7%). Resistances to RIF and
EMB were low among new cases (4.1% and 3.4%, respectively), but were high
among previously treated cases (23.1% and 11.9%, respectively). The proportion of
cases with resistance to at least two drugs was 10% and 14%, respectively. Compared
to the previous National survey in 2005, the proportion of MDR-TB cases increased
from 2.7% to 4% among new cases and from 19% to 23% among previously treated
cases between 2005-2011 (316). Based on the results of the last survey in 2011, the

annual estimated number of MDR-TB cases is about 5100.

In 2014, the Vietnam National TB Program (NTP) had started to replace the 8-
month regimen (2HRZS/6HE), which had been used since 1990 for new TB cases, by
a 6-month regimen with the inclusion of EMB in the continuation phase
(2HRZE/4HRE). Similarly, the 8-month regimen 2SHRZE/1IHRZE/SHRE had been
introduced for previously treated TB cases (316).
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In late 2009, the Vietnam NTP initiated the Programmatic Management of
Drug-resistant TB (PMDT) to provide SLD treatment to MDR-TB patients (317).
Before the launching of PMDT, the SLDs have been used without official guidelines
(318) and sources of supply and quality of drugs have not been controlled. Thus
suboptimal treatments were suspected since pre-XDR and XDR-TB were detected
(data presented in this thesis). In 2011, the prevalence of resistance to any SLDs was
18% among MDR-TB cases, the proportion of pre-XDR and XDR-TB were 18% and
6%, respectively (319).

Although the number of MDR-TB cases detected and enrolled in PMDT
increased between 2013-2015 from 18.5% to 42%, an estimated 58% of MDR-TB
cases have not been diagnosed (319, 320), implying an inadequate-controlled
transmission of MDR-TB in the population. The PMDT guidelines for MDR-TB
treatment suggest that treatment regimen should consist of a 6-month intensive phase,
with the use of a combination of at least 6 drugs, chosen among the drug PZA, EMB,
KAN/CAP, LFX, PTO and CS/PAS, followed by a 12-months continuation phase,
with the use of a combination of at least 5 drugs, chosen among the drug PZA, EMB,
LFX, PTO and CS/PAS (317). A retrospective cohort study on treatment outcomes of
MDR-TB patients during 2010-2012 showed that, favorable outcomes were attained
in 73% of patients, that was higher than the global average rate (50%) (321). In fact,
Vietnam is one of the five countries with high MDR-TB burden in the world that
achieved a MDR-TB treatment success rate of more than 70% (12).

Noticeably, the new anti-TB drug BDQ is available in Vietnam since late
2015. The drug safety and efficacy have been evaluated through a cohort study, in
which a donation program with the delivery of medicines to the studied patients (who
have pre-XDR- and XDR-TB) has also been initiated. This event also kicked off the
implementation of a regimen that was shorten from 18-24 months to 9 month, and

thus cost-effective for MDR-TB treatment.

Regarding the diagnosis of drug resistant TB, solid culture is a standard
method for DST. Besides, liquid culture using BACTEC-MGIT system, LPAs and
Xpert®MTB/RIF (Xpert) assay which are endorsed by WHO were also implemented
by NTP (321). The proportions of MDR-TB patients diagnosed with culture-based
DST, LPAs and Xpert were respectively 33%, 55% and 12% (321). Only 5.5% new
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TB cases and 96% previously treated cases were subjected to DST for RIF only or
both RIF and INH. Among the confirmed MDR-TB cases, 78% were tested for FQ
and SLID resistance (12). These figures underline a large proportion of undetected

drug resistant TB cases in Vietnam.

B. Molecular characteristics of drug resistance in clinical M. tuberculosis

isolates in Vietnam

Gene sequencing have been done to explore molecular characteristics of drug
resistance mainly to INH and RIF and in clinical M. tuberculosis isolates mainly
collected from the South of Vietnam (6, 190, 322). For instance, an earlier study
revealed that 89% of INH-resistant isolates harbored either karG315 or inhA-15
mutations and that 95.2% of RIF resistant isolates carried mutations in the RRDR of
rpoB gene (322). A recent study also showed a high prevalence (85.4%) of katG315
mutation (Ser-Thr) in INH-resistant isolates from the North (323). Mutations
associated with STR resistance were also investigated in a collection of clinical
isolates from the South by sequencing rpsL, rrs and gidB genes (190). The study
found 93.1% of SM-resistant isolates carrying mutations in rpsL and rrs gene. The
authors could not identify links between gidB gene mutations and SM resistance,
because gidB mutations were found in both resistant and susceptible isolates. Another
study determined 82.6% of FQ-resistant isolates having FQ resistance-associated

mutations in gyrA and gyrB genes (6).

Mutations associated with drug-resistance in M. tuberculosis were also
detected by commercial kits. For example, a study showed that Genotype
MTBDRplus, which is used for detecting MDR-TB, identified 75.3% INH-resistant
isolates carrying a mutation at katG315 position and 28.2% carrying a mutation at

inhA-15 position (324).

So far, gene mutations responsible for resistance to PZA, EMB, new FQ
generations and SLIDs have not been reported in Vietnam. Associations between
phenotypic drug-resistant patterns and drug resistance-associated mutations have
never been explored to investigate the interactions among genetic elements in the

evolution of drug resistance. Other potential driving factors of the drug resistance

69



evolution such as genetic background of the bacteria and compensatory mutations

also have little or not been studied.
C. Associations between M. tuberculosis lineages and drug resistance

Studies of molecular epidemiology of TB showed that Beijing and EAI
families are predominant in Vietnam, together responsible for about 80% of the TB
cases (5, 325-327). Their distribution varies according to geographic areas. For
Beijing family, the prevalence was 39% - 54% in the South, 30% - 38% in the North
and 28% in the Center region (5, 326-330). This family was more predominant in
urban (53% - 82%) than in rural areas (35% - 40%) (5, 6, 190, 326-329). On the
contrary, EAI family was more predominant in rural areas (50%) compared to urban
areas (21%) (8, 330). Their prevalence in the North was 20% - 38.5%, in the South
was 36% - 50% and in the Centre was 59% (5, 8, 330, 331). Other families including
H, LAM, T, U, MANU, Zero and X were also detected, but with low prevalence (8,
326, 329).

Beijing family was reported to be more associated with drug resistance, high
level of drug resistance, younger ages, treatment failure, relapses and TB transmission
(5-7, 325-327). Whereas, the EAI family strains were more associated with older

ages, drug sensitiveness and low level of drug resistance (5, 326, 327, 330).

Up to now, little is known about the association between genetic determinants
of drug resistance and M. tuberculosis families in Vietnam except two studies
reporting the association of Beijing strains with FQs and SM resistance based on

genetic mutation analyses (6, 190).
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Chapter 2. MATERIALS AND METHODS

2.1 Study population

From clinical M. tuberculosis cultures stored in National Institute of Hygiene
and Epidemiology (NIHE) in Hanoi, Vietnam, 260 clinical isolates were included in
this study. These samples were collected from three regional TB reference hospitals
of Vietnam (National Lung Hospital in the North [NLH], Hue general Hospital in the
Centre [HGH] and Pham Ngoc Thach Hospital in the South [PNT]) by Vietnam NTP
in between 2005 — 2009, before the PMDT launched in Vietnam (in the late 2009).
The samples were chosen according to their FLD-susceptibility patterns (INH, RIF,
STR and EMB resistance) and families. For each FLD-resistance pattern, we selected
isolates according to the M. tuberculosis family determined by spoligotyping. For
each family, when the number of isolates was less than 10 per FLD-resistance pattern,
all the isolates were exhaustively taken, when the number was more than 10, around
10 isolates were randomly selected. The details on the samples are listed in the Table

A2 in appendix.
2.2 Ethics approval of research

This study has been performed in accordance with the Declaration of Helsinki.
Since the study used only isolates that were routinely collected from patients,
informed consent to participate was not required. The Ethical Review Committee at
the National Institute of Hygiene and Epidemiology (NIHE) approved the study

procedures.
2.3 Bacterial culture

From the original stocks stored at -80°C, all the samples were sub-cultured on
LJ medium. After 2 - 3 weeks of growth, the cultures were harvested and used for all
the experimentations described below. All the bacterial cultures were performed in the

Biosafety Laboratory level 3 of NIHE.
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2.4 Drug susceptibility testing (DST)

Drug susceptibility testing (DST) is the determination of susceptibility to
drugs used in treatment: a negative result means that the isolates are sensitive to the
tested drugs and the patient with that isolates has a high probability of treatment
success, while a positive result means that the isolates are resistant to the drug under

study and thus the patient with that isolates have high possibility of treatment failure.

The objectives here were: to determine the drug susceptibility to FLDs and
SLDs by using the Canetti-Grosset technique; to develop a new technique based on
proportional agar microplate assay to reduce the turn-around time (see paper 2 below
at the end of this chapter) (332, 333). The Canetti-Grosset technique is the gold
standard for DST of M. tuberculosis and the technique was previously described in
the WHO 2003 report (333). This test is based on the determination of the "growth
proportion" of M. tuberculosis colonies in drug-containing medium relative to that in
drug-free medium, using the same inoculum. An isolate was considered as drug-
sensitive when no growth or a growth proportion lower than 1% was observed and
drug-resistant when the growth proportion was higher than or equal to 1%. However,
this technique is time consuming (4 — 8 weeks for getting final DST result), costly and

difficult to implement.

In this context, we developed a proportional microplate DST method for a
faster detection of drug resistance in M. tuberculosis based on M7H11 medium for
FLDs and on M7H10 for SLDs. The details of this technique and the study results are
described in the published paper below at the end of this chapter: “Reduced turn-
around time for Mycobacterium tuberculosis drug susceptibility testing with a

proportional agar microplate assay” (332).

2.4.1 FLD-susceptibility testing

All the 260 M. tuberculosis isolates were tested for susceptibility to the 4 first
line anti-TB drugs INH, RIF, EMB and STR by both the proportional Canetti-Grosset
technique (at NLH, PNT and NIHE) and the proportional microplate assay (at NIHE).
The critical concentrations were applied for the two techniques on LJ medium for

Canetti-Grosset technique and on 7H11 medium for the proportional microplate
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assay, as recommended by WHO 2012 (see Table Al in appendix) (332, 333). The

H37Rv laboratory strain was included as control.

2.4.2 SLD-susceptibility testing

SLD-susceptibility testing was also adapted on proportional microplate assay
by using M7H10 supplemented with OADC (the DST are not standardized for SLDs
on M7HI11 medium) (WHO 2012, see Table Al in appendix for details). The critical
concentrations were used for the tested drugs as follows: KAN (5 mg/L), AMK (4
mg/L), CAP (4 mg/L), OFX (2 mg/L), LVX (1 mg/L), MXF (0.5 and 2 mg/L), and
GAT (1 mg/L) (WHO 2012, see Table Al in appendix). For MXF susceptibility,
growth at concentrations >0.5 mg/L and <2 mg/L indicated low level of resistance and
growth at concentrations >2 mg/L indicated high level of resistance. SLD-
susceptibility testing was carried out on a subsample of 105 FLD-resistant (mainly
MDR) and 20 FLD-sensitive isolates. The H37Rv laboratory strain was included as

control.
2.5 DNA preparation

A full loop of M. tuberculosis colonies grown on Lowenstein-Jensen medium
was harvested and suspended in ImL TE buffer (10mM Tris-HCI, ImM EDTA).
After killing of the bacteria at 95°C for 45 min (repeated twice), the suspension was
centrifuged and the DNA-containing supernatant was transferred in a new tube and

stored at -20°C until use.
2.6 Molecular Genotyping

The two genotyping methods for M. tuberculosis, Spoligotyping and MIRU-

VNTR were performed on the whole sample.

2.6.1 Spoligotyping typing

Spoligotyping method is based on the polymorphism in the direct repeat (DR)
locus (member of the CRISPR region [clustered regularly interspaced short
palindromic repeats]) (334). This region consists of 36 base pair DR copies
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interspersed by non-repetitive 3541 base pair sequences called spacers (Figure 2.1)
(335). 94 spacer sequences were described, but 43 spacers are commonly used for the
genotyping (334). The polymorphism is based on the presence or absence of these
spacers. Spoligotyping is a PCR-based method that amplifies the spacers. The method
that we used is based on reverse line blot hybridization technique. The PCR products
are hybridized to a membrane with 43 covalently bound synthetic oligonucleotides
representing the different spacers selected from M. tuberculosis H37Rv (spacers 1-19,
22-32, and 37-43) and M. bovis BCG (spacers 20-21 and 33-36) (Figure 2.1) (335).
The details of this technique are described in (3). The patterns (presence and absence
of spacers) were coded as a binary number. The data were then compared with the
international database on SITVIT WEB (http://www.pasteur-
guadeloupe.fr:8081/SITVIT_ONLINE)(4). This technique allowed determining the

M. tuberculosis families present in our sample.
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Figure 2.1. Schema of spoligotyping technique
(Source from Barnes and Cave 2003 (327))

2.6.2 24-locus MIRU-VNTR typing

Mycobacterial Interspersed Repetitive Units of Variable Number of Tandem
Repeats (MIRU-VNTR) has become a major method for the epidemiological tracking
of M. tuberculosis strains, as it is highly discriminatory and reproducible (335-337).
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These loci correspond to “macrosatellite” elements. The repetitive units are 40—100
base pairs in length and are located in 41 loci scattered throughout the genome of M.
tuberculosis (335, 338). The polymorphism is based on the variability in the number
of copies of the repeat unit. Nowadays, the current recommendations are to use 24
loci to have a global high discrimination power (337, 339, 340). MIRU-VNTR is
PCR-based method using primers specific for the flanking regions of the different loci

(Figure 2.2) (335).

.....l.,.ﬁmmném||ﬁﬂn7mmﬁ

B
-

6 H37Rv
MA BCD MABCD MA B CD

== 15110 <> 156110 probe
i OR lotws J  Pnisites
Ll miru >< PCR primers

MIRU-Based Genotyping

Figure 2.2. Schema of the different molecular markers used for M. tuberculosis
genotyping of which MIRU-VNTR typing
(Source from Barnes and Cave 2003 (327))

After the amplification of each locus, the products were visualized by agarose
gel electrophoresis. The methodology was performed according to the procedure
detailed in (337). Since the length of the repeat unit is known, the size of the PCR
products gave the number of copies of the repeat unit. The data were coded as
numerical value reflecting the number of repeats in tandem at each locus. The results
can be analyzed using the specialized bioinformatics web tool MIRU-VNTRplus

(http://www.miru-vntrplus.org/) containing a collection of strains representing the

major M. tuberculosis lineages (336, 341).
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2.7 Detection of drug resistance-associated mutations by DNA

sequencing

The main genes associated with resistance to FLDs and SLDs were PCR-
amplified and sequenced. For the FLD resistance, the following genes and gene
fragments were studied: katG gene, inhA gene and the inhA promoter (INH
resistance); rpoB gene (RIF resistance); rpsL gene and rrs-F2 fragment (STR
resistance); embB gene (EMB resistance); pncA gene and its promoter (PZA
resistance). For the SLD resistance, the following genes and gene fragments were
analyzed: gyrA and gyrB genes (FQ resistance), rrs-F2 fragment (SLID resistance).
The list of primers, PCR conditions and DNA sequencing are described in the Table
2.1 (see papers 3 and 4 in Chapter 3 for details).

Each sequence was treated independently using the Bioedit software (version
7.1.10). The consensus sequence was generated. Multi-sequence alignment was then
performed. Point mutations were identified by comparison with the sequence of the
M. tuberculosis H37Rv reference strain available in GenBank (NC.000962.3).
Sensitivity and specificity values were determined by comparison of phenotypic and
genotypic data for each drug (except for PZA). The two tailed-Fisher’s exact test was
used to compare the mutation frequencies between drug-resistant patterns and
between M. tuberculosis families. P-values <0.05 were considered statistically
significant. The odds ratio and 95% confidence interval (95% CI) were calculated to

quantify the association of FLD resistance patterns with mutation frequency.
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Table 2.1. Primers used for DNA amplification and sequencing of genes involved in
anti-TB drug resistance and compensatory mutation in M. tuberculosis

Drug(s) l()}re;l:l/ogteelll.e Primer sequence ‘;:I(I; caling }i)epn)gth Target region
F-rpoB1: 5’-GTCGACGCTGACCGAAGAAG-3’ . .
rpoB-F1 62°C 1148 gglg%s, hf‘?ﬁlud‘ng
R-rpoB1: 5’-TCTCGCCGTCGTCAGTACAG-3’
RIF
F-rpoB2: 5°’- TAGTTGCGTGCGTGAGATCC-3’
rpoB-F2 60°C 1174 Promoter and N-
terminal region
R-rpoB2: 5’- TGGTCTGACCCTCGTGCAAG-3’
F-katGl: 5’-CCAACTCCTGGAAGGAATGC-3’
58°C 1169
R-katGl: 5°~ AGAGGTCAGTGGCCAGCAT-3’
katG Full length gene
F-katG2: 5°~-ACGAGTGGGAGCTGACGAA-3’
60°C 1229
R-katG2: 5>~ AACCCGAATCAGCGCACGT-3’
INH
F-inhAl: 5>-GCGACATACCTGCTGCGCAA-3’
60°C 300 Promoter region
R-inhA2: 5’-ATCCCCCGGTTTCCTCCGGT-3’
inhA
F-inhA3: 5’-GACACAACACAAGGACGCA-3’
60°C 1008 Full length gene
R-inhA4: 5’-TGCCATTGATCGGTGATACC-3’
F-rpsL: 5’-GCGCCCAAGATAGAAAG-3’
rpsL 58°C 451 Full length gene
R-rpsL: 5’-CAACTGCGATCCGTAGA-3’
STR
F-S1: 5>-GAGAGTTTGATCCTGGCTCAG-3’
rrs-F1 58°C 973 Loops 530 & 915
R-S1: 5’-CCAGGTAAGGTTCTTCGCGTTG-3’
embB F-embB: 5>-TGACCGACGCCGTGGTGATA-3 62°C .
EMB 1312 ERDR & flanking
sequences
R-embB: 5’-GCCATGAAACCGGCCACGAT-3
PZA pncA F-pneA 5-CTTGCGGCGAGCGCTCCA-3” 63°C 709 pncA and its promoter
R-pncA: 5’>-TCGCGATCGTCGCGGCGTC-3’
F-S2: 5’- GCGCAGATATCAGGAGG-3’
E:‘E SAMK & B 58°C 918 1400-1500 region
R-S2: 5°- CGCCCACTACAGACAAG-3’
F-gyrAB: 5’-GCAACACCGAGGTCAAATCG-3’
FQs arA & gyrB 62°C 1296 QRDRs of gyrA & gyrB
R-gyrAB: 5°-CTCAGCATCTCCATCGCCAA-3’
F-rpoA: 5'-AACCGATCCCAGTTCGTGAT-3'
rpoA (RIF) 60°C 856 rpoA gene
R-rpoA: 5'-GCAGCTTGATCTTCACCTCG-3'
E‘:l‘t‘;‘;ie;fat‘”y F-rpoC: 5'-AGTCGCTTTCCGATCTGCTC-3' R0 ARooC inferaction
1poC (RIF) 60°C 952 re‘; . P
R-rpoC: 5'-TTGAGCTTGTCGACGGTCTG-3'
gfgfg;gf (lrtrim) F-ahpC: 5'-CCGCAACGTCGACTGGCTCATA-3' 62°C 835 “A’ﬁ) %pr"m"ter and
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2.8 Detection of compensatory mutations in RIF-resistant and INH-

resistant isolates by DNA sequencing

The ahpC gene and its promoter was amplified and sequenced for all INH-
resistant isolates. The rpoA and rpoC genes were amplified and sequenced in all RIF-
resistant isolates. The list of primers, PCR conditions and DNA sequencing were
described in the Table 2.1. The analysis of sequences and mutations were performed
according to the procedure described above using Bioedit software and sequence

comparison with the M. tuberculosis H37Rv reference strain.
2.9 Phylogenic analysis

A Neighbor Joining based phylogenetic tree was built from DSW distances
(based on the 24-locus MIRU-VNTR set) (342) with M. canettii as root using MIRU-
VNTRplus (http://www.miru-vntrplus.org/) (341). The tree was edited by the Treedyn

software (http://www.treedyn.org/), including mapping mutations, drug resistance

patterns, families and genotype clusters (343).
2.10 PhyloType analysis

This analysis had for objectives to better understand the evolutionary
pathways that follow the isolates to become MDR and XDR. We used the PhyloType
method (http://phylotype.org/) that helps to quickly inspect phylogenies and combine

them with extrinsic traits (e.g. geographic location, risk group, presence of a given
resistance mutation) (344). This method allows determining groups that share specific
traits, called phylotypes, from a phylogeny having taxa (strains) annotated with
extrinsic traits. Phylotypes are subsets of taxa with close phylogenetic relationships
and common trait values. We thus performed a combined analysis of the phylogenetic
tree build from MIRU-VNTR data with all the available data (phenotypes, genetic
mutations, families, genotypes, drug resistance mutations) in order to identify how the
isolates evolved from sensitive to XDR form. P-value <0.05 was statistically

significant (344).
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Chapter 3. RESULTS AND DISCUSSIONS

In order to reach the objectives of this PhD thesis, which aims to acquire
knowledge on drug resistance in clinical M. tuberculosis isolates in Vietnam and to
understand how this bacteria evolved from sensitive to highly drug-resistant form by
molecular analysis, this chapter has been subdivided in four parts, each addressing

specific questions about drug resistance.

The first part is aimed to develop a DST procedure with a reduced turn-
around, a cheaper cost and a specificity and sensitivity comparable to DST on LJ solid
medium. Indeed, rapid and accurate detection of drug-resistant M. tuberculosis is one
of the priorities to combat the emergence of multiple drug-resistant TB including
MDR and XDR TB worldwide. The traditional proportional method for DST based on
LJ medium cultures takes 6 — 8 weeks for getting final result. Liquid culture-based
DST method is efficient and fast, but expensive and does not allow detecting the
contaminations. The results of this study are presented in the paper 2 entitled
“Reduced turn-around time for Mycobacterium tuberculosis drug susceptibility testing
with a proportional agar microplate assay” which is published on Clinical

Microbiology and Infection (see the attached paper 2).

The second part is focused on the study of highly FLD resistant clinical
isolates by phenotypic and genetic approach. The questions to be solved were: What
is the risk for quadruple-FLD resistant isolates to be pre-XDR and XDR and what are
the genetic processes leading to these high level of drug resistance? This study is
detailed in paper 3 entitled “Quadruple-First line Drug Resistance in Mycobacterium
tuberculosis in Vietnam: What can we learn from genes?” published on Infection,

Genetics and Evolution (see the attached paper 3).

The third part deals with the molecular study of PZA (key drug in current TB
and MDR-TB treatment) resistance, which is unknown in Vietnam. The questions in
this part were: What is the proportion of clinical M. tuberculosis isolates carrying
pncA mutations associated with PZA resistance in Vietnam; Are there specific
correlations between PZA resistance, FLD resistant patterns and M. tuberculosis
families? The data are detailed in paper 4 entitled “Molecular analysis of

pyrazinamide resistance in Mycobacterium tuberculosis in Vietnam highlights the
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high rate of pyrazinamide resistance-associated mutations in clinical isolates”
accepted for publication on Emerging Microbes and Infections (see the attached

manuscript).

Finally, the last part is focused on the evolution of drug resistance in M.
tuberculosis in Vietnam. The questions addressed here were: How M. tuberculosis
evolved from sensitive to highly drug resistant status including mono-resistance,
MDR, pre-XDR and XDR; Do the clinical isolates display specific genetic
characteristics (such as low fitness cost mutations or fitness-compensatory mutations)
explaining the successful spread of highly drug resistant strains in Vietnam? From the
collected data can we predict the evolution of drug resistance? This four part is

entitled: “Evolution of drug resistance in Mycobacterium tuberculosis in Vietnam”.
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Reduced turn-around time for Mycobacterium tuberculosis drug
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Abstract

Multidrug-resistant tuberculosis is a major issue worldwide; however, accessibility to drug susceptibility testing (DST) is still limited in
developing countries, owing to high costs and complexity. We developed a proportion method on 12-well microplates for DST. The
assay reduced the time to results to <I2 days and <10 days when bacterial growth was checked with the naked eye or a microscope,
respectively. Comparison with the Canetti—Grosset method showed that the results of the two assays almost overlapped (kappa index
0.98 (95% CI 0.91-1.00) for isoniazid, rifampicin, streptomycin; and kappa index 0.92 (95% Cl 0.85-0.99) for ethambutol). The
sequencing of genes involved in drug resistance showed similar level of phenotype—genotype agreement between techniques. Finally,
measurement of the MICs of rifampicin and ethambutol suggests that the currently used critical ethambutol concentration should be
revised, and that the current molecular drug susceptibility tests for rifampicin need to be re-evaluated, as in vitro rifampicin-sensitive
isolates could harbour drug resistance-associated mutation(s).
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such settings [5,6], which is a much lower rate than that ach-
ieved with DST-based treatments (38% vs. 79%) [5].

Liquid medium-based DST with automated culture systems
such as BACTEC 460 TB and BACTEC MGIT 960 [7] is effi-
cient and fast, but expensive. Other disadvantages are invisible

Introduction contaminations, overgrowth of atypical mycobacteria, inability

to check the colony morphology and to determine the MIC,

and the need for multiple tubes or bottles [8]. GeneXpert, a

Multidrug-resistant tuberculosis (MDR-TB), i.e. tuberculosis fast molecular-based test, was endorsed by the WHO for the

(TB) resistant to at least isoniazid and rifampicin, the two identification of suspected MDR-TB cases [9]. However, the

essential first-line anti-TB drugs [I]), is a major challenge.
However, in the countries with the highest MDR-TB burden,
less than one-fifth of patients with MDR-TB are detected, owing
to the lack of diagnostic capacity [2], leading to treatments

without prior drug susceptibility testing (DST) [3—5]. Sputum

Clin Microbiol Infect 2015; 21: 1084—1092

high cost hampers its routine use in developing countries [9].
Moreover, the suspected MDR-TB cases detected by Gen-
eXpert still need to be confirmed with a reference standard
technique [10], such as proportional DST on Lowenstein—
Jensen medium [| | —13], which takes 6—8 weeks [14].

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved
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The proportional method on M7H10 agar developed by the
National Committee for Clinical Laboratory Standards is the
reference standard drug susceptibility test for mycobacteria in
the USA [I5,16]. It is also used in The Netherlands and else-
where, but on microplates instead of in culture tubes or bottles,
providing a low-cost, high-throughput, fast and easy-to-read test
with high sensitivity, specificity, and reproducibility [8,17].
Recent studies have shown that some drug-resistant Mycobac-
terium tuberculosis isolates do not grow or grow very slowly on
M7HI10 medium, leading to false drug-sensitive results. There-
fore, it was recommended to replace M7H10 with M7HI | agar,
which is supplemented with a pancreatic digest of casein, to
facilitate the growth of fastidious M. tuberculosis cultures [18,19].

Here, we describe a proportional method for DST in 12-well
microplates with M7HI | medium supplemented with OADC
and low-magnification microscopic monitoring of bacterial
growth to reduce turn-around time. We compared the results
with those obtained with the conventional Canetti—Grosset
proportional method. We also sequenced the genes involved in
drug resistance to validate the DST profiles, and measured
MICs in M. tuberculosis isolates with conflicting DST and
sequencing results.

Materials and methods

Ethics statement
The National Institute of Hygiene and Epidemiology (NIHE)
ethics review committee, Vietnam, approved the study

protocol.

M. tuberculosis isolates

Two hundred and twelve M. tuberculosis isolates were randomly
selected at the National Lung Hospital (NLH) in Hanoi, which
has the highest rates of MDR-TB.

DST

The sensitivities of all M. tuberculosis isolates to the four drugs
used as first-line TB treatment in Vietnam during the study
period (isoniazid, rifampicin, streptomycin, and ethambutol)
were tested with the Canetti—Grosset proportional technique,
as previously described [14], at the NHL, and also with the new
proportional microplate technique (described below) at the TB
Laboratory, NIHE, Vietnam. All experiments were performed
in biosafety level 3 laboratories. The critical inhibitory drug
concentrations (CIDCs) recommended by the WHO were
used (Table SI). Both methods determine the ‘growth pro-
portion’ of M. tuberculosis colonies in drug-containing medium
relative to that in drug-free medium, with the same inoculum.

An isolate was considered to be drug sensitive when no growth

or a growth proportion of <I|% was observed, and drug

resistant when the growth proportion was >1%.

Preparation of DST microplates

The M7HI1 agar (Difco, Maryland, USA) was prepared ac-
cording to the manufacturer’s instructions, and enriched with
10% OADC (Difco). Freshly prepared anti-TB drugs (Sigma;
INH: India, RMP, STM, EMB: China) at 100 x CIDC were added
(final concentration of | x CIDC), or not added, to the agar,
which was then distributed at 3 mL/well in |2-well microplates
(Thermo Scientific Nunc), as described in Fig. S|. Plates were
labelled, kept at 4°C, and used within | month.

M. tuberculosis inoculation in DST microplates

Bacterial colonies from fresh cultures (4 weeks) were ho-
mogenized by vortexing in | 5-mL Falcon tubes containing water
and glass beads. Larger particles were allowed to settle. The
supernatants were then transferred to new glass tubes, and
bacterial stock solutions (10® CFU/mL) were prepared with
McFarland standard No. 2 for adjustment. Bacterial solutions of
10° CFU/mL and 10® CFU/mL were prepared by making serial
ten-fold dilutions from the stock solutions in water. Fifty
microlitres of 10°> CFU/mL bacterial solution was added to each
well of the DST microplate, except for control 2, where 50 pL
of 10> CFU/mL bacterial solution was inoculated. Three sides of
the microplate were sealed with tape, and plates were incu-
bated at 37°C in an incubator. Culture contamination and
M. tuberculosis growth were monitored by eye and under a
microscope at low resolution (10x) from day | to day 14, and

recorded on a follow-up form.

DST microplate reading

Results were read by naked eye or microscopy. The minimum
number of colonies in control 2 had to be at least ten for
interpretation of the assay. Isolates were considered to be
sensitive when, in drug-containing wells, no colonies or fewer
colonies than in control 2 were observed. Isolates were
considered to be resistant if the number of colonies in drug-
containing wells was higher than or equal to the number of

colonies in control 2 (Fig. 1).

Sequencing of drug resistance genes

PCR amplification and DNA sequencing. The genetic elements of
resistance to rifampicin (a | 148-bp fragment in rpoB containing
the hotspot region), isoniazid (the entire sequences of katG and
inhA, and the inhA promoter), streptomycin (the entire se-
quences of rpsL and rrs) and ethambutol (a 1312-bp fragment in
embB containing the hotspot region) were PCR amplified and
sequenced. The primers and amplified regions are shown in
Table S2 [20—25]. The PCR conditions (with HotStarTag) were

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1084—1092
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VNM7

FIG. I. Reading of results in a |2-well microplate drug susceptibility testing assay. VNM7: Mycobacterium tuberculosis isolate resistant to isoniazid (INH)

VNM33

(left half of the 12-well plate); VNM33: M. tuberculosis isolate resistant to INH, rifampicin (RMP), and streptomycin (SM) (right half of the 12-well plate).

Photograph taken at day || of culture.

as follows: 15 min of Taq activation at 95°C, 35 cycles of 95°C
for | min, 58—62°C (Table S2) for 1.5 min, and 72°C for 2 min,
and 72°C for 5 min. PCR products were sequenced by Eurofins
MWG Operon or Ist BASE.

Sequence analysis

Each sequence was analysed with Bioedit and ClustalW soft-
wares. Point mutations were identified by comparison with the
sequence of the M. tuberculosis H37Rv reference strains in
GenBank (NC 000962).

Determination of rifampicin and ethambutol MICs
MICs were determined by use of the M7HI | microplate assay
with 0.031, 0.062, 0.124, 0.248, 0.496, 0.6, 0.7, 0.8, 0.9 and
1.0 mg/L rifampicin, and 2, 3, 4, 5, 6, 7 and 7.5 mg/L ethambutol.
The highest concentrations used for MIC testing were the
CIDCs recommended by the WHO.

Data analysis

Data were analysed with STATA 12 (Statacorp LP, TX, USA).
Sensitivity, specificity and Cohen’s kappa coefficient with two-
sided 95% Cls were calculated for the proportional micro-
plate DST assay relative to the Canetti—Grosset method. A

kappa coefficient of 0.81-0.99 was considered to indicate
almost perfect between-test agreement, and a kappa value of
1.0 was considered to indicate perfect agreement [26].

Results

As four M. tuberculosis isolates were contaminated by fungi
during subculture and DST, only 208 isolates were analysed.

DST

DST results obtained with the Canetti—Grosset and the 12-well
microplate methods showed between-test discrepancies in only
eight M. tuberculosis isolates, with only one drug susceptibility
difference in most of the cases (Table S3 and 2 X 2 table in
Table S4). The sensitivity, specificity and kappa coefficients for
detection of multidrug resistance and resistance to the four drugs

showed almost perfect agreement between methods (Table I).

Time to results with the proportional microplate DST
assay

Visual growth monitoring of the first 140 M. tuberculosis isolates
from day | to day 14 indicated that DST results could be read at

Clinical Microbiology and Infection © 2015 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All rights reserved, CMI, 21, 1084—1092
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TABLE I. Sensitivity, specificity and kappa coefficients for the
comparison of the proportional 12-well microplate and

Canetti-Grosset drug susceptibility testing assays

Drug Sensitivity, % Specificity, % Kappa coefficient
resistance (95% CI) (95% CI) (x SE)

RMP 100 (94.5-100) 98.6 (95.0-99.8) 0.98 (0.91-1.00)
INH 99.0 (94.7-100) 99.0 (94.8—100) 0.98 (0.91-1.00)
SM 100 (96.8—100) 98.9 (94.2—-100) 0.98 (0.91-1.00)
EMB 96.4 (81.7-99.9) 98.3 (95.2-99.7) 0.92 (0.85-0.99)
MDR 100 (93.8—100) 98.7 (95.3-99.8) 0.98 (0.91-1.00)

EMB, ethambutol; INH, isoniazid; MDR, multidrug resistant; RMP, rifampicin; SE,
standard error.

days 5-6 for 108 isolates (77.1%) and at days 7—11 for the
remaining 32 isolates (22.9%). The mean time to results was 6.3
days. By microscopic observation (10x), DST results could be
read at days 4-5 for | |5 isolates (82.1%) and at days 6—9 for 25
isolates (17.9%). The mean time to results was 4.7 days
(Table 2). Fig. 2 shows the microscopic follow-up of

M. tuberculosis growth in a control well from day | to day 12.

Sequencing of drug resistance genes

To validate the DST profiles, the main genes associated with
resistance to the four tested anti-TB drugs were sequenced in
the eight isolates with discordant DST results between tech-
niques and in |15 randomly selected isolates.

Overall, previously described drug resistance-associated
mutations were found at: codons 511, 516, 518, 522, 526,
531, 533 and 572 of rpoB (rifampicin resistance); at codon 315
of katG, at codon 21 of inhA, and at position —15 (C-T) of the
inhA promoter (isoniazid resistance); at codons 43 and 88 of
rpsL, and at positions 514, 517, 878, 1001 and 1401 of rrs
(streptomycin resistance); and at codons 306, 330, 354, 406
and 497 of embB (ethambutol resistance). Synonymous mu-

tations and mutations previously reported as not being

TABLE 2. Time to results when bacterial growth is monitored
in the proportional |2-well microplate drug susceptibility
testing assay by eye and under a low-magnification

microscope (140 Mycobacterium tuberculosis isolates)

No. of isolates (%)

Time (days) By eye By microscopy
4 — 93 (66.4)

5 49 (35.0) 22 (15.7)

6 59 (42.1) 9 (6.4)

7 7 (5.0 6 (4.3)

8 5 (3.6) 6 (4.3)

9 8 (5.7) 4(2.9)

10 8(57)

11 4 (2.9)

associated with drug resistance were also identified (Table S5)
[24,25,27,28].

The frequencies of drug resistance-associated mutations
among the resistant and sensitive isolates identified with the
two DST assays are shown in Table 3. The level of agreement
between phenotypic susceptibility and genotypic determinants
was similar for the two techniques.

Gene sequencing of the eight isolates with discordant DST
results showed that, among these, both methods correctly
detected three of the six resistant isolates with mutations
(Table 4). For the ones without mutations, we did not consider
which assay results were more precise, because the known
molecular determinants targeted by sequencing cannot detect
100% of the drug resistant isolates.

Determination of the MICs for rifampicin and
ethambutol in isolates with phenotype-genotype
discrepancies

Because of the significant number of isolates with phenotype—
genotype discrepancies concerning susceptibility to rifampicin
(seven of 74 isolates) and ethambutol (I3 of 98 isolates), their
MICs for rifampicin and ethambutol were determined. In three
of the seven rifampicin-sensitive isolates with a rifampicin
resistance-associated mutation, and in all three control
rifampicin-sensitive isolates without detectable mutations, the
MIC for rifampicin was 0.248 mg/L. The other four rifampicin-
sensitive isolates with mutations had an MIC for rifampicin
between 0.6 mg/L and 0.9 mg/L (Table 5).

The MICs for ethambutol in 12 randomly selected
ethambutol-sensitive isolates without embB mutations (con-
trols) were <2 mg/L. Conversely, among the |3 ethambutol-
sensitive isolates with an ethambutol resistance-associated
mutation, || had an MIC for ethambutol of 6 mg/L, and two
had an MIC for ethambutol of 5 mg/L (Table 6).

Discussion

Simplification and time reduction for M. tuberculosis
DST with the proportional microplate assay

This proportional microplate assay is faster and simpler than
the currently used Canetti—Grosset method. Indeed, the
M7HI1 medium promotes M. tuberculosis growth. Moreover,
microplates allow the microscopic detection of bacterial col-
onies before they can be seen with the naked eye, further
decreasing the time to results. Previous studies have shown
that M. tuberculosis can be detected on M7HI | from sputum
samples as early as 7 days [29-31]. A meta-analysis of the
results obtained with thin-layer agar and microscopic-
observation drug susceptibility assays, in which patients’
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FIG. 2. Mycpbacterium tuberculosis growth on a control well of the 12-well microplate from day | to day 12 (control well: 10° CFU/mL bacterial

solution and no drug), monitored with a low-magnification (10%) microscope.

specimens are inoculated directly on drug-free and drug-
containing medium for DST, showed that the mean turn-
around times for the two assays were |I.I days (95% CI
10.1-12.0) and 9.9 days (95% Cl 4.1—15.8), respectively [32].
With our indirect proportional microplate assay and a low-
magnification microscope, primary results could be read at
day 4 (or day 6 with the naked eye) and the complete results
at day 9 (or day | 112 by eye).

A 12-well plate can be used to test four anti-TB drugs in two
M. tuberculosis isolates, whereas |2 culture tubes are needed for
testing the same number of drugs and isolates with the Can-
etti—Grosset technique. Therefore, inoculation, growth moni-
toring and result reading are much easier and less labour-
intensive and time-consuming. Moreover, the M7HI | medium
without fresh eggs is much simpler to prepare than Low-

enstein—Jensen medium. On the basis of our experience, with

TABLE 3. Frequency of mutations associated with resistance to antituberculosis drugs in the drug-resistant and drug-sensitive

Mycobacterium tuberculosis isolates characterized with each drug susceptibility testing (DST) technique and with both techniques

Mutation frequency, no. (%)

M. tuberculosis Drug resistance (1)

Canetti-Grosset (2)

Microplate DST (3) Both techniques (4)

Drug-resistant isolates RMP
INH
SM
EMB

Drug-sensitive isolates RMP
INH
SM
EMB

44/46 (95.6)
73/77 (94.8)
62/70 (88.6)
22024 (91.7)
10/77 (13)

2/46 (4.4)
0/53 (0)
11/99 (11.1)

47/49 (96) 44/46 (95.6)
73/77 (94.8) 73176 (96)
62171 (87.3) 62/70 (88.6)
20/22 (91) 19721 (90.5)
7174 (9.5) 7174 (9.5)
2/46 (4.4) 2/45 (4.4)
0/52 (0) 0/52 (0)
13/101 (12.9) 14/10/98 (10.2)

Columns (2), (3) and (4) shows the number of isolates with mutations that confer resistance to the drug indicated in column (I) relative to the total number of isolates that are
resistant/sensitive to that drug (determined with each DST techniques and with both techniques); the corresponding mutation frequency is in parentheses.

EMB, ethambutol; INH, isoniazid; RMP, rifampicin; SM, streptomycin.
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TABLE 4. Mutations in genes involved in drug resistance found in the Mycobacterium tuberculosis isolates with discrepant drug

susceptibility testing results by the proportional Canetti—-Grosset and 12-well microplate techniques

Drug resistance profile

Drug resistance-associated mutations in the studied genes

Isolates Canetti-Grosset Microplate DST rpoB inhAlits promoter katG rpsL rrs embB
VNM48 RHSE RHS Asp526Val ND Ser3|5Thr Lys88Arg ND Met306Val
VNM53 Sensitive H ND ND ND ND ND ND
VNM56 HS RHS Leu533Pro ND Ser3|5Thr Lys88Arg ND ND
VNMIS5I H RH Leu533Pro ND Ser3|5Thr ND ND GIn497Arg
VNM|52 H Sensitive ND ND ND ND ND ND

VNM| 65 RH RHSE Ser531Leu ND Ser3|5Thr ND ND Asp354Ala
VNMI80 HE H Leu533Pro ND Ser3|5Thr ND ND Met306Val
VNM|82 HE H ND ND Ser3|5Thr ND ND Met306Val

E, ethambutol; H, isoniazid; R, rifampicin; S, streptomycin; ND, not detected.

the same amount of time and labour, the number of tests
performed can be increased by at least four-fold.

Validation of proportional microplate DST for M.
tuberculosis
For detection of multidrug resistance and resistance to
isoniazid, rifampicin, and streptomycin, the sensitivity of
proportional microplate DST ranged between 99.0% (95% CI
94.7-100%) and 100.0% (95% Cl 96.8—100%) and the
specificity ranged between 98.6% (95% Cl 95.0-99.8%) and
99.0% (95% Cl 94.8—100%), as compared with the propor-
tional Canetti—Grosset technique. Similarly, the kappa co-
efficients between tests was 0.98 (95% ClI 0.91-1.00),
indicating almost perfect agreement between the techniques.
Previous studies also showed that all assessments of rifam-
picin and isoniazid resistance with the thin-layer agar assays
yielded 100% accuracy, showing a promising diagnostic
technique. However, the WHO expert group agreed that
more evidence is needed before the use of these assays can
be recommended [32].

For ethambutol, the specificity was as high as for the other
drugs (98.3%; 95% CI 95.2—99.7%), whereas the sensitivity was

lower (96.4%; 95% CI 81.7—99.9%), and consequently also the
kappa index was lower (0.92; 95% Cl 0.83-0.97). DST results
for ethambutol are frequently less reproducible [33]. Thus, a
lower kappa index does not mean that the microplate assay is
less precise than the Canetti—Grosset technique. Angeby et al.
showed that the low reproducibility for ethambutol is due to
the use of non-optimal critical drug concentrations that cannot
discriminate between wild-type and drug-resistant isolates
[33].

Sequencing showed similar phenotype—genotype agreement
for the two techniques. This suggests that the precision of the
proportional microplate assay is comparable to that of the
proportional Canetti—Grosset technique.

The need for adjustment of the critical concentration
for ethambutol susceptibility testing

On the basis of the WHO recommended critical concentra-
tions, we missed |1 (33%) and 13 (39%) ethambutol-resistant
mutants with the Canetti—Grosset technique and the micro-
plate assay, respectively. All of the missed isolates had signifi-
cantly higher MICs than those of the non-mutants (5—-6 mg/L vs.
<2 mg/L). These data strongly suggest that the critical

TABLE 5. Measurement by microplate assay of the MIC for rifampicin (RMP) in rifampicin-sensitive isolates that harbour or do not

harbour rifampicin resistance-associated mutation(s) in rpoB

RMP susceptibility

No. Isolate Canetti-Grosset Microplate assay RMP resistance-associated mutation(s) in rpoB MIC (mg/L)
| VNM148 S S Leu5I1Pro 0.248
2 VNMI62 S S Leu533Pro 0.248
3 VNMI68 S S Leu533Pro 0.6

4 VNMI192 S} S Asp516Tyr 0.248
5 VNMI93 S S Leu5I1Pro 07

6 VNMI194 S S Leu533Pro 0.7

7 VNM208 S S Leu533Pro 0.9

8 VNMI37 S S ND 0.248
9 VNMI66 S S ND 0.248
10 VNMI82 S S ND 0.248

ND, not detected; S, sensitive.
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TABLE 6. Measurement by microplate assay of the MIC for ethambutol (EMB, China) in ethambutol-sensitive isolates harbouring

or not harbouring ethambutol resistance-associated mutation(s) in embB

EMB susceptibility

No. Isolate Canetti-Grosset Microplate assay EMB resistance-associated mutation(s) in embB MIC (mg/L)
| VNM32 S S GIn497Arg 6.0
2 VNMé69 S S GIn497Arg 6.0
3 VNM57 S S Met306lle 6.0
4 VNM72 S S Met306lle 6.0
5 VNM76 S S Met306lle 6.0
6 VNMI 63 S S GIn497Arg 5.0
7 VNMI 64 S S Phe330Leu 6.0
8 VNMI79 S S Gly406Asp 5.0
9 VNM|88 S S Gly406Asp 6.0
10 VNMI5I S S GIn497Arg 6.0
1 VNM48 R S Met306Val 6.0
12 VNMI80 R S Met306Val 6.0
13 VNM|82 R S Met306Val 6.0
14 VNMI37 S S ND <20
15 VNMI38 S S ND <20
16 VNM|52 S S ND <2.0
17 VNMI53 S S ND <20
18 VNMS5| S S ND <20
19 VNM36 S S ND <20
20 VNMI107 S S ND <20
21 VNMI78 S S ND <20
22 VNM56 S S ND <20
23 VNM85 S S ND <20
24 VNMI 85 S S ND <20
25 VNM96 S S ND <20

ND, not detected; R, resistant; S, sensitive.

ethambutol concentration should be revised, especially because
the currently used cut-offs are not based on clinical evidence
[33].

Rifampicin-sensitive isolates carrying rifampicin
resistance-associated mutations

All of the isolates that carried rifampicin resistance-associated
mutations but were phenotypically rifampicin-sensitive had
MICs lower than the critical concentration recommended by
the WHO. Three of them had MICs as low as those of the non-
mutants (0.248 mg/L). This suggests that, for these isolates,
molecular-based DST could lead to false-positive results. A
recent study also indicated that not only the presence but also
the nature of rpoB mutations must be assessed for accurate
diagnosis of rifampicin resistance in M. tuberculosis [34]. More-
over, all of the mutations found in susceptible isolates in our
study have been previously reported to be associated with low
rifampicin resistance [27,35—-39]. This observation supports the
need to re-evaluate the current molecular-based DST assays.

Conclusions

Our proportional microplate assay for M. tuberculosis DST is as
accurate as the proportional Canetti—Grosset technique, but
easier to perform. It can provide DST results as rapidly as
automated liquid culture systems [7], but is much more

affordable. It also allows calculation of the growth proportion

and observation of the colony morphology, thus reducing the
contamination problems of liquid cultures. Therefore, it could
facilitate the diagnosis of drug-resistant TB in developing
countries for better control of drug-resistant TB. However, the
critical ethambutol concentration may need to be adjusted to

improve the precision of ethambutol susceptibility testing.
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Supplementary Tables:

Supplementary Table S1. Minimum inhibitory concentrations (MIC) for drug susceptibility testing in M.

tuberculosis isolates

Drug Solvent MIC (pg/ mL)

L-J* M7H11**
Isoniazid H,O 0.2 0.2
Streptomycin H,O 4 2
Ethambutol H,O 2 7.5
Rifampicin DMSO 40 1

Note: * L-J: Lowenstein-Jensen medium; ** M7H11: Middlebrook 7H11 agar

Supplementary Table S2. Primers used for PCR amplification and sequencing of genes involved in anti-TB

drug resistance in M. tuberculosis

Amplicon
Annealing
Drug Sequenced gene Primer sequence position Target region
T°C
(Length)
RMP rpoB F-B2: 5’-GTCGACGCTGACCGAAGAAG-3’ 62°C 1053 — 2200 N-terminal II,
(1148 bp) RRDR* and Cluster
R-B2: 5’-TCTCGCCGTCGTCAGTACAG-3’
1L, 111
INH katG Fragment 1 ~ F-Gl: 5’-CCAACTCCTGGAAGGAATGC-3” 58°C (-21)—1147 Full length gene
(1169 bp)
R-G1: 5>~ AGAGGTCAGTGGCCAGCAT-3’
Fragment2  F-G2: 5’-ACGAGTGGGAGCTGACGAA-3’ 60°C 1016 — 2244
(1229 bp)
R-G2: 5>~ AACCCGAATCAGCGCACGT-3’
inhA Fragment I~ F-PiA: 5’-GCGACATACCTGCTGCGCAA-3’ 60°C (-220) —80 (300 Promoter
o , bp)
R-PiA: 5’-ATCCCCCGGTTTCCTCCGGT-3
Fragment 2  F-CRA: 5’-GACACAACACAAGGACGCA-3’ 60°C (-20) — 987 (1008  Full length gene
, , bp)
R-CRA: 5’-TGCCATTGATCGGTGATACC-3
SM rpsL F-L: 5>-GCGCCCAAGATAGAAAG-3’ 58°C (-27)—424 (451 Full length gene




R-L: 5-CAACTGCGATCCGTAGA-3 bp)

rrs Fragment I  F-S1: 5>-GAGAGTTTGATCCTGGCTCAG-3’ 58°C 9-981(973bp)  Loop 530 and loop
915
R-S1: 5’-CCAGGTAAGGTTCTTCGCGTTG-3’
Fragment 2 F-S2:5’- GCGCAGATATCAGGAGG-3’ 58°C 689 — 1606 (918 1400 region
, , bp)
R-S2: 5°- CGCCCACTACAGACAAG-3
EMB embB F-EMB: 5’-TGACCGACGCCGTGGTGATA-3 62°C 833 -2144 (1312 ERDR** and
bp) flanking sequences

R-EMB: 5’-GCCATGAAACCGGCCACGAT-3

Note: RRDR*: rifampicin resistance determining region; ERDR**: ethambutol resistance determining region

Supplementary Table S3. DST results using the proportional Canetti-Grosset technique and the proportional

12-well microplate assay (n= 208 M. tuberculosis isolates)

Drug sensitivity
M. tuberculosis
Canetti-Grosset Microplate DST
isolate
RMP INH SM EMB RMP INH SM EMB

VNM1 S S R S S S R S
VNM2 S S R S S S R S
VNM3 S R S S S R S S
VNM4 S R S S S R S S
VNMS5 S S R S S S R S
VNM6 S S R S S S R S
VNM7 S R S S S R S S
VNM8 S S S S S S S S
VNM9 S S S S S S S S
VNM10 S S R S S S R S
VNMI11 S S R S S S R S
VNMI12 S S R S S S R S
VNM13 S S S S S S S S
VNM14 S S R S S S R S




VNM15

VNM16

VNM17

VNM18

VNM19

VNM20

VNM21

VNM22

VNM23

VNM24

VNM25

VNM26

VNM27

VNM28

VNM29

VNM30

VNM31

VNM32

VNM33

VNM34

VNM35

VNM36

VNM37

VNM38

VNM39

VNM40

VNM41

VNM42

VNM43




VNM44

VNM45

VNM46

VNM47

VNM48

VNM49

VNMS50

VNMS51

VNMS52

VNMS53

VNM54

VNMS55

VNMS56

VNM57

VNMS58

VNM59

VNM60

VNM61

VNM62

VNM63

VNM64

VNMO65

VNM66

VNM67

VNM68

VNM69

VNM70

VNM71

VNM72

A R AR




VNMT73

VNMT75

VNM76

=

VNM74

VNMT77

AR

VNMT78

VNMT79

VNMS80

VNMS&1

VNMS2

VNMS3

VNMg4

VNMBS85

VNMS86

VNMS87

VNMSS8

VNME9

VNM90

VNM91

VNM92

VNM93

VNM94

VNMO5

VNMO96

VNMO97

VNM98

VNM99

VNM100

VNM101




VNM102

VNMI103

VNM104

VNM105

VNM106

VNM107

VNM108

VNM109

VNM110

VNMI11

VNM112

VNM113

VNM114

VNM115

VNMI116

VNM117

VNMI118

VNMI119

VNM120

VNM121

VNM122

VNMI123

VNMI124

VNM125

VNMI126

VNM127

VNM128

VNM129

VNM130




VNM131

VNM132

VNMI133

VNM134

VNM135

VNM136

VNM137

VNM137

VNM138

VNM139

VNM140

VNM141

VNM142

VNM143

VNM144

VNM145

VNM146

VNM147

VNM148

VNM149

VNM150

VNMI51

VNM152

VNMI53

VNM154

VNM155

VNM156

VNM157

VNM158




VNMI159

VNM160

VNM161

VNM162

VNM163

VNM164

VNM165

VNM166

VNM167

VNM168

VNM169

VNM170

VNM171

VNM172

VNM173

VNM174

VNMI175

VNM176

VNM177

VNM178

VNM179

VNM180

VNM181

VNM182

VNMI183

=

VNM184

VNM185

VNM186

VNM187

A R AR




VNM188 R R R S R R R S
VNM189 R R R S R R R S
VNM190 R R R S R R R S
VNM191 R R R S R R R S
VNM192 S R R R S R R R
VNM193 S R R R S R R R
VNM194 S R R R S R R R
VNM195 R R R R R R R R
VNM196 R R R R R R R R
VNM197 R R R R R R R R
VNM198 R R R R R R R R
VNM199 R R R R R R R R
VNM200 R R R R R R R R
VNM201 R R R R R R R R
VNM202 R R R R R R R R
VNM203 R S R S R S R S
VNM204 R S R S R S R S
VNM205 R S S S R S S S
VNM206 R S S S R S S S
VNM207 R S S S R S S S
VNM208 S R R R S R R R

Note: Isolates with discordant between-test DST results are highlighted.

Supplementary Table S4. Comparison of the DST results for the studied M. tuberculosis isolates obtained with

the proportional Canetti-Grosset and 12-well microplate assays.

Drug Proportional Canetti-Grosset DST
resistance R S Total
RMP R 65 2 67

Proportional



Microplate g 0 141 141

DST

Total 65 143 208
INH R 102 1 103
S 1 104 105
Total 103 105 208
SM R 114 1 114

S 0 93 94
Total 114 94 208

EMB R 27 1 28
S 3 177 180
Total 30 178 208

MDR R 58 0 58
S 2 148 150
Total 60 148 208

Suplementary Table S5. Drug resistance- associated mutations in the studied genes of the studied M.
tuberculosis isolates

A. In M. tuberculosis isolates with concordant DST profiles by the proportional Canetti-Grosset
and 12-well microplate techniques (n=115)

DST results Mutations were found in the studied genes
Gene
No Isolate Gene associated Genes associated with INH resistance associated
Canetti- Microplate with RMP Genes associated with with EMB
Grosset DST resistance SM resistance resistance
rpoB katG inhA and its rpsL IS embB
promoter
1 VNM9 Sensitive Sensitive WT WT WT WT WT WT
2 VNM28 Sensitive Sensitive WT WT WT WT WT WT
3 VNM46 Sensitive Sensitive WT WT WT WT WT Glu378Ala
4 VNMS89 Sensitive Sensitive WT WT WT WT WT WT
5 VNM92 Sensitive Sensitive WT WT WT WT WT WT




6 VNM108 Sensitive Sensitive WT WT WT WT WT WT
7 VNMI110 Sensitive Sensitive WT WT WT WT WT WT
3 VNMI118 Sensitive Sensitive WT WT WT WT WT WT
9 VNM120 Sensitive Sensitive WT WT WT WT WT WT
10 VNM123 Sensitive Sensitive GIn517GIn Arg463Leu WT WT WT Glu378Ala
11 VNM125 Sensitive Sensitive WT WT WT WT WT Glu378Ala
12 VNM135 Sensitive Sensitive WT WT WT WT WT Glu378Ala
13 VNM137 Sensitive Sensitive WT Arg463Leu WT WT WT WT
14 VNM138 Sensitive Sensitive WT Arg463Leu WT WT WT WT
15 VNM139 Sensitive Sensitive WT Ala61Ala & Argd63Leu WT WT WT WT
16 VNM140 Sensitive Sensitive WT Arg463Leu WT WT WT WT
17 VNM141 Sensitive Sensitive WT Asn35Asn & Gly96Gly WT WT WT WT
18 VNM142 Sensitive Sensitive WT WT WT WT WT WT
.. .. Serd446Asn &
19 VNM143 Sensitive Sensitive WT Argd63Leu WT WT WT WT
20 VNM 144 Sensitive Sensitive WT Arg463Leu WT WT WT Glu378Ala
21 VNM145 Sensitive Sensitive WT Arg463Leu WT WT WT WT
22 VNM146 Sensitive Sensitive WT Arg463Leu WT WT WT WT
23 VNM173 R R His526Tyr Arg463Leu WT WT WT WT
24 VNM174 R R Ser531Leu Arg463Leu WT WT WT WT
Ser531Leu &
25 VNM205 R R Val577Met WT WT WT WT WT
26 VNM206 R R His526Tyr Arg463Leu WT WT WT WT
27 VNM3 H H WT Ser315Thr WT WT WT WT
28 VNM4 H H WT Ser315Thr WT WT WT WT
Ser315Thr &
29 VNM7 H H WT Argd63Leu WT WT WT Glu378Ala
30 VNM26 H H WT Arg463Leu C-15T WT WT WT
Ser315Thr &
31 VNM35 H H WT Arg463Leu WT WT WT WT
Ser315Thr &
1 VNMS51 H H WT Argd63Leu WT WT WT Glu378Ala
Ser315Thr &
33 VNM97 H H WT Argd63Leu WT WT WT Glu378Ala
34 VNM104 H H WT Ser315Thr WT WT WT WT
35 VNM128 H H WT Ser315Thr WT WT WT WT
36 VNM147 H H WT WT WT WT WT WT
37 VNM148 H H Leu511Pro Arg463Leu C-15T WT C875T Glu378Ala
Ser315Thr &
38 VNM149 H H WT Argd63Leu WT WT WT WT
39 VNM150 H H WT Ser315Thr WT WT WT WT
Ser315Thr &
40 VNM153 H H WT Argd63Leu WT WT WT WT
Ser315Thr &
41 VNM154 H H WT Argd63Leu WT WT WT Glu378Ala
Ser315Thr &
0 VNM155 H H WT Argd63Leu WT WT WT WT
43 VNM1 S S WT WT WT Lys43Arg WT WT
44 VNM2 S S WT WT WT WT WT WT
45 VNMI10 S S WT WT WT WT WT WT
46 VNMI19 S S WT Arg463Leu WT Lys88Arg WT WT




47 VNM22 S S WT Arg463Leu WT WT C517T Glu378Ala
48 VNM36 S S WT Arg463Leu Ile21Val Lys43Arg C517T WT
49 VNMS86 WT WT WT Lys43Arg WT WT
Ser315Thr &
50 VNM156 S S WT Argd63Leu WT Lys88Arg WT WT
51 VNM157 S S WT Argd63Leu WT Lys43Arg WT WT
5 VNMI158 S S WT Ser446Asn WT Lys43Arg WT WT
53 VNM159 S S WT Arg463Leu WT Lys43Arg WT WT
54 VNM160 S S WT Arg463Leu WT Lys43Arg WT Glu378Ala
55 VNMI61 S S WT WT WT WT WT WT
56 VNM162 S S Leu533Pro Arg463Leu WT WT C517T Leu370Arg
57 VNM175 S S WT Arg463Leu WT Lys43Arg WT WT
58 VNM176 S S WT Arg463Leu WT Lys43Arg WT WT
59 VNM177 S S WT Arg463Leu WT Lys43Arg WT WT
60 VNM163 HR HR Ser531Leu Arg463Leu C-15T WT WT GIn497Arg
61 VNM164 HR HR Ser531Leu Pro241Pro & Ser315Thr WT WT WT Phe330Leu
62 VNM178 HR HR Ser531Leu WT C-15T WT WT WT
Ser315Thr &
63 VNM179 HR HR WT Argd63Leu WT WT WT Gly406Asp
64 VNM87 HS HS WT WT C-15T WT WT WT
65 VNM107 HS HS WT Ser315Asn WT Lys43Arg WT Met5571le
66 VNMI126 HS HS WT Ser315Asn WT Lys43Arg C1001T WT
67 VNM134 HS HS WT Ser315Asn WT Lys43Arg WT WT
Ser315Thr &
63 VNM166 HS HS WT Argd63Leu WT Lys43Arg WT WT
Ser315Thr &
69 VNM167 HS HS WT Arg463Leu WT Lys43Arg WT WT
Ser315Thr &
70 VNM168 HS HS Leu533Pro Argd63Leu C-15T Lys43Arg WT WT
Ser315Thr &
7 VNM169 HS HS WT Argd63Leu WT Lys43Arg WT WT
Ser315Thr &
7 VNM170 HS HS WT Arg463Leu WT WT AS514C WT
73 VNM171 HS HS WT Arg463Leu WT Lys43Arg WT Met55711e
Ser315Thr &
74 VNM172 HS HS WT Argd63Leu WT Lys43Arg WT Met5571le
Ser315Thr &
75 VNM181 HE HE WT Argd63Leu WT WT WT Met306Val
76 VNM203 RS RS Ser531Leu Arg463Leu WT WT C517T WT
77 VNM204 RS RS His526Tyr Arg463Leu WT Lys43Arg WT Asp534Asp
GIn497Arg
VNM32 HRS HRS Tle572Phe 523 E?ﬁr & WT Lys43Arg WT &
78 grooteu LeuS58Leu
79 VNMS57 HRS HRS His526Tyr Ser315Asn WT Lys43Arg WT Met3061le
80 VNM60 HRS HRS Ser531Leu Ser315Thr WT Lys88Arg WT WT
81 VNM62 HRS HRS Ser531Leu Ser315Thr WT Lys43Arg WT WT
GIn497Arg
VNM69 HRS HRS Ser531Leu Ser315Thr WT Lys43Arg WT &
82 Met55711e
33 VNM70 HRS HRS Asp516Val Ser315Asn WT WT WT WT
Met3061le
VNM72 HRS HRS His526Arg Arg463Leu C-15T Lys88Arg WT &
84 Glu378Ala
%5 VNM76 HRS HRS His526Arg Argd63Leu C-15T WT WT Metfg?éne




Glu378Ala

Ser522Leu &
36 VNMBS&S5 HRS HRS Sers31Leu Ser315Asn WT Lys43Arg WT WT
Ser522Leu &
37 VNMO96 HRS HRS Sers31Leu Ser315Asn WT Lys43Arg WT WT
Ser315Thr &
88 VNM183 HRS HRS Leu511Pro Argd63Leu WT Lys43Arg WT WT
89 VNM184 HRS HRS His526Tyr Ser315Thr WT Lys43Arg WT WT
Ser315Thr &
90 VNM185 HRS HRS Leu533Pro Arg463Leu WT Lys43Arg WT WT
91 VNM186 HRS HRS His526Tyr Arg463Leu WT Lys88Arg WT WT
92 VNM187 HRS HRS Leu511Pro Ser315Thr WT Lys43Arg WT WT
Gly406Asp
VNM188 HRS HRS Lesuig’gllvlﬂ;t & 523 iggr & WT WT A514C &
0 e e g cu Asp534Asp
Ser315Thr &
94 VNM189 HRS HRS WT Arg463Leu WT Lys43Arg WT Met5571le
Ser315Thr &
95 VNM190 HRS HRS Ser531Leu Arg463Leu WT Lys88Thr WT WT
Ser315Thr &
9 VNM192 HSE HSE Asp516Tyr Argd63Leu C-15T WT Al401G Gly406Ala
Met3061le
VNM193 HSE HSE kews éllgrs‘;f‘ Sf i‘gi‘;‘f‘ WT Lysd3Arg | WT &
97 £ Met5571le
Ser315Thr &
08 VNM194 HSE HSE Leu533Pro Argd63Leu WT WT WT Met306Val
Ser315Thr &
99 VNM208 HSE HSE Leu533Pro Arg463Leu WT Lys88Arg WT Met306Val
His526Asn &
100 VNM47 HRSE HRSE LeuS33Ser Ser315Asn WT Lys43Arg WT Gly406Ala
Ser315Thr &
101 VNM52 HRSE HRSE Ser531Leu Argd63Leu WT Lys43Arg WT Met306Val
Ser315Thr &
102 VNMSS8 HRSE HRSE Ser531Leu Arg463Leu C-15T WT Al401G Val360Met
103 VNMO1 HRSE HRSE Asp516Val Ser315Asn&Arg463Leu WT WT G878A Met306Val
Ser315Thr &
104 VNM100 HRSE HRSE Ser531Leu Argd63Leu Leu60Leu Lys43Arg WT GIn497Arg
Met3061le
VNM102 HRSE HRSE His526Arg Szf’ iggr & WT Lys43Arg WT &
105 grooLen Met5571le
. Ser315Thr &
106 VNM103 HRSE HRSE His526Arg Arg463Leu WT Lys43Arg WT Met306Val
His526Asn &
107 VNM106 HRSE HRSE Leu533Ser Ser315Asn WT Lys43Arg WT Gly406Ala
Asp354Ala
VNM114 HRSE HRSE Ser531Leu Ser315Thr WT Lys43Arg WT &
108 GIn497Lys
Ser315Thr &
109 VNM130 HRSE HRSE Ser531Leu Arg463Leu WT Lys43Arg WT Met306Val
Ser315Thr &
110 VNM195 HRSE HRSE Ser531Leu Argd63Leu WT WT A514C Met306Val
Ser315Thr &
11 VNM196 HRSE HRSE Ser531Leu Arg463Leu WT Lys43Arg Al401G WT
Ser315Thr &
112 VNM198 HRSE HRSE Ser531Leu Arg463Leu WT Lys88Thr WT WT
. Ser315Thr &
113 VNM200 HRSE HRSE His526Arg Arg463Leu WT Lys43Arg Al401G Met306Val
114 VNM201 HRSE HRSE Ser531Leu Ser315Thr WT WT WT Asp354Ala
VNM202 HRSE HRSE Sers31Leu Ser315Thr & WT Lysd3Arg | A1401G | Met306Val

115

Arg463Leu
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burdens (7.8/100.000 population), little is known about the molecular signatures of drug resistance in general
and more particularly of second line drug (SLD) resistance. This study is specifically focused on Mycobacterium
tuberculosis isolates resistant to four first-line drugs (FLDs) that make TB much more difficult to treat. The aim
is to determine the proportion of SLD resistance in these quadruple drug resistant isolates and the genetic deter-
minants linked to drug resistance to better understand the genetic processes leading to quadruple and extremely
drug resistance (XDR). 91 quadruple (rifampicin, isoniazid, ethambutol and streptomycin) FLD resistant and 55
susceptible isolates were included. Spoligotyping and 24-locus MIRU-VNTR techniques were performed and
9 genes and promoters linked to FLD and SLD resistance were sequenced. SLD susceptibility testing was carried
out on a subsample of isolates. High proportion of quadruple-FLD resistant isolates was resistant to
fluoroquinolones (27%) and second-line injectable drugs (30.2%) by drug susceptibility testing. The sequencing
revealed high mutation diversity with prevailing mutations at positions katG315, inhA-15, rpoB531, embB306,
1151401, rpsL43 and gyrA94. The sensitivity and specificity were high for most drug resistances (>86%), but the
sensitivity was lower for injectable drug resistances (<69%). The mutation patterns revealed 23.1% of pre-XDR
and 7.7% of XDR isolates, mostly belonging to Beijing family. The genotypic diversity and the variety of mutations
reflect the existence of various evolutionary paths leading to FLD and SLD resistance. Nevertheless, particular
mutation patterns linked to high-level resistance and low fitness costs seem to be favored.
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1. Introduction

10.4 million people were estimated to be infected with tuberculosis
(TB) in 2015, among which 1.8 million died (WHO, 2016). The emer-
gence of drug resistance is currently one of the challenges in TB control.
Multidrug resistant TB (MDR-TB), caused by Mycobacterium tuberculosis
resistant at least to rifampicin (RIF) and isoniazid (INH), the two most
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potent first-line anti-TB drugs (FLDs), has been found in all regions of
the world (WHO, 2016). MDR-TB treatment with second-line drugs
(SLDs) is complex, lengthy and costly and can lead to the emergence
of extensively drug-resistant TB (XDR-TB), caused by MDR bacteria
that are resistant to at least one of the fluoroquinolones (FQs) and one
of the three second-line injectable drugs (SLIDs) (WHO, 2016). Among
the estimated 9.5% of patients with MDR-TB who developed XDR-TB,
only 28% have been treated successfully (WHO, 2016). In 2015, 117
countries reported XDR-TB cases (WHO, 2016).

In M. tuberculosis, the molecular bases of FLD and SLD resistance are
largely documented (Sandgren et al., 2009; Zhang and Yew, 2015). The
type and frequency of drug resistance-associated mutations vary by
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region and according to M. tuberculosis genetic background (Fenner et
al,, 2012; Ford et al., 2013; Gagneux et al., 2006a; Sandgren et al., 2009).

In Vietnam, MDR-TB increased from 2.7% to 4.0% among new TB
cases, and from 19.0% to 23.0% among retreatment TB cases between
2005 and 2011 (Nhung et al., 2015). The FLDs used for treatment of
non-MDR TB include INH, RIF, streptomycin (STR), ethambutol (EMB)
and pyrazinamide (PZA) (Nhung et al., 2015). In the late 2009, SLDs
were officially used for MDR-TB cases in the framework of the Program-
matic Management of Drug-resistant TB (PMDT) (Vietnam National
Tuberculosis Control Programme, 2009). Nevertheless, SLDs were used
before the PMDT launch without any official guidelines (Hoa et al.,
2015). The few data published on SLD resistance in Vietnam showed
17.9% of ofloxacin (OFX) resistance and 6.0% of kanamycin (KAN) and
capreomycin (CAP) resistance among 84 tested MDR-TB cases leading
to 5 XDR-TB cases (Nguyen et al., 2016). The genetic background of
these drug resistant isolates is unknown. Like in many high TB burden
countries, information on the genetic determinants of FLD and SLD
resistance and the link with the genetic background of the bacteria are
still lacking.

In this context, we aimed to genetically and phenotypically charac-
terize quadruple-FLD resistant M. tuberculosis isolates (resistant to RIF,
INH, EMB and STR) collected in Vietnam and to identify the genetic de-
terminants of FLD and SLD resistance in these samples. This study will
help define the proportion of these quadruple-FLD resistant isolates
also SLD resistant (pre-XDR or XDR), understand how these isolates
became resistant on a genetic point of view and investigate the muta-
tion patterns according to M. tuberculosis families and MIRU-VNTR
genotypes. The final goal is to better understand the genetic processes
leading to quadruple drug resistance and XDR.

2. Materials and methods
2.1. M. tuberculosis isolates

A total of 91 quadruple-FLD (RIF, INH, EMB, STR) resistant
M. tuberculosis isolates were selected from the collection of the Labo-
ratory of Tuberculosis, National Institute of Hygiene and Epidemiology,
Hanoi, Vietnam. These samples were collected between 2005 and 2009
(before the PMDT launch) from three regional TB reference hospitals of
Vietnam: the National Lung Hospital (North), Pham Ngoc Thach Hospi-
tal (South), and Hue Central Hospital (Centre) (see Table S1.1). Fifty-
five FLD-sensitive isolates from the same hospitals and period were
added for comparison. Considering the MDR-TB rate of 2.7% among
new cases and 19% among previously treated cases determined in Viet-
nam in 2005 and the 36% estimated percentage of quadruple resistant
isolates among MDR-TB cases (Caws et al., 2006), for a collection of
1500 M. tuberculosis isolates per year (Nhung et al., 2015), we thus ex-
pect a maximum of 137 quadruple drug resistant isolates for 5 years.
Consequently, the 91 isolates originated from different regions in
Vietnam and different years can be considered as a meaningful sampling
to study the genetic diversity in the quadruple-FLD resistant isolates.

2.2. Drug susceptibility testing

The FLD-susceptibility testing was determined by using the propor-
tion method as recommended by WHO in two of the three TB reference
laboratories (the National Lung Hospital and Pham Ngoc Thach
Hospital) based on the following drug concentrations on Léwenstein-
Jensen medium: INH (0.2 mg/L), RIF (40 mg/L), STR (4 mg/L) and EMB
(2 mg/L) (WHO, 2003). In parallel, the proportional agar microplate
assay on Middlebrook 7H11 medium with drug concentrations: INH
(0.2 mg/L), RIF (1 mg/L), STR (2 mg/L) and EMB (5 and 7.5 mg/L), as de-
scribed in Nguyen et al. (2015), was applied on all samples before
genotyping in the National Institute of Hygiene and Epidemiology
(NIHE), Hanoi. PZA susceptibility testing was not performed for the

whole sample because the technique is difficult to implement and is
not routinely performed in Vietnam.

To test also the sensitivity and specificity of mutations for SLD
resistance detection, SLD-susceptibility testing was carried out on a
subsample of 63 FLD-resistant and 20 sensitive isolates by the pro-
portional agar microplate assay on Middlebrook 7H10 medium
using drug concentrations in NIHE: KAN (5 mg/L), amikacin (AMK,
4 mg/L), CAP (4 mg/L), OFX (2 mg/L), levofloxacin (LVX, 1 mg/L),
moxifloxacin (MXF, 0.5 and 2 mg/L), and gatifloxacin (GAT, 1 mg/L)
(WHO, 2012, http://www.stoptb.org/wg/gli/assets/documents/Updated
%20critical%20concentration%20table_1st%20and%202nd%20line%20
drugs.pdf). For MXF susceptibility, growth at concentrations >0.5 mg/L
and <2 mg/L indicated low level of resistance and growth at concen-
trations 22 mg/L indicated high level of resistance. The H37Rv
laboratory strain was included as control for all FLD and SLD-susceptibil-
ity testing.

2.3. Genotyping methods

These samples were typed by spoligotyping to identify their families,
as previously described (Kamerbeek et al., 1997), and data were com-
pared on SITVIT WEB (http://www.pasteur-guadeloupe.fr:8081/
SITVIT_ONLINE) (Demay et al., 2012). The isolates were also character-
ized using the 24-locus MIRU-VNTR set to explore the genetic diversity
(Supply et al,, 2006). The unknown spoligotypes in SITVIT WEB
were further classified thanks to the MIRU-VNTR analysis when it was
possible.

2.4. DNA amplification and sequencing

The following drug resistance genes or gene promoters were PCR-
amplified and sequenced (see Table S2): i) RIF resistance: rpoB (codons
432-814, called here rpoB-F1) containing RIF resistance-determining
region (RRDR, codons 507-533); ii) INH resistance: full-length katG
and inhA genes and inhA promoter; iii) STR resistance: full-length rpsL
gene and r7s (973 bp containing the 530 loop and the 915 region, called
here rrs-F1); iv) EMB resistance: embB fragment (codons 277-714); v)
FQ resistance: fragment containing the quinolone resistance-determin-
ing regions (QRDRs) of gyrA (codons 74-133) and gyrB (codons 461-
502) genes; and vi) KAN, AMK and CAP resistance: rrs (containing the
1400-1500 region, called here rrs-F2). In quadruple-resistant isolates
without mutations in rpoB-F1, a second fragment rpoB (codons 1-428,
called here rpoB-F2) was sequenced. The primers used in this study
were previously described or modified using the Primer-BLAST tool
(see Supplementary material, Table S2) (Campbell et al., 2011; Lee et
al.,, 2012; Lipin et al., 2007; Nguyen et al., 2015; Rigouts et al., 2007;
Shi et al.,, 2011). The M. tuberculosis codon numbering system was
used for all the genes, except for the rpoB gene for which the Escherichia
coli codon numbering system was applied.

The DNA and PCR mixtures were prepared as previously described
(Nguyen et al., 2015). The PCR conditions were: 15 min of Taq activation
at 95 °C, then 35 cycles (95 °C for 1 min, 58-63 °C (Table S2) for 1.5 min
and 72 °C for 2 min), and 72 °C for 5 min. PCR products were sequenced
in the forward and reverse sense by Eurofins MWG Operon (Ebersberg,
Germany). Each sequence was analyzed using the Bioedit software, ver-
sion 7.1.10. The sequence of the M. tuberculosis H37Rv reference strain
(GenBank n° NC.000962.3) was used for mutation identification.

2.5. Data analysis

Sensitivity and specificity values were determined by comparison of
phenotypic and genotypic data. The known mutations associated with
drug resistance, the non-synonymous mutations and new mutations
that were found only in drug-resistant isolates were considered for
analyses. The synonymous mutations, the non-synonymous mutations
previously reported not to be linked to drug resistance or found only
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in sensitive isolates were not considered (see details in Tables S1.2,51.3,
S14, S1.5 and S1.6 in Supplementary material). The two tailed-Fisher's
exact test was used for comparing the proportion of mutations between
M. tuberculosis families; p-values < 0.05 were considered statistically
significant.

3. Results
3.1. Spoligotyping and 24-locus MIRU-VNTR patterns

In susceptible isolates, 41 spoligotypes and 49 MIRU-VNTR patterns
(46 unique and 3 clusters) were detected. In quadruple-FLD resistant
isolates, 27 spoligotypes and 73 MIRU-VNTR patterns (63 unique and
10 clusters) were identified. Each cluster contained 2-8 isolates
(average 3.15) (Table S3). It is worth noting that in clusters, the gene
sequence analysis revealed only two Beijing isolates with the same pat-
tern of drug resistance-associated gene mutations (see below). These
data showed that even if the 24-locus MIRU-VNTR data cannot fully de-
tect the genetic diversity within Beijing family, only two quadruple drug
resistant isolates were totally identical (genotypes and phenotypes, see
Table S3). To compare the genetic data between the families, we used
four classes, “Beijing”, “EAI” (included the EAI-like defined by MIRU-
VNTR), “T” and “Others” (included the unknown and LAM isolates).

3.2. Drug susceptibility testing of SLDs

All the 20 tested FLD-sensitive isolates were also susceptible to SLDs
(Table 1). Among the 63 out of 91 quadruple-resistant isolates tested,
39.7% (25 isolates) were resistant to at least one SLD. Specifically,
30.2% (19 isolates) were resistant to at least one SLID and 27% (17 iso-
lates) were resistant to at least one FQs (1 OFX-resistant isolate and
16 OFX-MFX resistant isolates, none with high level resistance to
MEX). No isolate was resistant to LFX and GFX (Table 1). Among the
25 isolates resistant to at least one SLD, 11 isolates (17.5%) were XDR
(concomitantly resistant to SLIDs and FQs) and 14 isolates (22.2%)
were pre-XDR (Table 1). Within the pre-XDR and XDR samples, the
Beijing family was the most represented (Table 1). Nevertheless, the
proportion of T family in pre-XDR and XDR was much higher than for
the other families. These results should be confirmed on a larger sample
of T and EAI families.

3.3. INH resistance and mutations in katG, inhA and inhA promoter

Among the 91 quadruple-FLD resistant isolates, 89 (97.8%) carried
INH resistance-associated mutations in katG and/or inhA (Tables 2 and
$1.2). The most frequent katG mutation was found at katG315 (Ser-
Thr) (Table 3). Nine other katG mutations were also detected at low
frequency (Table S1.2). The deletion at katG480 was never reported
(Table S1.2). The mutation katG463 (Arg-Leu), previously confirmed
not to be associated with INH resistance, was found in both drug-

Table 1
SLD-susceptibility patterns of 63 quadruple-FLD resistant isolates according to the
M. tuberculosis families.

Others  Total

38
1

Type SLD resistance Beijing  EAI

Sensitive to SLDs 28
Pre-XDR  KAN
CAP 1
KAN + AMK 0
KAN + AMK + CAP 5
OFX + MXF 4
0
0
6

XDR KAN + OFX + MXF
KAN + AMK + CAP + OFX
KAN + AMK + CAP + OFX
+ MXF
Total 45 10 6 2 63

— o= NOOOCON|H

7
0
0
0
0
0
0
1
2

OO OO0 O =00 =
O = = U= =

KAN: kanamycin, AMK: amikacin, CAP: capreomycin, OFX: ofloxacin; MXF: moxifloxacin.

resistant and sensitive isolates. In inhA, the most frequent mutations
were at position inhA-15 (14.3%, n = 13) and at position inhA94
(5.5%, n = 5) (Table 3). The katG and inhA mutations that were
never associated with INH resistance were found in susceptible isolates
(Table S1.2).

Analysis of mutations in katG, inhA and inhA promoter revealed a
sensitivity of 97.8% and a specificity of 100% for detecting INH-resistant
isolates (Table 2).

3.4. RIF resistance and rpoB mutations

Among the 91 quadruple FLD-resistant isolates, 90 (98.9%) carried at
least one RIF resistance-associated mutation in rpoB-F1, of which 94.5%
(86 isolates) were in the RRDR (Table 2). Various types of mutations
were detected such as single mutations, insertion, deletion and double
mutations (Table S1.3). The most frequent rpoB mutations were at
rpoB531, rpoB526 and rpoB516 positions, accounting for 86.8% (79
isolates) of the quadruple-FLD resistant isolates (Tables 3 and S1.3).
The Ser531Leu (TCG-CTG) substitution was never described (Table
$1.3). The only quadruple-FLD resistant isolate without any mutation
in rpoB-F1 had Val146Phe mutation in rpoB-F2 (Table S1.3). Among
the susceptible isolates, only one had a synonymous mutation at
rpoB517 within the RRDR (Table S1.3).

Analysis of mutations in the rpoB-F1 and rpoB-F2 showed 100% of
sensitivity and specificity for detecting RIF-resistant isolates (Table 2).

3.5. 3.5. STR resistance and rpsL and rrs mutations

STR resistance-associated mutations in rpsL and/or rrs-F1 were
detected in 90.1% (n = 82) of quadruple FLD-resistant isolates
(Table 2). All the rpsL mutations were found at rpsL43 and rpsL88 posi-
tions, accounting for 70.3% (n = 64) of quadruple FLD-resistant isolates
(Table S1.4). Mutations in rrs-F1 were detected at 115514, 115517, 115878
and rrs908, accounting for 20.9% (n = 19) of quadruple-FLD resistant
isolates (Table S1.4).

No susceptible isolate had any mutation in the rpsL gene, while one
isolate carried a substitution at nucleotide C295T of rrs-F1 that was
never associated with STR resistance (Table $1.4). Sensitivity and spec-
ificity for detecting phenotypic-STR resistance based on mutations in
rpsL and rrs-F1 were 90.1% and 100%, respectively (Table 2).

3.6. EMB resistance and embB mutations

EMB resistance-associated mutations in the embB gene were found
in 79 (86.8%) quadruple-FLD resistant isolates particularly at positions
embB306, embB497, and embB406, accounting for 79.1% (n = 72)
(Tables 2, 3 and S1.5). Six other EMB resistance-associated mutations
were also detected. Non-synonymous mutations at positions embB370,
embB378, embB387 and embB438, not associated with EMB resistance,
were found in EMB resistant and sensitive isolates (Table S1.5).

Analysis of embB mutations showed a sensitivity of 86.8% and
specificity of 100%, for detecting EMB resistant isolates (Table 2).

3.7. Mutations in multiple loci and resistance patterns of quadruple-FLD
resistant isolates

Considering the seven studied genes and promoter (rpoB, katG, inhA
and its promoter, rpsL, rrs-F1, and embB), a total of 76 distinct mutation
patterns were identified in the 91 quadruple-FLD resistant isolates.
Unique mutation patterns were found in 67 isolates, whereas 9 different
mutation patterns characterized the other 24 isolates. Seventy-two
isolates carried mutations associated with resistance to RIF, INH, STR
and EMB, in agreement with their quadruple-FLD resistant phenotype
(sensitivity = 79.1% and specificity = 100%). The most common combi-
nation included at least mutations at positions rpoB531 (Ser-Leu),
katG315 (Ser-Thr), rpsL43 (Lys-Arg) and embB306 (Met-Val) (n = 7,
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Table 2
Sensitivity and specificity estimation for determination of SLD and FLD resistance by mutation detection in the 91 quadruple-resistant isolates.
Drug Locus/gene FLD-resistant isolates FLD-susceptible isolates Sensitivity/specificity®
With mutation Without mutation With mutation Without mutation Sensitivity (%) Specificity (%)
RIF  rpoB 91° 0 0 55 100 100
RRDR of rpoB 86 5 0 55 94.5 100
INH  katG 82¢ 9 0 55 90.1 100
inhA and its promoter 14 77 0 55 154 100
katG + inhA and inhA promoter 89° 2 0 55 97.8 100
STR  rpsL 64 27 0 55 70.3 100
rrs-F1 19 72 0 55 20.9 100
rpsL + 1rs-F1 82 9 0 55 90.1 100
EMB embB 79¢ 12 0 55 86.8 100
OFX gyrA 20°¢ 71 0 55 76.5° 100
gyrB 2 89 0 55 11.8 100
gyrA + gyrB 22¢ 69 0 55 88.2f 100
KAN  rrs-F2 138 78 0 55 61.1 100
AMK  r75-F2 138 78 0 55 68.8 100
CAP  rrs-F2 138 78 0 55 68.8" 100
QDR  rpoB and katG and/or inhA and rpsL and/or rrs-F1 and embB 72 19 0 55 79.1 100

¢ Mutations not associated with drug resistance were excluded (see Table S1.1-S1.6 in the Supplemental material for details).

b The synonymous rpoB517 mutation was not considered.

¢ The katG463 mutation was not considered.

9 The embB370, embB378, embB387 andembB438 mutations were not considered.
¢ The gyrA95 mutation was not considered.

f

SLD-susceptibility testing was performed on 63 QDR and 20 susceptible isolates (KAN resistant isolates, n = 18; AMK resistant isolates, n = 16; CAP resistant isolates, n = 16; OFX

resistant isolates, n = 17; Table 1).
¢ Only 11 isolates had SLD-susceptibility profile.

7.7%) (Table S1.1). The sequencing results did not allow identifying 19
isolates (20.9%) as quadruple-FLD resistant, mainly due to the non-de-
tection of mutations associated with STR and EMB resistance.

3.8. Mutations conferring resistance to SLDs in rrs-F2 (1400-1500 region)
and gyrA and gyrB genes

Mutations in rrs-F2 and in gyrA and gyrB genes were detected in
14.3% (n = 13) and 24.2% (n = 22) of the 91 quadruple-FLD resistant
isolates, respectively (Tables 2 and S1.6). In rrs-F2, the most frequent
mutation was at 1151401 position (Table 3). In gyrA gene, mutations at
gyrA94 position were the most common (15.4%, n = 14), followed by
mutation at gyrA90 position (5.5%, n = 5) (Tables 3 and S1.6). The
gyrA95 (Ser-Thr) mutation, previously known not to be associated
with FQ resistance, was found in both drug-resistant and sensitive iso-
lates. Two gyrB mutations at gyrB461 and gyrB504 positions were
each found in one isolate (Table S1.6).

The gene sequencing for detecting KAN, AMK and CAP resistance
showed sensitivity between 61% and 69% and specificity of 100% for
all drugs. Overall, sensitivity for detection of SLID resistance was only

57.9% (11/19 SLID resistant isolates identified by DST). For FQ resistance,
sensitivity was 88.2% and specificity was 100% (Table 2).

3.9. Multiple locus mutations associated with pre-XDR and XDR

The global analysis of mutations in the 9 studied genes and promoter
(katG, inhA and its promoter, rpoB, rpsL, rrs, embB, gyrA and gyrB) of the
91 quadruple-FLD resistant isolates revealed 78 different mutation pat-
terns, in which 71 were unique and seven were shared by 2-7 isolates/
each (average 2.9) (Table S1.1). Finally, out of 91 quadruple-FLD resis-
tant isolates, 21 (23.1%) isolates were pre-XDR and 7 (7.7%) ones were
XDR by DNA sequencing. It is worth noting that each pre-XDR or XDR
isolate had a unique mutation pattern (Table S1.1).

Among the 14 pre-XDR isolates (out of the 63 quadruple resistant
isolates) identified by DST, 10 (71.4%) were genetically confirmed
(Table 4). The other four isolates were genetically characterized as resis-
tant to quadruple FLDs (RIF, INH, STR and EMB; 3 isolates) or to only RIF
(1 isolate). Among the 11 XDR isolates (out of the 63 quadruple resis-
tant isolates) identified by DST, 4 (45.5%) were genetically confirmed.
The other isolates were genetically identified as pre-XDR (Table 4).

Table 3
Frequency of the most frequent mutations in the studied genes and promoter and their distribution according to the Mycobacterium tuberculosis families.
Drug(s) The most frequent mutations Beijing EAI T Others Total
# (%) # (%) # (%) # (%) # (%)
RIF rpoB531 (Ser-Leu) 31(50) 5(29.4) 4 (50) 2 (50) 42 (46.2)
rpoB526 (His-Asp) 8(12.9) 6 (35.3) 0 0 14 (15.4)
rpoB516 (Asp-Val) 9(9.9) 2(11.7) 0 0 11 (12.1)
INH katG315 (Ser-Thr) 58 (93.5) 9(52.9) 5(62.5) 1(25) 74 (81.3)
inhA-15 (C-T) 5(8.1) 6(35.3) 2(25) 0 13 (14.3)
inhA94 (Ser-Ala) 3(48) 0 2 (25) 0 5(5.5)
STR rpsL43 (Lys-Arg) 34 (54) 1(5.9) 4 (50) 1(25) 40 (44)
rpsL88 (Lys-Arg) 16 (25.8) 3(17.6) 0 0 19 (20.9)
11s514 (A-C) 7(11.3) 4(294) 0 1(25) 12 (13.2)
EMB embB306 (Met-Val) 23(37.1) 3(17.6) 4 (50) 0 30(33)
embB306 (Met-Ile) 13 (21) 8 (47.1) 1(12.5) 1(25) 23 (25.3)
FQs gyrA94 (Asp-Gly) 6(9.7) 1(5.9) 3(37.5) 0 10 (11)
KAN, AMK and CAP 1151401 (A-G) 9(14.5) 3(17.6) 0 0 12 (13.2)

#: Number of quadruple-FLD resistant isolates, Beijing (n = 62), EAl (n = 17), T (n = 8) and Others (n = 4).
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Table 4
Mutations associated with resistance to second-line injectable drugs and fluoroquinolones
in pre-XDR and XDR isolates.

Phenotype FQ-resistant mutation SLID-resistant mutation Total

Pre-XDR gyrA94 (Asp-Gly) WT 4
gyrA94 (Asp-Tyr) WT 1
gyrB461 (Asp-Asn) WT 1
WT 1151401 (A-G) 3
WT 151484 (G-T) 1
WT WT 4

XDR gyrA88 (Gly-Ala) 1151401 (A-G) 1
gyrA90 (Ala-Val) 1151401 (A-G) 1
gyrA94 (Asp-Gly) 1151401 (A-G) 3
gyrA94 (Asp-Ala) WT 2
gyrA94 (Asp-Gly) WT 1
gyrB504 (Ala-Val) WT 1
WT 1151401 (A-G) 2

The sensitivity and specificity for detecting pre-XDR isolates were 71.4%
and 100%, respectively, and for detecting XDR isolates were 45.5% and
100%, respectively.

3.10. Mutation patterns, M. tuberculosis families and MIRU-VNTR clusters

In the 91 quadruple-FLD resistant isolates, the frequencies of muta-
tions per gene varied according to families and drug resistance (Table
S4). For instance, the frequencies of INH and STR resistant mutations
were globally significantly different between families (p = 0.016 and
p = 0.0012, respectively) (Table S4). For INH resistance, mutation fre-
quencies in katG were significantly different between Beijing and T
(p = 0.0091) and in inhA between EAI and Beijing (p = 0.017) (Table
S4). For STR resistance, the frequency of rpsL mutations was significant-
ly higher in Beijing isolates than in EAlisolates (p = 0.000017), whereas
frequency of mutations in rrs-F1 was significantly higher in EAI than in
Beijing (p = 0.00026) and in T family (p = 0.0076) (Table S4). In con-
trast, for RIF and EMB resistance, the global frequencies of isolates
with mutations were not significantly different between the families
(p > 0.05). Among the pre-XDR and XDR isolates determined by muta-
tions, Beijing family was the most represented (Table S4). Nevertheless,
the proportion of isolates with mutations within pre-XDR and XDR
samples were not significantly different between the families.

Mutation analysis according to the 24-locus MIRU-VNTR genotypes
of the 91 quadruple-FLD resistant isolates showed that the 63 unique
MIRU-VNTR genotypes revealed unique patterns of drug resistance-
associated gene mutations. Among the 10 clusters including quadruple
resistant isolates, only one cluster (cluster 7) contained two Beijing iso-
lates fully phenotypically and genotypically identical (Table S3). Among
the 28 pre-XDR or XDR isolates identified by genetic mutations, 19 had
unique genotypes. Six clusters contained 9 pre-XDR or XDR isolates and
all revealed different mutation patterns (Table S3).

4. Discussion
4.1. SLD resistance in quadruple-FLD resistant isolates assessed by DST

In this study, we found a high proportion of resistance to SLIDs
(30.2%) and FQs (27%) among the 63 clinical quadruple-resistant iso-
lates characterized by DST. Thus, the proportion of pre-XDR and XDR
isolates was high (22.2% and 17.5%, respectively). It is worth noting
that a meta-analysis indicated that, on average, 9.4% (95% CI 7.4-
11.6%) of MDR-TB strains have additional resistance to both FQs and
SLIDs (Zignol et al., 2012). These data suggest that the risk of XDR is
twice as high in quadruple drug resistant isolates in this study. Since
these isolates were collected before the PMDT implementation, these
findings suggest that the SLD resistance situation was already compli-
cated before the official use of SLDs. The higher SLD resistance found
in this study compared to that described in the NTP report collected

during PMDT implementation (17.9% among MDR isolates) (Nguyen et
al,, 2016) could be explained by the fact that our sample included only
isolates with quadruple-FLD resistance. It is worth noting that all isolates
resistant to AMK were also resistant to KAN and CAP representing 84.2%
of SLID resistant isolates. This is probably due to cross-resistance phe-
nomena as previously described (Jugheli et al., 2009; Zhang and Yew,
2015). Moreover, nearly all FQ resistant isolates were resistant to both
OFX and MXF, while no isolate was resistant to LVX and GAT. The use
of OFX and LVX in PMDT is thus optimal, with OFX effective in FQ sensi-
tive isolates and LVX in OFX resistant cases.

4.2. Diversity of drug resistance-associated mutation patterns and epistasis

A high diversity of mutations linked to FLD and SLD resistance
was detected in quadruple-FLD resistant isolates. Considering all genes
and the MIRU-VNTR data, almost each quadruple-FLD resistant isolate
(78/91) had a unique genetic and phenotypic pattern. This suggests dif-
ferent evolutionary trajectories towards multiple-drug resistance, cer-
tainly in response to various selection pressures (Fonseca et al., 2015;
Trauner et al., 2014).

Nevertheless, for all studied genes some mutation positions were
predominant, in agreement with previous reports (Campbell et al.,
2011; Lipin et al., 2007; Rodwell et al., 2014). As example, in rpoB
gene, mutations were mainly found at rpoB531, rpoB526 and rpoB516
positions, with rpoB531 (Ser-Leu/Trp) and rpoB526 (His-Arg/Asp/Tyr)
previously associated with high level of RIF resistance and low impact
on the pathogen fitness (Gagneux et al., 2006b). Similarly, frequent mu-
tations found at rpsL43, katG315, and gyrA94 were also previously
linked to high resistance level and low fitness cost (Borrell et al., 2013;
Bottger et al., 1998; Pym et al.,, 2002). Furthermore, Spies et al. demon-
strated that, the double mutants rpsL43/katG315, rpsL43/rpoB531, and
rpoB531/katG315 had higher fitness than drug-susceptible strains
(Spies et al., 2013). In addition, a recent study showed that gyrA94
(Asp-Gly) mutation in Mycobacterium smegmatis is associated with im-
proved fitness in double rpoB-gyrA mutants, irrespective of the rpoB
mutation, suggesting epistatic interactions (Borrell et al., 2013). In
agreement with these studies, 32% of the pre-XDR and XDR isolates of
our study harbored the gyrA94 (Asp-Gly) mutation associated with mu-
tations either rpoB531 (Ser-Leu) or rpoB516 (Asp-Val). Moreover, com-
binations of at least two mutations among rpoB531, katG315, rpsL43,
embB306 and gyrA94 were often detected. Epistasis could thus explain
the specific associations of mutations observed in our study.

4.3. Comparison between genetic and phenotypic data

The comparison of genetic and DST data showed high sensitivity (97—
100%) for detecting INH and RIF resistances, less sensitivity (>~86%) for
detecting STR and EMB resistance, and high specificity (100%) for all
drugs, in agreement with previous studies (Campbell et al., 2011; Nhu
et al., 2012; Rodwell et al., 2014). For quadruple-drug resistance detec-
tion, sensitivity was higher than 79%. Isolates with discordant results sug-
gest additional mechanisms, such as activation of efflux pumps, and/or
the involvement of other genes (Fonseca et al., 2015; Smith et al., 2013;
Zhang and Yew, 2015). For instance, Okamoto et al. found mutations in
gidB gene for up to 33% of STR-resistant isolates (Okamoto et al., 2007).
However, mutations in gidB were often accompanied by mutations in
rpsLor r1s genes and were also found in STR-sensitive isolates, suggesting
that the role of gidB mutations in STR resistance need to be further inves-
tigated (Nhu et al., 2012; Zhang and Yew, 2015).

For the FQ resistance detection, high sensitivity and specificity
(>88% and 100%, respectively) were also obtained, in agreement with
the published data (Campbell et al., 2011; Nosova et al., 2013; Rodwell
etal.,, 2014). As almost all OFX resistant isolates were also MXF resistant
although carrying single mutations, cross-resistance could explain this
association, consistently with previous studies (Campbell et al., 2011;
Nosova et al., 2013; Rodwell et al., 2014).
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Regarding SLID resistance, only 57.9% of the quadruple-FLD resistant
isolates resistant to SLIDs carried mutations at one of the two positions
(rrs1401 and rrs1484) in the 1400-1500 region of the r7s gene. Interest-
ingly, these two mutations were reported linked to cross-resistance to
KAN, AMK and CAP in previous studies as observed in the present
study (Campbell et al., 2011; Jugheli et al., 2009; Rodwell et al., 2014).
The mutation at position 1751402 also known to be associated with re-
sistance to KAN and CAP was not detected in our study. The low sensi-
tivity obtained suggests other mechanisms of resistance, such as efflux
pump activation or mutations in eis gene for KAN resistance, or in tylA
gene for CAP resistance (Fonseca et al., 2015; Johansen et al., 2006;
Zaunbrecher et al., 2009; Zhang and Yew, 2015). Since, only one isolate
was mono-SLID resistant to KAN and one isolate was mono-SLID resis-
tant to CAP, we could expect zero to one isolate with mutations in eis
and tylA genes in our sample.

Finally, the genetic analysis revealed that a significant proportion of
quadruple-FLD resistant isolates were pre-XDR (23.1%) or XDR (7.7%).
Nevertheless, low sensitivity was obtained for the detection of pre-
XDR (71.4%) and XDR (45.5%) isolates. These low values can be mainly
explained by the low sensitivity obtained for SLID resistance detection
in agreement with previous studies (Campbell et al., 2011; Rodwell et
al., 2014). Nevertheless, our data show that the quadruple-FLD resistant
isolates have a high risk to evolve into pre-XDR and XDR strains.

In terms of molecular diagnostics, our data shows that the GenoType
MTBDRplus test (MDR: Hain Lifescience, Nehren, Germany) could
detect 90.1% (82/91) of MDR isolates among the quadruple-drug resis-
tant isolates compared to 97.8% (89/91) by Sanger sequencing. Besides,
GeneXpert (MTB/RIF resistance: Cepheid, Sunnyvale, USA) could detect
94.5% (86/91) of RIF-resistant isolates among the quadruple-drug resis-
tant samples compared to 100% by Sanger sequencing. In addition, all
the mutations that we found in SLID resistant isolates would be detected
by the GenoType MTBDRs! V2.0 test (SLD resistance: Hain Lifescience,
Nehren, Germany), whereas 2 out of 17 FQ-resistant isolates would
not be detected due to mutations not covered by this test in gyrB
(Brossier et al., 2016).

4.4. Genetic determinants of drug resistance and M. tuberculosis families

Mutation type and frequency varied in the different M. tuberculosis
families. The most frequent mutations were often found in all families,
but at different frequencies, especially for INH and STR resistances.
Combinations of mutations linked to high level of drug resistance and
low fitness cost, such as the mutations at rpoB531, katG315, rpsL43,
embB306 and gyrA94, were mainly found in Beijing family isolates, con-
sistent with the high potential of drug resistance and transmission of
this family (Casali et al., 2014; Coscolla and Gagneux, 2014; Duong et
al., 2009; Merker et al., 2015). Furthermore, the Beijing family was the
most represented among the pre-XDR and XDR, in agreement with pre-
vious studies (Casali et al., 2014; Hu et al., 2015). However, this finding
needs to be confirmed using a sample with a larger number of isolates
from the EAl and T families since the difference of mutation frequencies
between families were not significant.

5. Conclusion

In summary, this study reveals high proportions of pre-XDR and XDR
among quadruple-FLD resistant M. tuberculosis isolates in Vietnam. The
high diversity of mutations suggests various evolutionary trajectories
towards FLD and SLD resistances. Nevertheless, specific mutations, gen-
erally known to be associated with high level of resistance and low fit-
ness cost, were predominant. All these data suggest a cumulative
effect of mutations in these quadruple-drug resistant isolates and a
role for epistasis in the evolution of these isolates. Finally, our study
shows that the Beijing family, which is currently invading Vietnam
and known to be highly transmissible, was also linked with pre-XDR
and XDR forms. Our data suggest that drug resistance might continue

to increase in Vietnam, underline the importance of identifying quadru-
ple-FLD resistant TB cases and the necessity of SLD susceptibility testing
to provide the most appropriate treatment and to control the spread of
SLD resistance in Vietnam and worldwide.
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TABLE S1.1. Genetic, genotypic and phenotypic data of all isolates under study

SLD SLD
. Year of . . . . . . Phenotypic pre- Genetic pre- FLD and SLD resistance-associated mutation
Strain isolation Hospital Spoligotype Family 24-loci MIRUVNTR pattern resistance resistance XDR/XDR XDR/XDR patterns
phenotype genotype
Nrd83 2009 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 271422335444558122134263 KAC KAC pre-XDR pre-XDR katG315Thr & OB L ou & sl SAre &
Nrd95 2009 NLH 00000000000000000000000000000000001 11111111 | Beijing 271422335444558122134263 Sensitive Sensitive No No katG315Thr & ‘g’n‘fgzsgfo& rpsL43Arg &
katG315Thr & inhA15T & rpoB531Leu &
Nrd11 2008 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 271422335444558122134263 KAC KAC pre-XDR pre-XDR e o
KatG394Ala & MhAT5T & inhA%4ATa &
$56 2008 PNT | 00000000000000000000000000000000001 11111111 | Beijing | 263432335444547122334253 oM oM pre-XDR pre-XDR 1poB3531Leu & rrs514C & embB497Arg &
gyrA94Tyr
$70 2008 PNT | 0000000000000000000000000000000000111111111 | Beijing | 263432335444547122334253 c Sensitive pre-XDR No KatG315Thr &er"f;gfol 615:’[ &rssS14C &
S120 2008 PNT 00000000000000000000000000000000001 11111111 |  Beijing 263432335444547122334253 Sensitive Sensitive No No inhALST & inhA94Ala & rpoBS31Leu &
1rs514C & embB497Arg
inhA15T & inhA94Ala & rpoB531Leu &
S126 2008 PNT | 00000000000000000000000000000000001 11111111 | Beijing | 263432335444547122334253 KACOM KACOM XDR XDR 115514C & embB406Ser & rrs1401G &
gyrA90Val
Nrd27 2008 NLH | 0000000000000000000000000000000000111111111 | Beijing | 273452335444688122334253 Sensitive Sensitive No No KatG315Thr & ‘g’n‘;‘?g;g;’\?;f‘ rpsL88Arg &
katG315Thr & rpoB531Leu & rpsL88Arg &
S8 2007 PNT | 00000000000000000000000000000000001 11111111 | Beijing | 273452335444688122334253 oM oM pre-XDR pre-XDR embB306VAl & syrA9ACy
.. ;. katG315Thr & rpoB531Leu & rpsL88Arg &
S132 2008 PNT | 00000000000000000000000000000000001 11111111 | Beijing | 273452335444688122334253 Sensitive Sensitive No No ey & tps™
$30 2007 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273452335444688122334253 NA oM No pre-XDR katG315Thr & rpoB146Phe & rpsL88Arg &
embB306Val & gyrA90Val
Nd4d 2007 NLH | 11111011111 111011 11 1111111010000101 11011111 EAI 625241424247256242333353 NA oM No pre-XDR katG315Thr & rpoBS31Leu & rrs514C &
embB3061le & gyrA90Val
S112 2008 PNT 00000000000000000000000000000000001 11111111 |  Beijing 273432335444657122334253 Sensitive Sensitive No No katG315Thr & ?Igség(l)]gf};f‘ rpsLa3Arg &
Stds7 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273432335444657122334253 NA Sensitive No No katG315Thr & rgfn?;;};o?ﬁ;& psLA3Arg &
Srds3 2009 PNT 00000000000000000000000000000000001 11111111 |  Beijing 273432335444657122334253 NA oM No pre-XDR katG315Thr & rpoB333Pro & rpsL43Arg &
embB306Val & gyrA94Gly
Srd8s 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273432335444657122334253 NA Sensitive No No katG315Thr & rpoB531Leu & rpsL88Arg &

embB330Ser




Nrd86

2009

NLH

00000000000000000000000000000000001 11111111

Beijing

273434335444735122334253

Sensitive

Sensitive

katG315Thr & rpoB526Tyr & rpsL43Arg &

embB306lle
N48d 2007 NLH 00000000000000000000000000000000001 11111111 |  Beijing 273434335444735122334253 Sensitive Sensitive No No katG315Thr & rp‘};i?;gﬁg& rpoB326Asp &
N50d 2007 NLH | 0000000000000000000000000000000000111111111 | Beijing | 273434335444735122334253 Sensitive Sensitive No No katG315Thr 822@313353 61]\;:1111 &rrsSITT &
Nrd47 2008 NLH THTTTTI0T 1T TII 11T I11111100001111111 T 212433512442137112234252 Sensitive Sensitive No No katG315Thr & rpoB331Leu & rpsLA3Arg &
embB354Ala & embB497Lys
katG315Thr & rpoB526Asp & rrs514C &
$246 2005 PNT 1111111111011111110000000000000000000000111 EAI 623241425247256242333353 KACO KACOM XDR XDR embB306Val & embB561Thr & rrs1401G &
gyrA88Ala
C146 2008 HGH | 00000000000000000000000000000000001 11111111 | Beijing | 263432335444637122334253 NA Sensitive No No katG315Thr & katG710Phe & rpoB516Val &
rpsL88Arg & emB306Val
c147 2008 HGH | 0000000000000000000000000000000000111111111 | Beijing | 263432335444637122334253 NA Sensitive No No katG315Thr & katG'710Phe & rpoB516Val &
rpsL88Arg & emB306Val
Nrd90 2008 NLH | 0000000000000000000000000000000000111111111 | Beijing | 273432335444459122334253 Sensitive Sensitive No No KatG315Thr & gﬁf}iﬁsxg& rpsLA3Arg &
Nrd21 2009 NLH | 0000000000000000000000000000000000111111111 | Beifing | 262432335444647122334253 Sensitive Sensitive No No katG315Thr & ?;ES?E?@‘;I& psLa3Arg &
Nrd76 2009 NLH 00000000000000000000000000000000001 11111111 |  Beijing 263432335544547122334253 NA Sensitive No No katG315Thr & ?]zfégélg;zf‘ rpsLA3Arg &
$202 2008 PNT 00000000000000000000000000000000001 11111111 | Beijing 273432235444658122334254 KAC Sensitive pre-XDR No katG315Thr & ‘g’rﬁfégé]gf/‘;f‘ rpsLA3Arg &
katG315Thr & rpoB572Phe & rpsL43Arg &
$205 2008 PNT 0000000000000000000000000000000000111111111 |  Beijing | 253413335344648122334253 KAC KAC pre-XDR pre-XDR o BI06VAL & el 001T & 401G
katG315Thr & rpoB516Val & rpsL43Arg &
S85 2007 PNT 00000000000000000000000000000000001 11111111 |  Beijing | 273432235444658122334254 KACOM KACOM XDR XDR embB328Tyr & embB338Ser & 1rs1401G &
gyrA94Gly
$rd90 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 283433335353345122334252 NA Sensitive No No katG315Thr & rpoB526Ser & rpoB527GIn &
rpsL43Arg & embB306lle
$27 2007 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273432335344558122334253 Sensitive Sensitive No No katG315Thr & T;Bbgé%glrc& rpsLa3Arg &
S224 2008 PNT TLLLITTTITTITI111111111110010000001 11111111 EAI 622241425247256242333253 KACOM KACOM XDR XDR inhALST & inhA21Val & rpoBS31Leu &
rs1401G & gyrA94Gly
$247 2005 PNT 1111111111111111110000000000000000000000111 EAI 623241425246256242333353 KACOM KACOM XDR pre-XDR katG315Thr & rpoB526Arg & rpsL43Arg &
embB3061le & rr51401G
221 2008 PNT LILTITIIII I I11111111111000000111111111 EAI 623241425247274242333253 NA Sensitive No No katG315Thr & rpoB526Thr & rpsL88Arg




€293 2009 HGH | 0000000000000000000000000000000000101111111 | Beijing | 273432335344448122334253 NA Sensitive No No katG315Thr & rpoB531Leu & rpsL43Arg
Nrd93 2009 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 263432335444647122334253 Sensitive Sensitive No No katG315Thr & rpoB533Pro & mpsL88Arg
Nrd18 2008 NLH 00000000000000000000000000000000001 11111111 | Beijing 263432335444647122334253 KACOM oM XDR pre-XDR katG315 Eﬁg;ﬁgﬁj{;gﬁ A‘%:f\t““g &
Nrd40 2008 NLH | 0000000000000000000000000000000000111111111 | Beijing | 263432335444647122334253 Sensitive Sensitive No No katG315Thr & Ig;ﬁg%l;ﬁe& rpsLa3Arg &
N22d 2007 NLH 00000000000000000000000000000000001 11110111 |  Beijing 263432335444647122334253 Sensitive Sensitive No No katG315Thr & ?gféi%;‘r‘g& rpsLa3Arg &
Nrd62 2009 NLH | 0000000000000000000000000000000000111111111 | Beifing | 253432325444948122334253 Sensitive Sensitive No No katG315Thr & ?rﬁféigﬁz};g& psLa3Arg &
Nrd36 2008 NLH 0000000000000000000000000000000000000111111 |  Beijing 245434335444438122334253 NA Sensitive No No katG315 T]_;’:Iig\"r‘;’ zi’:fgﬁorgii” 3Ser &
Nrd38 2008 NLH | 0000000000000000000000000000000000111111111 | Beijing | 183433335344448122334252 Sensitive Sensitive No No KatG315Thr & ';",ﬁﬁéi &3‘;1& rpsL8BArg &
Nrd3s 2008 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 263432335444644122334253 Sensitive Sensitive No No katG315Thr & rpoB531Leu & rpsL88Arg
Nrd10 2008 NLH 00000000000000000000000000000000001 11111111 |  Beijing 262432335444542122334253 Sensitive Sensitive No No katG315Asn i]fgg;ggé;f’ &msSl4C &
Nrd14 2008 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 263432334444647122334253 Sensitive Sensitive No No katG315 g‘iﬁ;’fgggj’bﬁggﬁ: 16Val &
Nrd16 2008 NLH | 0000000000000000000000000000000000111111111 | Beijing | 273453435344642122334223 Sensitive Sensitive No No katG315Thr & ‘;pm"féi;i‘;g& rpsLa3Arg &
Nrds1 2009 NLH | 0000000000000000000000000000000000111111111 | Beijing | 263434335443747122334253 K Sensitive pre-XDR No ka;ng iighggénﬁgso?l{:; ‘Z‘HIE;L;;?_SY‘; &
Nrds3 2009 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 263432335434647122334253 KAC KAC pre-XDR pre-XDR kfgsgzgg‘A‘f‘g‘gOfiﬁg‘:gglf‘y S"pg‘z]ffsﬁli‘&%&
Nrd63 2009 NLH | 00000000000000000000000000000000001 11111111 | Beijing | 263432335443648122334253 Sensitive Sensitive No No katG315Thr & rpoB531Leu & rpsL43Arg
Nrdo2 2009 NLH 0000000000000000000000000000000000111111111 | Beijing 273444335444735122334253 Sensitive Sensitive No No katG315Thr & ?rﬁgégétg‘;l& rpsLA3Arg &
Nod 2007 NLH | 0000000000000000000000000000000000111111111 | Beijing | 2734323354444510122334253 oM oM pre-XDR pre-XDR katG31 Z;%;ﬁgz?;gz};ﬁ ILasArg &

N26d 2006 NLH | 1O O 1111010000101 11111111 EAI 623241325244656242333253 Sensitive Sensitive No No ihAIST & rpoB326Asp & rpsL88Arg &

embB306lle




N30d 2006 NLH LIITTTIIIIT11111111111101000010111111111 EAI 623241325247056242333253 Sensitive Sensitive No No inhA15T & rpoB526Asp & embB3061le
N36d 2007 NLH TLTTTIIIIIIIIIT1111111101000010111111111 EAI 623241427247256241333253 NA Sensitive No No katG315Thr & inhAIST & rpoB526Asp &
rrs908C & embB3061le
Nd2d 2007 NLH | 1I11111111111101111111111101000010111011111 EAI 625241424247256242333253 NA oM No pre-XDR katG315Thr & rpoB331Leu & rrsS14C &
embB306Ile & gyrA90Val
N19d 2007 NLH 0000000000000000000000000000000000111111111 |  Beijing | 2734324345445510122334253 Sensitive Sensitive No No katG315Thr & ?;Eégégﬁ,‘;f‘ rpsLa3Arg &
inhA15T & inhA94Ala & rpoB531Leu &
N20d 2007 NLH LTI T T T T T 11 11111100001111111 T 211433512442137122234252 oM oM pre-XDR pre-XDR TsLA3ATS & ombB306Val & ayrAS4Gly
inhA15T & inhA94Ala & rpoB531Leu &
N43d 2007 NLH 1111111111111101111111111111111100001111111 T 211433512442137122234352 KACOM oM XDR pre-XDR TsLA3 AT & ombB306Val & gyrAS4Gly
Nrd33 2008 NLH | 110 T 11 11111000000001 11111111 EAI 623251424247255242333253 Sensitive Sensitive No No katG315Asn 8‘61‘1]1’;’]‘33350166\\,/ :‘ll & s8T8A &
Nrd78 2009 NLH 1110110010110011111111111111111100001111111 U 261422432343227132334252 Sensitive Sensitive No No katG480Ala & rpoBS31Trp & rpoBo16Ala &
1rs517T & embB306l1le
Nrd82 2009 NLH | 1111111110111011111111111111000000111111111 EAI 623251424247255242333252 Sensitive Sensitive No No katG315Asn 8;;'1";353]06; 11 & rrs878A &
$256 2006 PNT 0000000000000000000000000000000000111111111 | Beijing 273232335454558122334253 KACOM KAC XDR pre-XDR katG315Thr & rpoB331Leu & rpsL43Arg &
embB406Asp & 11s1401G
katG315Thr & rpoB531Leu & rpsL43Arg &
$90 2007 PNT 00000000000000000000000000000000001 11111111 | Beijing | 273432335444558122334253 oM oM pre-XDR pre-XDR TpOB306o & ombPASA Thr & ayrAS4Gly
S114 2008 PNT 0000000000000000000000000000000000101 111111 Beijing 273432435344548122334253 Sensitive Sensitive No No katG315Thr & rpoB531Leu & rpsL43Arg
S116 2008 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273432235444558122334254 Sensitive Sensitive No No katG315Thr & ?;fégégﬁ,‘;f‘ rpsLa3Arg &
$201 2008 PNT 00000000000000000000000000000000001 11111111 |  Beijing 263432335444658122334253 Sensitive Sensitive No No katG315Thr & ?ﬁfﬁiééﬁ‘e’u& rpsL88Met &
katG315Thr & rpoB516Val & rpsL88Arg &
S104 2008 PNT 0000000000000000000000000000000000111111111 |  Beijing | 283432335444658122334253 KACOM KACOM XDR XDR embBASOLes & 1314016 & gyrASAGLy
katG315Thr & ithASC & rpoB530Met &
$204 2008 PNT 00000000000000000000000000000000001 11111111 |  Beijing | 273432335344458122344253 KACOM oM XDR pre-XDR 1poB531Phe & rpsL43Arg & embB306lle &
gyrA94Ala
katG315Thr & rpoB531Leu & rpsL43Arg &
$55 2008 PNT 00000000000000000000000000000000001 11111111 | Beijing | 273432235344658122334253 NA KACOM No XDR cnbB3061Io & rre1401G & EyTAOATse
Srdss 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 263432335444659122334253 NA Sensitive No No katG315Thr & inhAIST & rpoBS31Leu &

rpsL88Arg & embB497Arg




katG315Thr & rpoB511Pro & rpoB526Asp &

Srds6 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273432235444658122334253 NA Sensitive No No LSS Are & embB eV
Srd70 2009 PNT 00000000000000000000000000000000001 11111111 |  Beijing 173434335444448122434253 NA Sensitive No No katG315Thr & E;;’E];lg;’s;f‘ rpsLA3Arg &
katG315Thr & rpoB526Asp & rpoB533Pro &
Srdso 2009 PNT | 0000000000000000000000000000000000111111111 | Beijing | 253432335340458122334253 NA KACOM No XDR rpsLA3Arg & embB306Val & rrs1401G &
2yrA94Gly
Srds1 2009 PNT LIOT1T1T11111101111100111111000010111111111 | EAl-like | 322221434144867262333263 NA Sensitive No No katG33Asp & katG315Thr & rpoB531Leu &
1rs517T & embB306l1le
S117 2008 PNT 1101111T111101T1111111111111000010111111111 BAI 623241425341256242333253 Sensitive Sensitive No No katG257lle & inhAIST & rpoBS31GIn &
118514C & embB354Ala
si18 2008 PNT LT 1T111110010000101 11111111 EAI 023241425247256242333363 Sensitive Sensitive No No katG315Thr & rpoB531Leu & rrsS17T
$300 2008 PNT LT 1T111110010000101 11111111 EAI 023241425247256242333352 Sensitive Sensitive No No katG315Thr & ?;Eégg?@gl& rpsL8SThr &
Srds9 2009 PNT 1000001111 LTTLTTILTILITTTLTTITT100001 111111 T 212433512342138122324252 NA Sensitive No No rpoB512InsertArg & rpsL43Arg & embB406Ser
$83 2008 PNT LT T LT 11111100001111111 T 253222234253438112334252 Sensitive Sensitive No No katG315Thr & rpoB526Tyr & embB306Val
$199 2008 PNT LT LT 1111110000111 T 244232333143426122334252 NA Sensitive No No katG315Thr & rpoB490Arg & rpoB331Trp &
rpsL88Met & embB306]le
Si6 2007 PNT LOTTTI0T T T LT 1T 11111100001110111 T 261222333333526132334252 oM oM pre-XDR pre-XDR katG315Thr & rp"gl;fz;ieojy& embB306Val &
$220 2008 PNT 1111111111111100000000001111111100001111111 T 452212233244414122234253 KOM oM XDR pre-XDR katG315Thr Z‘y‘g’;ﬂfﬁek“o“‘“n &
Srd23 2008 PNT LT 111011111101001111111 U 452212233140018122234242 NA Sensitive No No katG232Ala & me"n]?lféi;;;ri‘ embB354Ala &
$38 2008 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273232335444658122334253 Sensitive Sensitive No No katG315Thr &e‘;’;‘;ggé%;‘l &msSl4C &
ss1 2008 PNT | 0000000000000000000000000000000000111111111 | Beijing | 273452335444488122334253 Sensitive Sensitive No No katG315Thr & an‘féigg\yfaf‘ rpsL88Arg &
katG127Pro & inhA15T & rpoB526Tyr &
$255 2006 PNT LITTT10011TT1T111T111111000000000000001111 | EALlike | 1232412352471064042333253 NA oM No pre-XDR 1rs514C & embB3061le & embB406Ala &
gyrA90Val
o, katG315Thr & rpoB526Asp & rpsL88Arg &
Srd24 2008 PNT P LT O T LT LT LT 1110100101 1111111 EAI 633241415247246252333253 NA Sensitive No No S EhBA0GAS & oo A
Srd43 2008 PNT LT 0T T T U 273211824645743122324263 NA Sensitive No No katG315Thr & rpoB513Leu & rpoB753Phe &

rpsL43Arg & embB406Asp




S244 2005 PNT LILTTTIIII I I11111111111110000001111111 U 243222233243338112334252 KA Sensitive pre-XDR No rpoB531Leu
ci72 2008 HGH 00000000000000000000000000000000001 11111111 |  Beijing 271432335444558122334253 NA Sensitive No No katG315Thr & ?rﬁfégé]gf/‘;f‘ rpsLa3Arg &
€225 2009 HGH | 0000000000000000000000000000000000111111111 | Beijing | 281432335444558122134253 NA Sensitive No No katG315Thr & ‘;’;E’ég(])gs};f‘ rpsL88Met &
N36S 2008 NLH 00000000000000000000000000000000001 11111111 |  Beijing | 263432335444547122334253 NA Sensitive No No WT
N38S 2008 NLH LITTTTITT101111111111110010000101 11111111 EAI 623241325247255242333253 NA Sensitive No No WT
N39S 2008 NLH 1111111111110101111111111001000010111111111 EAI 623241325247255242333253 NA Sensitive No No WT
N40S 2008 NLH L1I111T111110111111111111111011100001111111 T 212433512442137112234252 NA Sensitive No No WT
Nrd74 2009 NLH 01111101101110111011111110000000101 11111111 EAI 623241325247256242333253 NA Sensitive No No WT
N32 2008 NLH LIITIIT11I111111111111111111011100001110000 T 254232332243533122334252 NA Sensitive No No WT
N36 2008 NLH LITIIT111111101111111111111111100001110000 T 254232332243533122334252 NA Sensitive No No WT
S173 2006 PNT 0000000000000000000000000000000000101111111 |  Beijing | 273432335344548122334253 NA Sensitive No No WT
S196 2006 PNT 0000000000000000000000000000000000101 111111 |  Beijing | 273432335344548122334253 Sensitive Sensitive No No WT
s211 2008 PNT 1TT10T1 1T TT11110111111111111100001111111 EAI 623241425247274242333253 Sensitive Sensitive No No WT
Nrd39 2008 NLH 00000000000000000000000000000000001 11111111 |  Beijing | 263432335444647122334253 NA Sensitive No No WT
N228 2007 NLH 0000000000000000000000000000000000111111111 |  Beijing | 263432335444647122334253 NA Sensitive No No WT
N458 2008 NLH 00000000000000000000000000000000001 11111111 |  Beijing | 263432335444647122334253 NA Sensitive No No WT
S163 2006 PNT 00000000000000000000000000000000001 11111111 |  Beijing | 263432335444647122334253 Sensitive Sensitive No No WT
N2S 2007 NLH 00000000000000000000000000000000001 11111111 |  Beijing | 263432335444458122334253 NA Sensitive No No WT




N4S 2007 NLH 111011111 111111 1111111111001000010111111111 EAI 823251325247256242333253 NA Sensitive No No WT
N16S 2006 NLH TT111111111111111111000010010000101 11111111 EAI 623241325246254242343253 NA Sensitive No No WT
N42S 2008 NLH TIITIIIIIIIIIIIIII1111111001000010111111011 EAI 623251325247264242333254 NA Sensitive No No WT
N23S 2007 NLH T11101 I 1101 111111100001 111111 T 252232344242525122335252 NA Sensitive No No WT
Nrd52 2009 NLH 1111110010010011110111111000000010T 11111111 EAI 623241425245256242313253 NA Sensitive No No WT
Nrd65 2009 NLH T111111111111011100111111001000010111111111 EAI 623241425247255242333353 NA Sensitive No No WT
Nrd68 2009 NLH T111111111110011110111111000000010111111111 EAI 523241425247166242333253 NA Sensitive No No WT
Nrd79 2009 NLH ITTTITITTIIT10T111101111110000000101 11111111 EAI 623241325247256242333252 NA Sensitive No No WT
Nrd98 2009 NLH I111111111111011111111111001000010111111111 EAI 623241425247256242333253 NA Sensitive No No WT
Nrd2 2008 NLH 101111111 11111110100001110111 T 253232233143337112334252 NA Sensitive No No WT
Nrd28 2008 NLH TTTTIIIIIII I I1111111111100001111111 T 212433513343133122314252 NA Sensitive No No WT
Nrd34 2008 NLH TITIIIIII It 1110000001 11111111 EAI 523241424247254252333253 NA Sensitive No No WT
Nrd37 2008 NLH TITIII e e e e e 11100001 111111 T 452222233564518122234252 NA Sensitive No No WT
Nrd25 2008 NLH TITITTII I 11111110000000001 11111111 EAI 623241525347254242333253 NA Sensitive No No WT
Nrd56 2009 NLH 1111111110110011110000111111111100001110000 U 212413513243138122134252 NA Sensitive No No WT
Nrd59 2009 NLH I111111111111011110111110000000000000000000 U 253433533233335122334252 NA Sensitive No No WT
Nrd66 2009 NLH TTTTTTITIITITT I 111110111000001 111111 U 252232343202424123334252 NA Sensitive No No WT
N21S 2007 NLH TIIIII It r1111000001 111111 U 261423433333248142434252 NA Sensitive No No WT




Nrd73 2009 NLH 1111111110110011111111111100111100001110000 U 212413513243137122134252 NA Sensitive No No WT
Nrd97 2009 NLH 1101111111111 111011111111 11111000001111111 U 212333513343137212434262 NA Sensitive No No WT
N14 2007 NLH TTIITIIIIIIIIIIIII1111111000001000001110000 U 213433413343138122434252 NA Sensitive No No WT
Nrd55 2009 NLH 1111111110111011111111000111111100001110111 LAM 2532142342244735121334252 NA Sensitive No No WT
S158 2006 PNT 00000000000000000000000000000000001 11111111 Beijing 272432335444457122334263 Sensitive Sensitive No No WT
S168 2006 PNT 00000000000000000000000000000000001 11111111 Beijing 271422335444558122134163 Sensitive Sensitive No No WT
S178 2006 PNT 00000000000000000000000000000000001 11111111 Beijing 253452325444748122334253 Sensitive Sensitive No No WT
S182 2006 PNT 00000000000000000000000000000000001 11111111 Beijing 273432234444656122334254 Sensitive Sensitive No No WT
S231 2008 PNT 00000000000000000000000000000000001 11110111 Beijing 284434343544748122334253 Sensitive Sensitive No No WT
S169 2006 PNT 1011111111111101111001111111000010111111111 EAI-like 223222434144657222333264 Sensitive Sensitive No No WT
S172 2006 PNT 1011111000000000000000000111000010T 11111111 EAI-like 322221434144158262332363 Sensitive Sensitive No No WT
S177 2006 PNT TITIIIIII It 1110000101 11111111 EAI 521241424146254242333263 Sensitive Sensitive No No WT
S151 2008 PNT TITIIII I i1 1100001 110000 T 254232343242525122334252 Sensitive Sensitive No No WT
S156 2006 PNT T 111101 I I11111100001110111 T 251423333333526132334252 Sensitive Sensitive No No WT
S167 2006 PNT I111111111111100000000001111111100001111111 T 233122432322236122334262 Sensitive Sensitive No No WT
S170 2006 PNT TIIIII e r e e e 1100001 11t el T 252242232342326122335252 Sensitive Sensitive No No WT
S150 2006 PNT TTTTOTTTITTITTIIITITIIT11111111100000110111 U 453212223444718122234252 Sensitive Sensitive No No WT
S193 2006 PNT 1111111001111111111111111000000000000001111 EAI-like 1232412352481064042333253 Sensitive Sensitive No No WT




S195 2006 PNT TIIIIIII I It 111110000001 11111111 EAI 723281425247256222333253 Sensitive Sensitive No No WT

S209 2008 PNT 00000000000000000000000000000000001 11111111 Beijing 263565325444748122334253 Sensitive Sensitive No No WT
S152 2008 PNT TITTTITIITIIII11111100001111111100001111111 LAM 251122423641438112353262 Sensitive Sensitive No No WT
Cl159 2008 HGH 1011111111 1110000101 11111111 EAI 423221424246186232333254 NA Sensitive No No WT

kanamycin (K), amikacin (A), Capreomycin (C), ofloxacin (O), moxifloxacin (M), Not available (NA)

FLD: first-line drug; SLD: second-line drug.

TABLE S1.2. Mutation positions, nucleotide and amino acid changes in the katG, inhA genes and inhA promoter of the studied M. tuberculosis isolates.

Gene Mutation position(s) Nucleotide change(s) Amino acid change(s) QDR Sensitive
127 & 463" CAG-CCG & CGG-CTG GlIn-Pro & Arg-Leu 1 0

katG 257 & 463" ATG-ATA & CGG-CTG Met-Ile & Arg-Leu 1 0
33 & 315 GGC-GAC & AGC-ACC Gly-Asp & Ser-Thr 1 0
315 & 463" AGC-AAC & CGG-CTG Ser-Asn & Arg-Leu 3 0
232 CCG-GCG Pro-Ala 1 0
315 AGC-ACC Ser-Thr 15 0
315 & 463" AGC-ACC & CGG-CTG Ser-Thr & Arg-Leu 56 0
394 & 463" ACG-GCG & CGG-CTG Thr-Ala & Arg-Leu 1 0
480" Deletion GCG Deletion Ala 1 0
315 & 463" & 710 AGC-ACC & CGG-CTG & GTC-TTC  Ser-Thr & Arg-Leu & Val-Phe 2 0
92" & 463 CCC-CCT & CGG-CTG Pro-Pro & Arg-Leu 0 1
462" & 463" ATC-ATG & CGG-CTG lle-Met & Arg-Leu 0 1




*

463 CGG-CTG Arg-Leu 2 30

No mutation WT WT 7 23
Total 91 55
inhA -8 T-C 1 0
-15 C-T 7 0
-15 & 21 C-T & ATC-GTC Ile-Val 1 0
-15 & 94 C-T & TCG-GCG Ser-Ala 5 0
1917 C-T 0 2
No mutation WT WT 77 53
Total 91 55

QDR: quadruple-FLD resistant; #: new mutation; WT: wild type.

*: Mutations not associated with drug resistance and thus not considered for calculations of sensitivity and specificity

TABLE S1.3. Mutation positions, nucleotide and amino acid changes in the rpoB gene of the studied M. tuberculosis isolates.

Mutation

position(s) Nucleotide change(s) Amino acid change(s) QDR Sensitive
146 GTC-TTC Val-Phe 1 0
511 CTG-CCG Leu-Pro 1 0
516 GAC-GTC Asp-Val 9 0
526 CAC-CGC His-Arg 1 0
526 CAC-GAC His-Asp 10 0
526 CAC-ACC His-Thr 0
526 CAC-TAC His-Tyr 5 0



531
531
531"
533
572
512
518
490 & 531
511 & 526
513 & 753
515 & 516
516 & 526
526 & 527
526 & 533
526 & 533
526 & 562
530 & 531
531 & 616

517"
No mutation

Total

TCG-CAG

TCG-TTG

TCG-CTG

CTG-CCG

ATC-TTC

Insert CGC

Deletion AAC
CAG-CGG & TCG-TGG
CTG-CCG & CAC-TAC
CAA-CTA & TCC-TTC
ATG-ATA & GAC-GTC
GAC-GTC & CAC-GAC
CAC-TCC & AAG-CAG
CAC-AAC & CTG-TCG
CAC-GAC & CTG-CCG
CAC-GAC & GAA-GCA
CTG-ATG & TCG-TTC
TCG-TGG & GAC-GCC
CAG-CAA

WT

Ser-Gln

Ser-Leu

Ser-Leu

Leu-Pro

Ile-Phe

Insert Arg

Deletion Asn
GlIn-Arg & Ser-Trp
Leu-Pro & His-Asp
GlIn-Leu & Ser-Phe
Met-Ile & Asp-Val
Asp-Val & His-Asp
His-Ser & Lys-GIn
His-Asn & Leu-Ser
His-Asp & Leu-Pro
His-Asp & Glu-Ala
Leu-Met & Ser-Phe
Ser-Trp & Asp-Ala
GIn-Gln

WT
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QDR: quadruple-FLD resistant; #: new nucleotide substitution; WT: wild type.

*: Mutations not associated with drug resistance and thus not considered for calculations of sensitivity and specificity



TABLE S1.4. Mutation positions, nucleotide and amino acid changes in rpsL and rrs-F1 in the studied M. tuberculosis isolates.

Mutation Nucleotide Amino acid .\
Gene position(s) change(s) change(s) QDR Sensitive
rpsL 43 AAG-AGG Lys-Arg 40 0

43# AAG-AAT Lys-Asn 1 0

88 AAG-AGG Lys-Arg 19 0

88 AAG-ATG Lys-Met 3 0

88 AAG-ACG Lys-Thr 0

No mutation WT WT 27 55

Total 91 55
rrs-F1 2095% T-C 0 1

514 A-C 12 0

517 C-T 4 0

878 G-A 2 0

908 A-C 1 0

No mutation WT 72 54

Total 91 55

#: New allele substitution; WT: wild type; QDR: quadruple-FLD resistant

*: Mutations not associated with drug resistance and thus not considered for calculations of sensitivity and specificity



TABLE S1.5. Mutation positions, nucleotide and amino acid changes in the embB gene of the studied M. tuberculosis isolates.

Mutation position(s) Nucleotide change(s) Amino acid change(s) QDR Sensitive
306 ATG-ATA Met-lle 0
306 ATG-ATC Met-Ile 4 0
306 ATG-ATT Met-Ile 1 0
306 ATG-CTG Met-Leu 1 0
306 ATG-GTG Met-Val 28 0
330" TTC-TTA Phe-Leu 1 0
330 TTC-TCC Phe-Ser 1 0
360 GTG-ATG Val-Met 1 0
370" CTG-CGG Leu-Arg 0 1
378" GAG-GCG Glu-Ala 2 17
406 GGC-AGC Gly-Ser 2 0
406 GGC-GCC Gly-Ala 1 0
406 GGC-GAC Gly-Asp 2 0
450 ATC-CTC Ile-Leu 1 0
497 CAG-CGG Gln-Arg 8 0
497 CAG-CCG Gln-Pro 1 0
534" GAC-GAT Asp-Asp 0 1
306 & 378" ATG-ATA & GAG-GCG Met-Ile & Glu-Ala 6 0
306 & 378" ATG-GTG & GAG-GCG Met-Val & Glu-Ala 1 0
306 & 378" ATG-ATC & GAG-GCG Met-Ile & Glu-Ala 1 0
306 & 360 ATG-ATA & GTG-ATG Met-lle & Val-Met 1 0
306 & 454" ATG-ATA & GCG-ACG Met-Ile & Ala-Thr 1 0
306 & 497 ATG-ATA & CAG-AAG Met-Ile & Gln-Lys 1 0



328 & 338"
330" & 378"

354 & 378"

354 & 497

370" & 497

378" & 387*
378" & 406

378" & 438"

306 & 378" & 561
306 & 378" & 387" & 406
No mutation

Total

GAT-TAT & GCG-TCG

TTC-TTA & GAG-GCG

GAC-GCC & GAG-GCG

GAC-GCC & CAG-AAG

CTG-CGG & CAG-AAG

GAG-GCG & GCG-ACG

GAG-GCG & GGC-GAC

GAG-GCG & GCC-ACC

ATG-GTG & GAG-GCG & AAG-ACG

ATG-ATA & GAG-GCG & GCG-ACG & GGC-GCC

WT

Asp-Tyr & Ala-Ser

Phe-Leu & Glu-Ala

Asp-Ala & Glu-Ala

Asp-Ala & Gln-Lys

Leu-Arg & Gln-Lys

Glu-Ala & Ala-Thr

Glu-Ala & Gly-Asp

Glu-Ala & Ala-Thr

Met-Val & Glu-Ala & Lys-Thr

Met-lle & Glu-Ala & Ala-Thr & Gly-Ala

WT

11
91

34

55

*: Mutations not associated with drug resistance and thus not considered for calculations of sensitivity and specificity

QDR: quadruple-FLD resistant ; #: new allele substitution; WT: wild type.



TABLE S1.6. Mutation positions, nucleotide and amino acid changes in the gyrA, gyrB genes and rrs-F2 fragment in the M. tuberculosis isolates.

Gene X)‘;EZEE?S) Nucleotide change(s) Amino acid change(s) QDR Sensitive
ayrA 88 & 95 GGC-GCC & AGC-ACC  Gly-Ala & Ser-Thr 1 0
90 & 95 GCG-GTG & AGC-ACC  Ala-Val & Ser-Thr 0
94 & 95 GAC-GCC & AGC-ACC  Asp-Ala & Ser-Thr 2 0
94 & 95 GAC-GGC & AGC-ACC  Asp-Gly & Ser-Thr 10 0
94 & 95 GAC-TAC & AGC-ACC  Asp-Tyr & Ser-Thr 2 0
95" AGC-ACC Ser-Thr 70 47
No mutation WT WT 1 8
Total 91 55
gyrB 447 TCC-TCT Ser-Ser 0 1
461 GAC-AAC Asp-Asn 1 0
504 GCG-GTG Ala-Val 1 0
No mutation WT WT 89 54
Total 91 55
rrs-F2 1401 A-G 11 0
1001& 1401 T-C & A-G 1 0
1484 G-T 1 0
No mutation WT 78 55
Total 91 55

*: Mutations not associated with drug resistance and thus not considered for calculations of sensitivity and specificity

WT: wild type. QDR: quadruple-FLD resistant.



TABLE S2. Primers used for DNA amplification and sequencing of genes involved in anti-TB drug resistance in Mycobacterium tuberculosis

Gene/gene . Annealing . . .
Drug(s) promoter Primer sequence T°C Nucleotide position (length) Target region Reference
F-rpoB1: 5’-GTCGACGCTGACCGAAGAAG-3’ 1053 — 2200 .
. This study
rpoB-F1 62°C RRDR
R-rpoB1: 5’-TCTCGCCGTCGTCAGTACAG-3’ (1148 bp) .
Rigouts et al 2007
RIF
F-rpoB2: 5’- TAGTTGCGTGCGTGAGATCC-3’ (-132) - 1042 .
0 Promoter and codons 1 This study
rpoB-F2 60°C 428
R-rpoB2: 5’- TGGTCTGACCCTCGTGCAAG-3’ (1174 bp) .
This study
F-katGl: 5>-CCAACTCCTGGAAGGAATGC-3’ (-21)—1147 o
o Lipin et al 2007
58°C
R-katGl: 5~ AGAGGTCAGTGGCCAGCAT-3’ (1169 bp) .
This study
katG Full length gene
F-katG2: 5’-ACGAGTGGGAGCTGACGAA-3’ 1016 — 2244 o
R Lipin et al 2007
60°C
R-katG2: 5’~-AACCCGAATCAGCGCACGT-3’ (1229 bp) .
This study
INH
F-inhA1l: 5’>-GCGACATACCTGCTGCGCAA-3’ (-220)-80 .
o . This study
60°C Promoter region
R-inhA2: 5~ ATCCCCCGGTTTCCTCCGGT-3’ (300 bp) .
) Lipin et al 2007
inhA
F-inhA3: 5’-GACACAACACAAGGACGCA-3’ (-20)—987 .
5 This study
60°C Full length gene
R-inhA4: 5’-TGCCATTGATCGGTGATACC-3’ (1008 bp) .
This study
F-rpsL: 5’-GCGCCCAAGATAGAAAG-3’ (-27)—424
o Lee etal 2012
STR rpsL 58°C Full length gene
R-rpsL: 5>-CAACTGCGATCCGTAGA-3’ (451 bp)

Lee et al 2012




F-S1: 5’-GAGAGTTTGATCCTGGCTCAG-3’ 9-981 Thi d
rrs-Fl 58°C Loops 530 & 915 1s study
R-S1: 5’-CCAGGTAAGGTTCTTCGCGTTG-3’ (973 bp) o
Lipin et al 2007
F-embB: 5-TGACCGACGCCGTGGTGATA-3 62°C 8332144 ggﬁpbe“ etal
EMB embB codons 277 - 714
R-embB: 5’-GCCATGAAACCGGCCACGAT-3 (1312 bp) .
Shi et al 2011
F-S2: 5°- GCGCAGATATCAGGAGG-3’ 689 — 1606 L 12012
K‘}LNEQII\)AK rrs-F2 58°C 1400-1500 region cecta
R-S2: 5’- CGCCCACTACAGACAAG-3’ (918 bp)
Lee etal 2012
F-gyrAB: 5°-GCAACACCGAGGTCAAATCG-3’ 1127 (gyrB) — 428 (gyrA) . This stud
FQs oA & 2B 62°C QRDR;;F légyrA & 1s study
R-gyrAB: 5’-CTCAGCATCTCCATCGCCAA-3’ (1296bp) .
This study
RRDR: rifampicin resistance-determining region; QRDR: Quinonone resistance-determining region
Note: The M. tuberculosis nucleotide numbering system was used for all the genes
TABLE S3. Phenotype and distribution of drug resistance associated mutations in MIRU-VNTR clusters
Cluster MIRU-VNTR N° of isolates ~ Family Phenotype FLD-resistant mutations S];n])ll-::tsil(frlznt pre-XDR/XDR
1 263432335444647122334253 8 Beijing  Sensitive, HRSE katG315Thr gyrA94Ala 1 pre-XDR
rpoB526Asp/rpoB531Leu/rpoB533Pro
rpsL43 Arg/rpsL88Arg
embB306lle/ embB497Arg
2 271422335444558122134263 3 Beijing HRSE katG315Thr/ katG315Thr & inhA15T rrs1401G, 2 pre-XDR



rpoB531Leu/ rpoB572Phe
rpsL43 Arg/rpsL88Arg
embB360Met/ embB497Pro

rrs1484T

katG315Thr/katG394 & Ala-inhA15T &

3 263432335444547122334253 Beijing  Sensitive, HRSE inhA94Ala/ rs1401G 1 pre-XDR
inhA15T & inhA94Ala gyrA90Val 1 XDR
rpoB511Pro/rpoB531Leu gyrA94Tyr
1rs514C
embB306Leu/embB406Ser/embB497Arg
4 273452335444688122334253 Beijing HRSE katG315Thr gyrA90Val 2 pre-XDR
rpoB146Phe/rpoB516Val/rpoB531Leu gyrA94Gly
rpsL88Arg
embB306Val/embB306Ile & embB360Met
5 273432335444657122334253 Beijing HRSE katG315Thr gyrA94Gly 1 pre-XDR
rpoB531Leu/rpoB533Pro
rpsL43 Arg/rpsL88Arg
embB306Ile/embB306Val/embB330Ser
6 273432235444658122334254 Beijing HRSE katG315Thr rs1401G 1 XDR
rpoB516Val/rpoB531Leu gyrA94Gly
rpsL43Arg
embB328Tyr & embB338Ser/embB306Val
7 263432335444637122334253 Beijing HRSE katG315Thr & katG710Phe WT
rpoB516Val
rpsL88Arg

embB306Val



8 273434335444735122334253 3 Beijing HRSE katG315Thr WT
rpoB526Tyr/rpoB516Val & rpoB526Asp/rpoB531Leu
rpsL43 Arg/rpsL88Arg/rrs517T
embB306lle/embB306Val
9 212433512442137112234252 2 T Sensitive, HRSE katG315Thr WT
rpoB531Leu
rpsL43Arg
embB354Ala & embB497Lys
10 623241425247274242333253 2 EAI Sensitive, HRSE katG315Thr WT
rpoB526Thr
rpsL88Arg
11 273432335344548122334253 2 Beijing Sensitive WT WT
12 623241325247255242333253 2 EAI Sensitive WT WT
13 254232332243533122334252 2 T Sensitive WT WT
* this cluster contains two HRSE resistant isolates fully identical in terms of genotypes and phenotypes
TABLE S4. Fisher's exact test results according to drug resistance, genes and families
All families
Drug Locusigene EAI . Beijing . T . Others Fisher's exact test
With | Without | Mutation |y | withour | MUBHON | wrn 1 withour | MUBHON 1w | Without | Mutation pvalue
mutation | mutation ﬁec(l:;f)n &y mutation | mutation f‘re%:;oe)n %Y | mutation | mutation frec(l})zz)n %Y | mutation mutation frequency (%)
RIF rpoB 17 0 100 62 0 100 8 0 100 4 0 100 1
RRDR of rpoB 17 0 100 57 5 91.9 8 0 100 4 0 100 1
INH katG 14 3 82.3 60 2 96.8 5 3 62.5 3 1 75 0.0047




inhA and its promoter 6 11 353 6 56 9.7 2 6 25 0 4 0 0.041
katGt inhA and inhA |17 0 100 62 0 100 7 1 87.5 3 1 75 0.016
promoter
STR rpsL 5 12 29.4 53 9 85.5 5 3 62.5 1 3 25 0.0000078
rrs-F1 10 7 58.8 8 54 12.9 0 8 0 1 3 25 0.00039
rpsL + rrs-F1 15 2 88.2 60 2 96.8 5 3 62.5 2 2 50 0.0012
EMB embB 14 3 82.4 55 7 88.7 7 1 87.5 3 1 75 0.57
OFX grA 5 12 29.4 12 50 19.4 3 5 37.5 0 4 0 0.4
gB 0 17 0 1 61 1.6 1 7 12.5 0 4 0 1
gyrA and gyrB 5 12 26.7 13 49 21 4 4 50 0 4 0 0.2
KAN,
AMK & rrs-F2 3 14 17.7 10 52 16.1 0 8 0 0 4 0 0.75
CAP
INH, rpoB and katG/inhA
RIF, and inhA promoter and
ST, || sl oo il a 13 4 76.5 53 9 85.5 4 4 50 2 2 50 0.04
EMB embB
rpoB and katG and/or
pre- inhA/inhA promoter
XDR and 11s-F2 or 4 13 235 13 49 21 4 4 50 0 4 0 0.24
gyrA/gyrB
rpoB and katG and/or
xpr | inhA/inhA promoter 2 15 118 5 57 8.1 0 8 0 0 4 0 0.87
and rrs-F2 and
gyrA/gyrB
rpoB and katG and/or
pre-XDR inhA/inhA promoter
& XDR and rrs-F2 and /or 6 11 35.3 18 44 29 4 4 50 0 4 0 0.36

gyrA/gyrB




Beijing vs Non-Beijing

Beijing non-Beijing . ,
Drug locus/gene - - - - Fisher's exact test p
With without frequency With without frequency value
mutation mutation (%) mutation mutation (%)
RIF rpoB 62 0 100 29 0 1 1
INH katG 60 2 96.8 22 7 75.9 0.0041
inhA 6 56 9.7 8 21 27.6 0.034
katG & inhA 62 1 27 2 93.1 0.099
STR rpsL 53 85.5 11 18 37.9 0.0000079
rrs-F1 8 54 12.9 11 18 37.9 0.011
rpsL & rrs-F1 60 96.8 22 7 75.9 0.0041
EMB embB 55 88.7 24 5 82.8 0.51
FQs arA & gyrB 13 49 21 9 20 31 0.43
SLID rrs-F2 10 52 16.1 3 26 10.3 0.53
INH, RIF, .
STR & e F L enb 53 9 85.5 19 10 65.5 0.05
EMB ’
rpoB, katG/inhA,
pre-XDR rpsL/rrs-F1, embB, rrs- 13 49 21 8 21 27.6 0.59
F2 or gyrA/gyrB
rpoB, katG/inhA,
XDR rpsL/rrs-F1, embB, rrs- 5 57 8.1 2 27 6.9 1
F2 & gyrA/gyrB
_ rpoB, katG/inhA,
prex)g;R & | rpsLirrs-F1, embB, rrs- 18 44 29 10 19 34.5 0.63

F2 & gyrA/gyrB




EAIl vs Beijing

EAI Beijin isher'
Drug Locus/gene jing Fisher sv:(::t testp
With mutation Without Mutation With mutation Without Mutation
mutation frequency (%) mutation frequency (%)
RIF rpoB 17 0 100 62 0 100 1
RRDR of rpoB 17 0 100 57 5 91.9 0.35
INH katG 14 3 82.3 60 2 96.8 0.063
inhA and its promoter 6 11 353 6 56 9.7 0.017
katG+ inhA and inhA promoter 17 0 100 62 0 100 1
STR rpsL 5 12 29.4 53 9 85.5 0.000017
rrs-F1 10 7 58.8 8 54 12.9 0.00026
rpsL + rrs-F1 15 2 88.2 60 2 96.8 0.2
EMB embB 14 3 82.4 55 7 88.7 0.68
OFX QA 5 12 29.4 12 50 194 0.5
orB 0 17 0 1 61 1.6 1
gyrA and gyrB 5 12 26.7 13 49 21 0.52
AN, AMK & rrs-F2 3 14 17.7 10 52 16.1 1
rpoB and katG/inhA and inhA
INH&IEIISI,;TR promoter and rpsL and/or rrs-F1 13 4 76.5 53 9 85.5 0.46
and embB
rpoB and katG and/or inhA/inhA
pre-XDR promoter and rrs-F2 or gyrA/gyrB 4 13 23.5 13 49 21 1
rpoB and katG and/or inhA/inhA
XDR promoter and rrs-F2 and 2 15 11.8 5 57 8.1 1
gyrA/gyrB
rpoB and katG and/or inhA/inhA
pre-XDR & XDR promoter and rrs-F2 and /or 6 11 35.3 18 44 29 0.76

gyrA/gyrB




EAlvs T

EAI T i 1
Drug Locus/gene Fisher SVET::t testp
With Without Mutation frequency With Without Mutation frequency
mutation mutation (%) mutation mutation (%)
RIF rpoB 17 0 100 8 0 100 1
RRDR of rpoB 17 0 100 8 0 100 1
INH katG 14 3 82.3 5 3 62.5 0.34
inhA and its promoter 6 11 353 2 6 25 0.67
katG+ inhA and inhA promoter 17 0 100 7 1 87.5 0.32
STR rpsL 5 12 29.4 5 3 62.5 0.19
rrs-F1 10 7 58.8 0 8 0 0.0076
rpsL + rrs-F1 15 2 88.2 5 3 62.5 0.28
EMB embB 14 3 82.4 7 1 87.5 1
OFX avrA 5 12 29.4 3 5 37.5 1
ayrB 0 17 0 1 7 12.5 1
gyrA and gyrB 5 12 26.7 4 4 50 0.39
KA&N(,:QII)/IK rrs-F2 3 14 17.7 0 8 0 0.52
INH. RIF rpoB and katG/inhA and inhA
> > promoter and rpsL and/or rrs-F1 13 4 76.5 4 4 50 0.35
STR & EMB and embB
rpoB and katG and/or inhA/inhA
pre-XDR promoter and rrs-F2 or gyrA/gyrB 4 13 235 4 4 50 0.35
rpoB and katG and/or inhA/inhA
XDR promoter and rrs-F2 and 2 15 11.8 0 8 0 0.54
gyrA/gyrB
R rpoB and katG and/or inhA/inhA
prex)l()[;R & promoter and rrs-F2 and /or 6 11 35.3 4 4 50 0.66

gyrA/gyrB




Beijingvs T

Beijing T
Drug Locus/gene Fisher's exact
With Without Mutation With Without Mutation
. . . . test p value
mutation mutation frequency (%) mutation mutation frequency (%)
RIF rpoB 62 0 100 8 0 100 1
RRDR of rpoB 57 5 91.9 8 0 100 1
INH katG 60 2 96.8 5 3 62.5 0.0091
inhA and its promoter 6 56 9.7 2 6 25 0.22
katG+ inhA and inhA promoter 62 100 7 1 87.5 0.11
STR rpsL 53 85.5 5 3 62.5 0.13
rrs-F1 8 54 12.9 0 8 0 0.58
rpsL + rrs-F1 60 96.8 5 3 62.5 0.0091
EMB embB 55 88.7 7 1 87.5 1
OFX grA 12 50 19.4 3 5 37.5 0.35
2B 1 61 1.6 1 7 12.5 0.21
gyrA and gyrB 13 49 21 4 4 50 0.091
AR AN & rrs-F2 10 52 16.1 0 8 0 0.35
rpoB and katG/inhA and inhA
INH&?LIEI;’/[,BS TR promoter and rpsL and/or rrs-F1 53 9 85.5 4 4 50 0.034
and embB
rpoB and katG and/or inhA/inhA
pre-XDR promoter and rrs-F2 or 13 49 21 4 4 50 0.091
gyrA/gyrB
rpoB and katG and/or inhA/inhA
XDR promoter and rrs-F2 and 5 57 8.1 0 8 0 1
gyrA/gyrB
rpoB and katG and/or inhA/inhA
pre-XDR & XDR promoter and rrs-F2 and /or 18 44 29 4 4 50 0.42
gyrA/gyrB
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Highlights: In Vietnam, the high rate of pncA mutations detected in clinical
Mycobacterium tuberculosis samples suggests a high risk of PZA resistance and the

future worsening of anti-tuberculosis drug-resistance.

Abstract

Pyrazinamide (PZA) is a key antibiotic in current anti-tuberculosis regimens.
Although WHO has stressed the urgent need to get data on PZA resistance, in high
tuberculosis-burden countries little is known about the level of PZA resistance, the
genetic bases of such resistance and its link with Mycobacterium tuberculosis
families. In this context, this study assessed PZA resistance by molecular analysis in
260 Vietnamese M. tuberculosis isolates. First-line drug susceptibility testing, pncA
gene sequencing, spoligotyping and MIRU-VNTR typing and phylogeny were
performed. Overall, pncA mutation frequency was 38.1% (99/260 isolates), but was
higher than 72% (89/123 isolates) in multidrug and quadruple-drug resistant isolates.
Many different pncA mutations (71 types) were detected, of which 50 types have been
previously described as high-confidence PZA-resistance mutations and 14 are likely
to be linked to PZA resistance because of their mutations or codon positions.
Genotype analysis revealed that PZA resistance can emerge in any M. tuberculosis
cluster and family, although mutation frequency was highest in Beijing family isolates
(47.7%, 62/130 isolates). These data highlight the high rate of PZA resistance-

associated mutations and question PZA use for multidrug-resistant tuberculosis.

Key words: Pyrazinamide resistance, pncA mutation, sequencing, multi-drug

resistance, spoligotyping, MIRU-VNTR, Mycobacterium tuberculosis family.
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INTRODUCTION

Pyrazinamide (PZA) is a crucial first-line drug (FLD) for tuberculosis (TB)
treatment because it allows shortening the treatment duration in patients with
susceptible, multidrug-resistant (MDR) or extensively drug-resistant (XDR) TB and
reduces TB relapse rates 2. PZA powerful sterilizing activity is due to its ability to
kill persistent tubercle bacilli in macrophages or in the lesion acidic environment that
are not eradicated by other anti-TB drugs °. PZA is the only FLD most likely to be
maintained in all new regimens for shortening the treatment course of all TB forms *
3. Indeed, together with fluoroquinolones and second-line injectable drugs, PZA has
significantly improved MDR TB treatment success ® .

Culture-based PZA-susceptibility testing is difficult to perform because of
unreliable results due to the need of acidic pH medium that inhibits bacteria growth
and of large inoculum volumes that might reduce PZA activity % °. Therefore, PZA-
susceptibility testing is not routinely performed and little is known about PZA
resistance in M. tuberculosis populations, especially in high TB burden countries *.
Nevertheless, a recent study performed in five high TB and MDR TB burden
countries reported PZA resistance rates that ranged from 3.0% to 42.1% '°.

Although several mechanisms have been described, PZA resistance is mostly
caused by mutations in the pncA gene and its promoter that lead to reduction or loss
of pyrazinamidase (PZase) activity !'"!>. Many different pncA mutations have been
described. They are scattered throughout the pncA gene and none of them seems to be
predominant ' 1617 The three regions (codons 3-17, 61- 85 and 132-142) that contain
the PZase active and metal-binding sites show some degree of mutation clustering **

18 Mutations at other positions also can modify the protein or disrupt the protein core,
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leading to loss of PZase activity !!"13. Mutations in the pncA promoter also can affect

PZase activity by disturbing pncA gene translation ' '3

. The pncA mutation
frequency in PZA-resistant M. tuberculosis isolates varies between 46% and 97% '
23, This variability could be attributed to the unreliable results of PZA-susceptibility
testing, as mentioned above. Recent reviews reported that over 80% of PZA-resistant
isolates harbor mutations in the pncA gene and promoter, whereas up to 10% have no

mutation or carry mutations not associated with phenotypic resistance '® 7. PncA

mutations have also been detected in 9% of PZA-sensitive isolates ' 17,

In Vietnam, a country with high MDR TB burden, the PZA resistance level is
unknown and no study has evaluated pncA mutations and the link with M.
tuberculosis families in clinical isolates. In the framework of the Vietnamese National
TB Control Program, PZA has been used for treating new TB cases and relapses since
1990, and is also added in regimens for patients with MDR or XDR TB since 2009 %,
As PZA-susceptibility testing is not routinely performed in Vietnam, the last national
drug resistance survey brought data only on the prevalence of resistance to the four
other FLDs (isoniazid, rifampicin, streptomycin and ethambutol) ?*. The World
Health Organization (WHO) has stressed the urgent need to get data on PZA
resistance in different settings to limit the risk of using and introducing ineffective TB
treatment regimens 2°.

Therefore, in this study we assessed PZA resistance in 205 drug-resistant and
55 sensitive M. tuberculosis clinical isolates collected in Vietnam. To this aim, we
determined the rate of pncA gene and promoter mutations in these isolates and their
distribution according to the M. tuberculosis families, mycobacterial interspersed

repetitive units-variable number of tandem repeats (MIRU-VNTR) genotypes and
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FLD-resistance patterns (isoniazid, rifampicin, streptomycin and ethambutol

resistance).

MATERIALS AND METHODS

M. tuberculosis isolates and drug susceptibility testing

Isolates were selected from the culture collection of the Laboratory of
Tuberculosis, National Institute of Hygiene and Epidemiology, Hanoi, Vietnam. M.
tuberculosis samples were collected in three regional TB reference hospitals, the
National Lung Hospital (North), Pham Ngoc Thach Hospital (South) and Hue Central
Hospital (Centre), between 2005 and 2009. Since the objectives of this study were to
evaluate the risk of PZA resistance, isolates were chosen to represent according to
their FLD-susceptibility patterns (isoniazid, rifampicin, streptomycin and/or
ethambutol resistance) with a special focus on MDR isolates (Table 1) and M.
tuberculosis families. All the available drug-resistance patterns were included. For
each FLD-resistance pattern (mono to quadruple resistance), we selected isolates
according to their M. tuberculosis family, determined by spoligotyping. For each
family, when the number of isolates with a specific FLD-resistance pattern was lower
than ten, all isolates were tested. Conversely, when more than ten isolates were
available, ten or more isolates were randomly selected for analysis. For MDR
patterns, a higher number of isolates was selected to investigate PZA resistance in
these particularly highly drug resistant isolates. In total, 260 isolates were included in
the study (the sample size was not determined by statistical estimation). If we
consider the percentage of MDR in 2005 (2.7% in new cases and 19% in retreatment
cases) and a capacity of collection of 1300 strains (see last national survey in 2011) 2,

over five years, 335 MDR isolates would have been collected in the case of a national
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survey. In our sample, we characterized 123 MDR isolates that represent 37% of the
potential collection and this therefore gives a good representation of the MDR M.

tuberculosis population in Vietnam in this period.

FLD (isoniazid, rifampicin, streptomycin and ethambutol) susceptibility
testing was performed by using the proportion method, as recommended by the WHO
27  at the Vietnamese TB reference laboratories (National Lung Hospital or Pham

Ngoc Thach Hospital), or the proportional agar micro-plate assay developed by

Nguyen et al. *®,
Genomic DNA extraction

A full loop of M. tuberculosis colonies grown on Lowenstein-Jensen medium
was harvested and suspended in ImL TE buffer (10mM Tris-HCI, ImM EDTA).
After incubation at 95°C for 45 min, bacterial suspensions were centrifuged and
DNA-containing supernatants were transferred to new tubes and stored at -20°C until

use.
Genotyping methods

Spoligotyping was carried out as previously described 2°. Results were
compared with the SITVITWEB database for M. tuberculosis family identification *°.
The 24-locus MIRU-VNTR technique was used to investigate genotype diversity and
clustering in the selected M. tuberculosis samples *'. A Neighbor Joining based
phylogenetic tree was built from DSW distances using MIRU-VNTRplus

(http://www.miru-vntrplus.org/) (Supplementary figure S1). Isolates were classified as

“Unknown” when their spoligotypes could not be identified in the SITVITWEB

database and when the 24-MIRU-VNTR typing could not classify them in a family.
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PCR amplification and DNA sequencing

A 709bp fragment that included 561bp of the pncA coding sequence, 93bp of
the promoter and 55bp of the 3’ region was amplified and sequenced using the
following primers: F-pncA (5’-CTTGCGGCGAGCGCTCCA-3’) and R-pncA (5’-
TCGCGATCGTCGCGGCGTC-3") (modified from '®). Each 25uL of PCR mixture
contained 2.5uL of 10X reaction buffer, SuL of 5X Q solution, 0.5uL of 5SmM
dNTPs, 0.5uL of each forward and reverse primer (10uM), 0.1uL of SU/uLL HotStar
Taq (QIAGEN), 13uL of H20 and 3puL of DNA template. PCR conditions were as
follows: 15min of Taq activation at 95°C, and then 35 cycles of denaturation at 95°C,
annealing at 63°C and extension at 72°C for lmin/each step, followed by a final
extension at 72°C for Smin. PCR products were examined on 1.5% agarose gels and

sequenced bidirectionally by Eurofins MWG Operon (Germany).

Sequence and Statistical analysis

The pncA sequences were aligned to the M. tuberculosis H37Rv reference
sequence (GenBank accession number NC 000962.3) to identify mutations by using
BioEdit version 7.1.10. The two tailed-Fisher’s exact test was used to compare the
mutation frequencies according to the drug-resistance patterns and in the different M.
tuberculosis families. Odds ratio and 95% confidence interval (95% CI) were
calculated to quantify the association of FLD resistance patterns with pncA mutation
frequency and the association between resistance to each FLD (isoniazid, rifampicin,
streptomycin and ethambutol) and pncA mutation frequency in our sample. A p-value

<0.05 was considered statistically significant.
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RESULTS

FLD susceptibility testing and genotyping

Among the 260 M. tuberculosis isolates selected for this study, 55 were
susceptible and 205 were resistant to at least one FLD (Table 1). Among the 205
FLD-resistant isolates, 29.8% (n=61), 12.3% (n=25), 13.7% (n=28) and 44.4% (n=91)
were resistant to one, two, three and four drugs respectively, and 60% were MDR.
Resistant samples could be classified in 11 distinct FLD resistance patterns (Table 1).

Analysis of spoligotyping and 24-locus MIRU-VNTR of 260 isolates revealed
209 distinct genotypes of which 188 were unique and 21 were clusters represented by
72 isolates (average = 3.4 isolates/cluster) (supplementary figure S1). The biggest
cluster consisted of 14 isolates with various FLD-susceptibility patterns, while the
smallest clusters (n=14) were composed of only two isolates per each. The 6
remaining clusters consisted of 3 to 8 isolates per each.

Among the genotypes, the Beijing was the most represented family (n=130),
followed by the EAI (n=76), T (n=28), Unknown (n=22), LAM (n=3) and H (n=1)
families (Table 1). For compasion of proportion of pncA mutation between families,
the “Others” group included Unknown spoligotypes, LAM and H families.

Analysis of pncA mutations

Among the 260 isolates, 99 (38.1%) carried mutations in pncA coding region
(32.3%) or its promoter (3.9%), or showed absence of pncA amplification (1.9%)
(Table 1). Seventy-one different mutations were identified, among which 55 had been

previously documented and 16 were new (Supplementary table S1 and Figure 1) ' 16

17,32,33
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Mutations in pncA coding region were only non-synonymous and were
dispersed along the gene. They were found in 50 of the 187 pncA codons. No
mutation was particularly predominant and the maximum number of isolates with the
same mutations was three. The mutation types included single nucleotide
substitutions, nucleotide deletions or insertions and double mutations (supplementary
table S1). Several single nucleotide substitutions (at codons 103, 108, 119, 164 or
181) led to premature stop codons. Nucleotide deletions or insertions led to a shift in
the reading frame and resulted in abnormal or early-truncated polypeptides. In
addition, pncA could not be amplified in five isolates (experiment repeated five
times), suggesting gene deletion. Finally, 30.3% (30/91) of mutants carried pncA
mutations in the three regions described as mutation hot spots (i.e., 3—17, 61-85, and
132-142) '3 18 ( supplementary table S1).

Concerning the pncA promoter mutations, the most common was a nucleotide
substitution at position -11 (seven isolates). Nucleotide substitutions at positions -12, -
13 and a 12-nucleotide deletion (from -18 to -7) were also detected (one isolate/each)
(supplementary table S1).

Association of FLD-resistance patterns with pncA mutations

Among the 205 FLD resistant isolates, 96 (46.8%) had at least one mutation in
the pncA gene or promoter, while 3 (5.5%) of the 55 FLD sensitive isolates had one
mutation in the coding region (Table 1). This difference was statistically significant
(p<5x107'%). Similarly, the pncA mutation frequency in isolates resistant to a specific
FLD (isoniazid, rifampicin, streptomycin and ethambutol) was significantly higher
than in drug-sensitive isolates, based on the odds ratio values (p<0.0001) (Table 2).
Moreover, when comparing each drug resistance group, Fisher's exact probability test

results revealed significant different mutation frequencies (p<0.0004). More
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specifically, the frequencies of mutations (Table 2) were significantly different
between rifampicin, isoniazid and streptomycin drug resistant isolates (p<0.015), and

between ethambutol and isoniazid drug resistant isolates (p<0.005).

When taking into account the FLD resistance patterns (mono to quadruple
resistance), pncA mutation frequency was highest in quadruple-resistant isolates
(75.8%), followed by triple-resistant (60.7%), double-resistant (32.0%), sensitive
(5.5%) and mono-resistant isolates (3.3%) (Table 3). These differences were
significant (p<1077). The odds ratio calculation showed that, except in mono-drug
resistant samples, the pncA mutation frequency was progressively increasing from
double- to quadruple-resistant isolates compared with FLD sensitive isolates (Table
3). Nevertheless, the differences were significant only between the mono drug
resistant patterns and all the other patterns (p<6x10™) and between double and
quadruple resistant patterns (p<8.4x107). In addition, the pncA mutation frequency in
MDR isolates was significantly higher than in non-MDR isolates (72.4% vs 7.2%;

p<107) (Table 3).

Association of pncA mutations with M. tuberculosis families and genotypes

The pncA mutation frequency was highest in Beijing isolates (62/130, 47.7%),
followed by T (9/28, 32.1%), EAI (23/76, 30.3%) and “Others” isolates (5/26,
19.2%). The global Fisher’s exact test was significant supporting a difference between
Beijing family and non-Beijing families (p<0.002). The difference was more
specifically significant between Beijing and EAI families (p<0.018), and between
Beijing and “Others” spoligotypes (p<0.008). Within the Beijing family, pncA
mutations were found in isolates showing all possible FLD resistance patterns.
Among MDR isolates, pncA mutation frequency was highest in the T family (8/9,

88.9%), followed by Beijing (56/76, 73.7%), EAI (21/30, 70.0%) and “Others” (4/8,
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50%). Nevertheless, the overall Fisher’s exact test revealed no significant differences
(p>0.5). Due to the low sample size for T, EAI family and “Others” class compared to
Beijing isolates, the tests should be done on a larger sample.

The 99 pncA mutants belonged to 79 different genotypes, including 18
clusters (supplementary figure S1). Most of these clusters included isolates showing
various FLD resistance patterns and pncA mutations. For instance, in the biggest
cluster (14 isolates), isolates harbored seven distinct pncA mutations and six different
FLD patterns. Finally, only two pncA mutants had fully similar genetic and

phenotypic patterns (supplementary figure S1). **

DISCUSSION
High diversity and frequency of pncA mutations in clinical M. tuberculosis
isolates in Vietnam

Our molecular analysis indicates that 38.1% of the clinical M. tuberculosis
isolates selected in this study carry mutations in the pncA gene or its promoter. A
study in Northern Vietnam reported that 2.4% of isolates were negative for PZase by
PZase assay and were considered to be resistant to PZA ¥, However, since PZA-
resistant isolates are not always PZase negative, it is thus difficult to compare the two
studies.

In our study, pncA mutations were very diverse and distributed along the gene
without predominant ones (71 different mutations detected in 50 different codons).
This is in agreement with the fact that overall, more than six hundred distinct pncA
mutations in 171/187 different codons have been identified so far . In our study,
30.3% of pncA mutants carried mutations in the three previously described mutation

hot spot regions '* 8, Nevertheless, a recent meta-analysis showed that only 7.0% of
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PZA-resistant strains carry mutations in these regions !’. This underlines the great
diversity of mutations at different positions that can lead to PZA resistance.
Remarkably, for many pncA mutations (85.0%), the link with PZA resistance has
been experimentally confirmed (high confident mutations) and have been associated
with high minimum inhibitory concentrations (MICs) of PZA corresponding to high-
level PZA resistance ' 1618 22 23 Fyrthermore, Stoffels et al. predicted by 3D
structural analysis that most of the mutations detected in their PZA-resistant isolates
affect PZA protein activity '

On the other hand, our data indicate that the diversity of mutations in the pncA
promoter is smaller (4 mutations, 10 mutants), in agreement with the published data
(34 mutations globally) '!: 16:17:32.33 ' These mutations can be associated with low- or
high-level PZA resistance.

Finally, 55 of the 71 pncA mutations detected in our samples were already
known, 50 of them have been previously linked to PZA resistance and 5 were found
in either PZA-resistant/sensitive isolates or only in PZA-sensitive ones. Among the 16
novel mutations, 14 are likely to be linked to PZA resistance because of their
mutation types or codon positions'! 16:17:32.33 " Altogether, 90.1% (64/71) of the pncA
mutations identified in our study are likely to be associated with PZA resistance.
Thus, out of 99 mutants, 91 (92%) carried high confident pncA mutations, 2 carried
mutations with unknown link to PZA resistance and 6 are probably not linked to PZA
resistance.

PncA mutation frequency and FLD resistance patterns

In our study, three FLD sensitive isolates carried pncA mutations located in

the PZase active or metal-binding site. These isolates could be mono-PZA resistant,

especially the two carrying mutations at codons 49 and 138, which have been linked
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to high-level PZA resistance ' ' 18

. In agreement, a recent study reported a
significant proportion of phenotypic mono-PZA resistance (4.2%) in clinical isolates
22, Nevertheless, as expected, pncA mutation frequency was significantly higher in
FLD-resistant than in FLD-sensitive isolates.

Although a recent study showed an association between pncA mutation
frequency and rifampicin resistance, the link between pncA mutations and resistance
to other FLD has not yet been reported '°. In our study, we found that the frequency of
pncA mutations was significantly different between each drug resistance group
(isoniazid, rifampicin, streptomycin and ethambutol resistance) and the corresponding
sensitive isolates, suggesting an association between PZA resistance and each FLD
drug resistance.

Analyses according to the FLD resistance patterns suggest that the frequency
of pncA gene mutations progressively increases with the FLD resistance (mono,
double, triple and quadruple resistance). Quadruple-resistant isolates showed the
highest pncA mutation rate (75.8%). Similarly, pncA mutation frequency was very
high also in MDR isolates (72.4%), consistent with many other studies worldwide '"
22, 23,36 suggesting a cumulative effect of drug resistance mutation. Another study
showed that the proportion of PZA-resistant strains is higher in pre-XDR and XDR
than in MDR isolates *7. Altogether, these data suggest a higher risk to detect PZA
resistance in more severely drug-resistant M. tuberculosis isolates. This is very
worrying because PZA resistance in MDR and XDR TB is generally associated with
poor treatment outcome ® 7. Thus, PZA-susceptibility profile prior to treatment is a

priority especially in patients with MDR and XDR TB.

PncA mutation frequency is highest in the Beijing family
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The genotyping analysis did not highlight any association between specific
pncA mutations and the different M. tuberculosis families or MIRU-VNTR clusters,
in agreement with other studies ' 3% 3. Nevertheless, the mutation frequency was
globally higher in Beijing isolates compared with other families or genotypes,
suggesting a greater association of this family with PZA resistance. Furthermore,
pncA mutations in this family were found in FLD susceptible to quadruple-resistant
isolates. Conversely, in the other families, mutations were detected particularly in
triple- and quadruple-resistant isolates. We thus hypothesize that the Beijing family
might be more susceptible to acquire pncA mutations, whatever the resistance profile.
This should be experimentally demonstrated. Although the situation differs according
to the country %% 3% 3% the Beijing family seems to be strongly linked to PZA
resistance in Vietnamese samples. This is all the more worrying that the Beijing
family is currently spreading in Vietnam *°.

Evolution of PZA resistance in M. tuberculosis population

The pncA mutation diversity and frequency are very high in our study. This
can be caused by several factors: high rate of PZA-resistance acquisition (10~ bacilli
in vitro) '!; the non-necessity of pncA (M. tuberculosis can survive and grow without
this gene) *° and the absence of loss of bacterial fitness in the presence of pncA
mutations '!. However, the pncA mutations may also bear high fitness costs impaired
with transmission since lack of clusters of pncA mutants in clinical isolates was
largely observed worldwide *!. In fact, the spread of some MDR and XDR clones
carrying few specific pncA mutations has been reported ** #* leading to a hypothesis
that some pncA mutations have no reduction of transmission fitness of the bacteria.

This peculiar evolution of the pncA gene might lead to the emergence of PZA

resistance at high frequency, thus challenging the use of PZA as a key drug in current
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and future treatment regimens, despite its powerful sterilizing capacities. Studying the

PZA resistance mechanisms and following its evolution are crucial for TB control.

CONCLUSION

This study shows that a high proportion of Vietnamese clinical M. tuberculosis
isolates carry pncA mutations, particularly MDR, quadruple-FLD resistant and
Beijing family isolates. Nevertheless, the proportion of PZA resistance in these
samples might be under estimated since it is well known that a proportion of PZA-
resistant isolates without pncA mutations is existed. This finding highlights the high
risk of PZA resistance and challenges the use of PZA in treatment regimens without

prior PZA-susceptibility information of the TB patients to be treated.
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Table 1 Distribution of first-line drug susceptibility patterns according to the

Mycobacterium tuberculosis families and their relative frequency of pncA mutations

Drug-susceptibility

M. tuberculosis families

pncA mutation

Total

patterns
Type EAI Beijing T “Others” n (%)
FLD sensitive Sensitive 20 14 11 10 55 3(5.5)
Mono-resistant H 12 11 2 2 27 2(7.4)

R 0 0 0 2 2 0(0)

S 11 14 4 2 31 0(0)

E 0 1 0 0 1 0(0)
Double-resistant HS 3 12 2 2 19 5(26.3)

HR 4 1 0 1 6 3 (50)
Triple-resistant HRS 5 11 1 3 20 12 (60)
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HRE 4 2 0 0 6 5(83.3)
HSE 0 1 0 0 1 0(0)
RSE 0 1 0 0 1 0(0)
Quadruple-resistant HRSE 17 62 8 4 91 69 (75.8)
Total 76 130 28 26 260 99 (38.1)

H: Resistant to isoniazid, R: Resistant to rifampicin, S: Resistant to streptomycin, E:
Resistant to ethambutol.

FLD sensitive: sensitive to all four first-line drugs (FLDs) (isoniazid, rifampicin,
streptomycin and ethambutol).

“Others”: Include 1 H, 3 LAM and 22 Unknown genotype isolates.

Mono-resistant (isolates resistant to H or R, S, E); double-resistant (isolates resistant
to two of the four FLDs), triple-resistant (isolates resistant to three FLDs) and

quadruple-resistant (isolates resistant to all four FLDs).

Table 2 Comparison of the pncA mutation frequencies of isoniazid, rifampin,
streptomycin or ethambutol resistant isolates and of the corresponding sensitive

isolates.

Resistant/ N° of isolates Related frequency

Odds ratio, 95% CI  p-value

sensitive pattern With pncA  Without pncA of pncA mutation
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mutation mutation

isoniazid-resistant 96 74 56.5%

37.6,11.4-123.7 p<0.0001
isoniazid-sensitive 3 87 3.3%
rifampicin-resistant &9 37 70.6%

29.8,14.1-63.1 p<0.0001
rifampicin-sensitive 10 124 7.5%
streptomycin-resistant 86 77 52.8%

7.2,3.7-14.0 p<0.0001
streptomycin-sensitive 13 84 13.4%
ethambutol-resistant 74 26 74%

15.4,8.3-28.5 p<0.0001
ethambutol-sensitive 25 135 15.6%

576
577  Table 3 Comparison of the pncA mutation frequencies of isolates with different drug
578  resistant patterns (sensitive, mono-, double-, triple- and quadruple- resistant) and first-
579 line drug sensitive isolates.
N° of isolates
Related frequency
Type of isolates With Without Odds ratio, 95% CI  p-value

of pncA mutation

mutation mutation
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Sensitive 3 52 5.5%
Mono-resistant 2 59 3.3% 0.6, 0.1-3.7 p>0.5
Double-resistant 8 17 32% 8.2,1.9-34.3 p<0.005
Triple-resistant 17 11 60.7% 26.8,6.7-107.5 p<0.001
Quadruple-resistant 69 22 75.8% 54.4,15.4-191.4 p<0.001
MDR 89 34 72.4% 45.4,13.3-155.1 p<0.0001
Non MDR 10 127 7.9% 1.4,0.4-5.2 p>0.5
580
581

582
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583

584  Supplementary table S1 Mutations found in pncA promoter and coding region in the selected Vietnamese Mycobacterium tuberculosis isolates.
585  The table shows the diversity of pncA mutations (71 different types), the mutation positions and their nucleotide/amino acid change(s) and
586  characteristics of the mutations (reported/unreported in the literature). The table also presents that the mutations were found in PZA-resistant

587  and/or PZA-susceptible isolates and were associated with PZA resistant/sensitive according to the literature.

DST No of Nucleotide Codon Nucleotide Amino acid Mutations PZé . Linked to PZA
No attern isolate(s) osition(s) osition(s) | substitution(s) change(s) reported/unreported | Resistant/sensitive resistant/sensitive Reference
p p p 8 in the literature isolates
Mittio et al. 2014 &
1 HS 7 -11 NA A-G NA Yes R&S R Ramirez-Busby et al. 2015
2 HRSE 1 -12 NA T-G NA Yes R R Whitfield et al.2015
Mittio et al. 2014 &
3 H 1 -13 NA G-T NA Yes R&S R Ramirez-Busby et al. 2015
Deletion ;
4 HRS 1 (-18)-(-7) NA CGAACGTATGGT NA Novel deletion U R New
5 | HRSE 1 2 1 ATG-AGG Met-Arg. New amino acid U R New
(frameshift) replacement
P HRS ) 4 5 CGG-TGG Arg-Trp New amino acid U U New
replacement
Mittio et al. 2014 &
7 HRE 1 16 6 ATC-CTC lle-Leu Yes R&S S Ramirez-Busby et al. 2015
Mittio et al. 2014 &
8 HRS 1 17 6 ATC-ACC lle-Thr Yes R R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
9 HRS 1 19 7 GTC-TTC Val-Phe Yes R R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
10 HRS 1 29 10 CAG-CCG Gln-Pro Yes R R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
11 | HRSE 1 29 10 CAG-CGG Gln-Arg Yes R&S R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
12 HR 1 40 14 TGC-CGC Cys-Arg Yes R R Ramirez-Busby et al. 2015
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13 HRSE 55 19 del C frameshift Novel deletion R New
14 HRSE 104 35 CTG-CCG Leu-Pro Yes R Mittio 2014
15 HRSE 139 47 ACC-GCC Thr-Ala Yes R&S S Mittio 2014
16 | HRE 140 47 ACC-ATC Thr-Tle New amino acid U New
replacement
17 HRSE 146 49 GAC-GCC Asp-Ala Yes R Mittio 2014
18 Sensitive, 147 49 GAC-GAG Asp-Glu Yes S S Bhuju et al. 2013
HRSE
19 HRSE 151 51 CAC-TAC His-Tyr Yes R R Mittio 2014
20 HRSE 152 51 CAC-CGC His-Arg Yes R R Mittio 2014
21 HRSE 161 54 CCG-CAG Pro-Gln Yes R R Mittio 2014
22 HRSE 161 54 CCG-CTG Pro-Leu Yes R R Mittio 2014
23 HRSE 169 57 CAC-TAC His-Tyr Yes R R Mittio 2014
24 HRSE 170 57 CAC-CCC His-Pro Yes R R Mittio 2014
25 HRSE 172 58 TTC-GTC Phe-Val New amino acid 5] R New
replacement
26 HRSE 173 58 TTC-TCC Phe-Ser Yes R R Ramirez-Busby et al. 2015
27 | HRSE 176 59 TCC-TTC Ser-Phe Yes s S aclar;(l)’lbsel etal. 2011, Xia et
28 HRS 181 61 ACA-CCA Thr-Pro Yes R R Ramirez-Busby et al. 2015
29 HRSE 184 62 CCG-TCG Pro-Ser Yes R R Ali et al. 2015
30 HRSE 185 62 CCG-CTG Pro-Leu Yes R R Mittio 2014
31 HR 188 63 GAC-GGC Asp-Gly Yes R R Mittio 2014
Mittio et al. 2014 &
32 HRSE 188 63 GAC-GCC Asp-Ala Yes R R Ramiser-Busby of al, 2015
Mittio et al. 2014 &
33 HRSE 202 68 TGG-CGG Trp-Arg Yes R R Ramiser Busby ef al, 2015
Mittio et al. 2014 &
34 HRE 226 76 ACT-CCT Thr-Pro Yes R R Ramirez-Busby et al. 2015
35 HRSE 246 82 CAT-CAA His-Gln New amino acid U R New
replacement
36 | HRSE 286 9 AAG-GAG Lys-Glu Yes R R Mittio et al. 2014 &

Ramirez-Busby et al. 2015
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Mittio et al. 2014 &

37 HRS 287 96 AAG-ACG Lys-Thr Yes R R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
38 HRSE 305 102 GCG-GTG Ala-Val Yes R&S S Ramirez-Busby et al. 2015
39 HR 308 103 TAC-TCC Tyr-Ser Yes R R Ramirez-Busby et al. 2015
40 HRSE 309 103 TAC-TAG Tyr-Stop Yes R R Mittio 2014
Mittio et al. 2014 &
41 HRSE 312 104 AGC-AGA Ser-Arg Yes R R Ramirez-Busby et al. 2015
42 HRSE 322 108 GGA-TGA Gly-Stop Yes R R Ramirez-Busby et al. 2015
Mittio et al. 2014 &
43 HRSE 347 116 CTG-CCG Leu-Pro Yes R R Ramirez-Busby et al. 2015
44 HS 357 119 TGG-TGT Trp-Cys Yes R R Mittio 2014
Mittio et al. 2014 &
45 HRSE 357 119 TGG-TGA Trp-Stop Yes R R Ramirez-Busby ct al. 2015
Mittio et al. 2014 &
46 HRE 359 120 CTG-CCG Leu-Pro Yes R R Ramirez-Busby et al. 2016
Mittio et al. 2014 &
47 HS 383 128 GTC-GGC Val-Gly Yes R R Ramirez-Busby et al. 2017
Mittio et al. 2014 &
48 HRS 389 130 GTG-GGG Val-Gly Yes R R Ramirez-Busby et al. 2018
Mittio et al. 2014 &
49 HRSE 401 134 GCC-GTC Ala-Val Yes R R Ramirez-Busby et al. 2019
. Mittio et al. 2014 &
50 HRSE 410 137 CAT-CGT His-Arg Yes R R Ramirez-Busby et al. 2020
Mittio et al. 2014 &
51 HRSE 412 138 TGT-CGT Cys-Arg Yes R R Ramirez-Busby et al. 2021
Sensitive, .
52 HRSE 412 138 TGT-AGT Cys-Ser Yes R R Ramirez-Busby et al. 2015
53 | HRSE 42 141 CAG-CCG Gln-Pro Yes R R Jittio 2014, Buszy etal
54 | HS 424 142 ACG-GCG Thr-Ala Yes R R %‘;2" 2014, Buszy etal
55 HRSE 425 142 ACG-AGG Thr-Arg New amino acid U R New
replacement
56 HRSE 436 146 GCG-CCG Ala-Pro Yes R R Ramirez-Busby et al. 2015
57 |H 446 149 AAT-AGT Asn-Ser New amino acid U R New
replacement
58 | HRSE 460 154 AGG-GGG Arg-Gly Yes R R ]2\/([)‘;20 2014, Buszy ct al
59 HR 464 155 GTG-GGG Val-Gly Yes R R Mittio 2014, Buszy et al
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589
590

5901
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2015
60 | HRSE 467 156 CTG-CCG Leu-Pro Yes R R Jiio 2014, Buszy et al
61 HRSE 491 164 TCG-TAG Ser-Stop New amino acid U R New
replacement
62 | HRSE 541 181 GAG-TAG Glu-Stop New amino acid U R New
replacement
Insertion . . .
63 | HRSE ;?;'188 & | 63&107 | ACTATTCCTC & fra?é?h‘g New msf‘:.m a“tf U R New
GAA-AAA and Glu-Lys new mutation pattern
64 | HRSE 231232 78 Insertion G frameshift Yes R R 12\/([)‘1“5“’ 2014, Buszy et al
65 | HRSE 200& 548 | 97& 183 | GOTGAT& Gly-Asp & | New deletion and U R New
deletion T frameshift new mutation pattern
66 HRSE 389-390 130 insertion GG frameshift Yes R R Whitfield et al.2015
67 HRSE 482-483 161 Insertion G frameshift New insertion U R New
68 HRSE 491-492 164 Insertion C frameshift New insertion U R New
69 HS 82 &418-419 | 28 & 140 GCC_—ACC & Ala-Thr.& New deletl_on and U R New
deletion G frameshift new mutation pattern
Whole .
70 HRE Who!e pncA pncA Who!e pncA Who@e pncA Yes R N Aono et al. 2014, Martinez
deletion . deletion deletion et al. 2015
deletion
71 | Susceptible 307 103 TAC-GAC Tyr-Asp Yes R R 12\’(1)1;20 2014, Buszy et al

H: resistant to isoniazid; R: resistant to rifampin; S: resistant to streptomycin; E: resistant to ethambutol; NA: mutation in pncA promoter region;

#. references .
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Figure 1. Diversity of pncA mutations in Mycobacterium tuberculosis isolates in Vietnam
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3.4 Evolution of drug resistance in Mycobacterium tuberculosis in

Vietnam

3.4.1 Objectives

As described in the introduction, Vietnam showed a high proportion of TB
cases resistant to any FLD (32.7% and 54.2% among new and among previously
treated TB cases, respectively) (316). The proportion of MDR-TB in between 2005 —
2011 was increased from 2.7% to 4.0% and from 19.0% to 23.3% among new and
among previously treated TB cases, respectively (316). Furthermore, the proportion of
MDR-TB cases resistant to any SLDs was 17.9% in 2011 (319). Nevertheless, the
data remain limited and fragmented and do not give a global view of FLD and SLD
resistance evolution at the country scale. To progress in knowledge of this critical
domain in terms of public health, we performed a genetic and phenotypic analysis of
clinical M. tuberculosis isolates collected in Vietnam to study the FLD and SLD
resistance and to investigate how M. tuberculosis evolved from sensitive to XDR in
this country. The materials and methods as well as the 260 isolates used in this part

are described in the chapter 2.

3.4.2 Results

A. FLD susceptibility testing

Globally, among the 260 samples, 12 different phenotypic FLD-susceptibility
patterns (except PZA resistance) were detected including FLD-sensitive (21.2%),
mono-FLD resistant (23.5%, 4 types), double-FLD resistant (9.6%, 2 types), triple-
FLD resistant (10.8%, 4 types) and quadruple-FLD resistant (35%) (Error!
Reference source not found.). Regarding each drug, 65.4% of FLD-resistant isolates
were INH resistant, 48.5% were RIF resistant, 38.5% were EMB resistant and 62.7%
were STR resistant. Finally, among the samples, 47.3% were MDR.
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Table 3.1. Distribution of the 260 isolates according to the FLD-resistance patterns
and the M. tuberculosis families

Resistance type Drug M. tuberculosis families Total
resistance EAI Beijing T Others
Sensitive Sensitive 20 14 11 10 55
Mono resistance H 12 11 2 2 27
R 0 0 0 2 2
S 11 14 4 2 31
E 0 1 0 0 1
Double resistance HS 3 12 2 2 19
HR 4 1 0 1 6
Triple resistance HRS 5 11 1 3 20
HRE 4 2 0 0 6
RSE 0 1 0 0 1
HSE 0 1 0 0 1
Quadruple HRSE 17 62 8 4 91
resistance
Total 76 130 28 26 260

Sensitive: isolates susceptible to all the four FLDs, isoniazid, rifampicin, streptomycin and
ethambutol; H: isoniazid, R: rifampicin, S: streptomycin, E: ethambutol.

B. SLD susceptibility testing

Among the 125 isolates tested, 29 (23.2%) isolates were resistant to at least
one SLD in which 21 were resistant to at least one SLID, 19 were resistant to at least
one FQ and 11 were resistant to both SLD classes (Error! Reference source not
found.). Considering the FLD and SLD data together, sixteen (12.8%) and 11 (8.8%)
isolates met criteria for pre-XDR and XDR, respectively.

20 different FLD and SLD-susceptibility patterns were identified (Error!
Reference source not found.). The most complex drug-resistant pattern was the

combination of 9 different drug resistances (4 FLDs and 5 SLDs) (9 isolates, 7.2%)).
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Table 3.2. FLD and SLD susceptibility testing profiles of the 125 isolates according

to the M. tuberculosis families

Type of SLD M. tuberculosis families
Drug resistant patterns Total
resistance EAI Beijing T Others
Sensitive Pan-susceptible 5 8 4 3 20
Mono-FLD H 5 2 0 1 8
R 0 0 0 2 2
S 6 4 0 2 12
Double-FLD HS 0 3 0 0 3
Triple-FLD HRS 0 8 0 2 10
HRE 2 1 0 0 3
Quadruple-FLD HRSE 7 28 2 1 38
Mono-SLID SKAC 0 1 0 0 1
Mono-FQ HOMG 0 1 0 0 1
Pre-XDR HROM 0 0 0 1 1
HRSKAC 1 0 0 0 1
HRSEK 0 1 0 0 1
HRSEC 0 1 0 0 1
HRSEKA 0 0 0 1 1
HRSEKAC 0 5 0 0 5
HRSEOM 0 4 2 0 6
XDR HRSEKOM 0 0 1 0 1
HRSEKACO 1 0 0 0 1
HRSEKACOM 2 6 1 0 9
Total 29 73 10 13 125

Pan-susceptible: isolates susceptible to all the tested FLDs and SLDs; H: isoniazid resistant,
R: rifampicin resistant, S: streptomycin resistant, E: ethambutol resistant; K: kanamycin resistant; A:
amikacin resistant; C: capreomycin resistant; O: ofloxacin resistant; M: moxifloxacin resistant; G:
gatifloxacin resistant.

C. Genotyping

Since the data were already used in paper 4, they are briefly described below:

A total of 101 different spoligotypes were identified (see Table A2 in

appendix for details). Spoligotype data allowed assigning the majority of samples to
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families using SITVITWEB. In addition, the 24-MIRU-VNTR typing could
characterize 9 unknown spoligotypes as EAIL called here EAl-like. In total, 130
isolates were Beijing (50%), 76 isolates were EAI and EAl-like (29.2%), 28 isolates
were T (10.8%). Besides 2 isolates were LAM, 1 isolate was H and 23 isolates were
unknown, accounting in total for 10% (these isolates were classified in “Others”
class). The distribution of each FLD and SLD resistant pattern according to the M.

tuberculosis families is described in Tables 3.1 and 3.2.

The 24-locus MIRU-VNTR typing revealed 192 distinct genotypes including
163 unique patterns and 29 clusters represented by 97 isolates (containing 2 — 15
isolates/each, average=3.3) (see Table A2 in appendix for details). In Beijing family,
80 different genotypes were identified including 62 unique patterns and 18 clusters
containing 2 — 15 isolates/each (average=3.8). In EAI family, 64 different genotypes
were identified including 57 unique patterns and 7 clusters containing 2 — 5
isolates/each (average=2.7). For T family, 23 different genotypes were identified
including 20 unique patterns and 3 clusters containing 2-3 isolates/each (average
=2.7). In “Others” group, 25 different genotypes were identified including 24 unique

patterns and one cluster containing 2 isolates.
D. Mutations associated with resistance to FLDs

The distribution of drug resistance-associated mutations according to the drug
resistance patterns, as well as the specificity and sensitivity are described in the Error!

Reference source not found..

Table 3.3. Number of isolates with and without genetic mutations according to drugs
and sensitivity and specificity data between phenotypic and genotypic data

Comparison of phenotypic

Drug-resistant isolates Drug-susceptible isolates .
and genotypic data
Drug Locus/gene With Without With Without Sensitivity Specificity
mutation mutation mutation mutation (%) (%)
RIF rpoB 125 1 2 132 99.2 98.5
RRDR of rpoB 120 6 2 132 95.2 98.5
INH katG 146 24 0 90 85.9 100
inhA and its promoter 30 140 1 89 17.6 98.9
katG, inhA and
165 5 1 89 97.0 98.9
inhA promoter
STR rpsL 101 62 0 97 62.0 100
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rrs-F1 34 129 0 97 20.9 100

rpsL and rrs-F1 132 31 0 97 81.0 100

EMB embB 87 13 0 160 87.0 100
OFX grA 15 4 0 106 79.0 100
B 2 17 0 106 10.5 100

gyrA and gyrB 17 2 0 106 89.5 100

KAN rrs-F2 13 7 0 105 65.0 100
AMK rrs-F2 13 5 0 107 72.2 100
CAP rrs-F2 13 5 0 107 72.2 100
Double 19 6 0 55 76 100
Triple 22 6 0 55 78.6 100
Quadruple 72 19 0 55 79.1 100
MDR 120 3 0 55 97.6 100
Pre-XDR 12 4 0 20 75 100
XDR 5 6 0 20 45.5 100

*: The natural polymorphisms (katG463, embB378 and gyrA95) and the mutations not associated with
drug resistance were excluded.

It is worth noting that the comparison of phenotypic and genotypic data
showed 81 to 99% of sensitivity and 98.5 to 100% of specificity, for detecting FLD-

resistant isolates (Error! Reference source not found.).
¢ INH resistance and mutations in KatG and inhA genes

A total of 165/170 (97.1%) INH-resistant isolates revealed INH resistance-
associated mutations in either katG and/or inhA (Error! Reference source not
found.). The INH resistance-associated mutations in katG, inhA and inhA promoter
are described in the Error! Reference source not found.. The most frequent
mutations were at katG315 position (Asp-Asn (3.5%) and Asp-Thr (76.5%),
total=80%) and at inhA-15 (C-T, 15.9%), and the combination of the two positions
covered 93.5% of INH-resistant isolates. Five out of 90 INH-sensitive isolates had
either mutations in katG or in inhA gene, in which only inhA21 (Ile-Val) mutation
was previously associated with low-level of INH resistance (see Table A3 in appendix

for details).
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Table 3.4. The INH resistance-associated mutations found in katG and inhA genes
and inhA promoter of the 170 INH-resistant isolates and their distribution according

to the Mycobacterium tuberculosis families

Gene Position(s) Nucleotide Amino acid Family (number of isolates)
change(s) change(s) Total
Beijing EAI T Others
katG 31 GAG-GAT Glu-Asp 0 1 0 0 1
112 ACC-ATC Thr-Ile 0 1 0 0 1
127 CAG-CCG Gln-Pro 0 0 0 1 1
169 GGC-AGC Gly-Ser 0 1 0 0 1
232 CCG-GCG Pro-Ala 0 0 0 1 1
257 ATG-ATA Met-Ile 0 1 0 0 1
315 AGC-AAC Ser-Asn 2 2 0 2 6
315 AGC-ACC Ser-Thr 87 24 8 6 125
325 CCG-CTG Pro-Leu 0 1 0 0 1
394 ACG-GCG Thr-Ala 1 0 0 0 1
439 CAG-CCG GlIn-Pro 0 1 0 0 1
480" Deletion GCG Deletion Ala 0 0 0 1 1
33 & 315 GGC-GAC & AGC-  Gly-Asp & Ser- 0 1 0 0 1
ACC Thr
315 & 430 AGC-ACC & CTG- Ser-Thr & Leu- 1 0 0 0 1
CCG Pro
315 & 710 AGC-ACC & GTC- Ser-Thr & Val- 3 0 0 0 3
TTC Phe
No None None 7 7 5 5 24
mutation
TOTAL 170
inhA -8 T-C 1 1 0 0 2
-15 C-T 6 9 1 3 19
-15 & 21 C-T & ATC-GTC Ile-Val 0 2 0 0 2
-15& 94 C-T & TCG-GCG Ser-Ala 3 0 2 0 5
-15& 194 C-T& Ile-Thr 1 0 0 0 1
95 ATT-GTT Ile-Val 0 1 0 0 1
No None None 90 26 10 14 140
mutation
TOTAL 170
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¢ RIF resistance and mutations in the rpoB gene

In total 125/126 (99.2%) RIF-resistant isolates harbored mutations in 7poB
gene (Error! Reference source not found.). The RIF resistance-associated mutations
in rpoB are described in the Error! Reference source not found. 120 (95.2%) out of
the 126 RIF-resistant isolates had at least one mutation in the RRDR, 3.2% (4
isolates) had a mutation in cluster II and 0.8% (1 isolate) had a mutation in the N-
terminal region of 7poB. No mutation was found in cluster III of this gene. The three
most common mutations were located at codon rpoB531 (50%, 63 isolates), codon
rpoB526 (24.6%, 31 isolates), codon rpoB516 (13.5%, 17 isolates), accounting for
87.3% of RIF resistant isolates (110 isolates). Mutations at position 7poB526 were the
most  variable with 7  different amino acid replacements  (His-
Asp/Tyr/Arg/Asn/Leu/Thr/Ser), in which His526Asp accounted for 12.7% of the RIF-
resistant isolates. The rpoB531 mutations showed 4 different amino acid replacements
(Ser-Leu/Trp/Phe/Gln), in which Ser531Leu was detected in 46.0% of the RIF-
resistant isolates. Regarding position 7poB516, only two amino acid replacements
(Ser-Val/Tyr) were detected and the Ser516Val was the most common, accounted for
12.7% of RIF-resistant isolates. Other mutations in the RRDR were detected at low
frequency (total = 7.9%). The rpoB572 (Ile-Phe) mutation was the only mutation
found in Cluster II, and the rpoB146 (Val-Phe) mutation was the only one found in
the N-terminal region. Two (1.5%) out of the 134 RIF-sensitive isolates revealed the
mutations Ser516Tyr or His526Asn previously linked to low-level of RIF resistance

(see Table A3 in appendix for details).

Table 3.5. Mutations detected in the 7poB gene of the 126 RIF-resistant isolates and
their distribution according to M. tuberculosis families

Position(s) Nucleotide change(s) Amino acid change(s) Family (number of isolates)
Total
Beijing EAI T Others
146 GTC-TTC Val-Phe 1 0 0 0 1
511 CTG-CCG Leu-Pro 1 1 0 2
513 CAA-CCA Gln-Pro 0 1 0 1
516 GAC-GTC Asp-Val 9 2 0 14
526 CAC-CGC His-Arg 0 2 0 2
526 CAC-AAC His-Asn 0 1 0 1
526 CAC-GAC His-Asp 4 7 1 12
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526 CAC-ACC His-Thr 0 1
526 CAC-TAC His-Tyr 4 7
526 CAC-CTC His-Leu 0 1
531 TCG-CAG Ser-Gln 0 2
531 TCG-TTG Ser-Leu 38 55
5317 TCG-CTG Ser-Leu 1 1
533 CTG-CCG Leu-Pro 4 4
572 ATC-TTC Ile-Phe 4 4
512 Insertion CGC Insertion Arg 0 1
518 Deletion AAC Deletion Asn 0 1
490 & 531 CAG-CGG & TCG-TGG Gln-Arg & Ser-Trp 0 1
511 & 526 CTG-CCG & CAC-TAC Leu-Pro & His-Asp 1 1
511 & 531 CTG-CCG & TCG-TTG Leu-Pro & Ser-Leu 0 1
513 & 753 CAA-CTA & TCC-TTC Gln-Leu & Ser-Phe 0 1
515 & 516 ATG-ATA & GAC-GTC Met-lle & Asp-Val 1 1
516 & 757 GAC-GTC & ACT-GCT Asp-Val & Thr-Ala 1 1
516 & 518 GAC-TAC & AAC-CAC Asp-Tyr & Asn-His 0 1
516 & 526 GAC-GTC & CAC-GAC Asp-Val & His-Asp 1 1
522 & 531 TCG-TTG & TCG-TTG Ser-Leu & Ser-Leu 1 1
526 & 527 CAC-TCC & AAG-CAG  His-Ser & Lys-Gln 1 1
526 & 533 CAC-AAC & CTG-TCG His-Asn & Leu-Ser 1 1
526 & 533 CAC-GAC & CTG-CCG His-Asp & Leu-Pro 1 1
526 & 562 CAC-GAC & GAA-GCA  His-Asp & Glu-Ala 1 1
530 & 531 CTG-ATG & TCG-TTC Leu-Met & Ser-Phe 1 1
531 & 616 TCG-TGG & GAC-GCC Ser-Trp & Asp-Ala 0 1
No mutation ~ None None 0 1
TOTAL 126

s EMB resistance and mutations in embB gene

Eighty-eight (88%) out of the 100 EMB-resistant isolates revealed non-
synonymous mutations in embB, among which 87% carried mutations previously
associated with EMB resistance (Error! Reference source not found. and Error!
Reference source not found.). The EMB resistance-associated mutations in embB

are described in the Table 3.6. The most common mutation was found at embB306
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position (60%, 60 isolates), followed by embB497 (14%, 14 isolates) and embB406
(8%, 8 isolates). Mutations at these positions covered 80% of EMB-resistant isolates.
Other mutations were detected at low frequency (total = 7%). Five out of the 160
EMB-sensitive isolates revealed embB mutations never associated with EMB

resistance (see Table A3 in appendix for details).

Table 3.6. Mutations found in the embB gene of the 100 EMB-resistant isolates and
their distribution according to the M. tuberculosis families

Position(s) Nucleotide change(s) Amino acid change(s) Family (number of isolates)
Total
Beijing  EAI T Others

306 ATG-ATA Met-Ile 6 6 1 0 13
306 ATG-ATC Met-Ile 2 1 0 1 4
306 ATG-ATT Met-Ile 0 0 0 1 1
306 ATG-CTG Met-Leu 1 0 0 0 1
306 ATG-GTG Met-Val 27 2 4 0 33
330 TTC-TTA Phe-Leu 1 1 0 0 2
330 TTC-TCC Phe-Ser 1 0 0 0 1
354 GAC-GCC Asp-Ala 0 1 0 0 1
360 GTG-ATG Val-Met 1 0 0 0 1
406 GGC-AGC Gly-Ser 1 1 1 0 3
406 GGC-GCC Gly-Ala 1 0 0 0 1
406 GGC-GAC Gly-Asp 1 1 0 1 3
450 ATC-CTC Ile-Leu 1 0 0 0 1
497 CAG-CGG Gln-Arg 7 1 0 0 8
497 CAG-CCG Gln-Pro 1 0 0 0 1
306 & 360 ATG-ATA & GTG-ATG Met-Ile & Val-Met 1 0 0 0 1
306 & 454 ATG-ATA & GCG-ACG Met-Ile & Ala-Thr 1 0 0 0 1
306 & 497 ATG-ATA & CAG-AAG Met-Ile & Gln-Lys 1 0 0 0 1
306 & 557 ATG-ATC & ATG-ATC Met-Ile & Met-Ile 3 0 0 0 3
306 & 561 ATG-GTG & AAG-ACG Met-Val & Lys-Thr 0 1 0 0 1
328 & 338 GAT-TAT & GCG-TCG Asp-Tyr & Ala-Ser 1 0 0 0 1
354 & 497 GAC-GCC & CAG-AAG  Asp-Ala & GIn-Lys 0 0 1 0 1
354 & 497 GAC-GCC & CAG-CCG Asp-Ala & GIn-Pro 0 0 0 1 1
370 & 497 CTG-CGG & CAG-AAG Leu-Arg & GIn-Lys 1 0 0 0 1
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497 & 557

306 & 387 &
406

No mutation

TOTAL

CAG-CGG & ATG-ATC

ATG-ATA & GCG-ACG

& GGC-GCC

None

Gln-Arg & Met-lle

Met-Ile & Ala-Thr &
Gly-Ala

None

1

0

13

100

v STR resistance and mutations in rpsL and rrs genes

A total of 132 (81%) out of 163 STR-resistant isolates revealed mutations in

rpsL and/or rrs (Error! Reference source not found.). The STR resistance-

associated mutations in rpsL and rrs genes are described in the Table 3.7. In rpsL

gene, mutations were only detected in two positions rpsL43 (39.3%, 64 isolates) and

rpsL88 (22.7%, 37 isolates). In rrs gene, mutations were mainly detected in two

positions, rrs514 (10.4%, 17 isolates) and rrs517 (5.5%, 9 isolates). Six other rrs

mutations were also detected at low frequency (total = 4.5%). None of the 137 STR-

sensitive isolates had mutations in 7psL gene, while one isolate carried a mutation

never associated with SM resistance in rrs gene (see Table A3 in appendix for

details).

Table 3.7. Mutations found in the »psL and rrs genes of the 163 STR-resistant and
their distribution according to the M. tuberculosis families

Gene Position(s) Nucleotide Amino acid Family (number of isolates)
change(s) change(s) Total
Beijing EAI T Others
rpsL 43 AAG-AGG Lys-Arg 54 3 5 1 63
43 AAG-AAT Lys-Asn 1 0 0 0 1
88 AAG-AGG Lys-Arg 28 3 0 1 32
88 AAG-ATG Lys-Met 2 1 1 0 4
88 AAG-ACG Lys-Thr 0 1 0 0 1
No mutation ~ None None 16 25 9 12 62
TOTAL 163
rrs-F1 151 C-G 1 0 0 0 1
239 C-T 0 1 0 0 1
513 C-T 0 0 1 0 1
514 A-C 11 4 1 1 17
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517 C-T 1 6 0 2 9

878 G-A 0 2 0 0 2
905 C-G 0 1 0 0 1
908 A-C 1 1 0 0 2
No mutation ~ None 87 18 13 11 129
TOTAL 163

E. Mutations associated with resistance to SLDs and pre-XDR and XDR

detection
«» SLID resistance associated mutations

In total, 16 isolates carried SLID resistance-associated mutations of which 13
were resistant to KAN, AMK and CAP by DST and three did not have DST data
(Table 3.8). The mutations were detected in the 1400-1500 region of rrs gene (rrs-F2
fragment), in which rrs1401(A-C) mutation was the most common (Table 3.9).The
rrs1484 (A-T) mutation was detected in one SLID-resistant isolate and the rrs1001

mutation in one isolate in combination with rrs1401.

Table 3.8. Distribution of SLD resistant mutations among drug resistance patterns
and mutation frequency

Drug resistance pattern Gene With mutation Without mutation Total Mutation frequency (%)
KAN rrs-F2 0 2 2 0
CAP 0 1 1 0
KAN & AMK 0 1 1 0
KAN, AMK & CAP 13 4 17 76.5
No DST 3 132 135 22
Sensitive 0 104 104 0
Total 16 244 260 6.2
OFX arA&gyrB 1 0 1 100
OFX & MFX 15 2 17 88.2
OFX, MFX & GFX 1 0 1 100

94



No DST

Sensitive

Total

25

127

106

235

135

106

260

59

9.6

Table 3.9. Mutations detected in gyrA and gyrB genes and rrs-F2 fragment and

distribution within the M. tuberculosis families

Drug Gene Mutation Nucleotide Amino acid Family (number of isolates) Total
position(s) change(s) change(s)
Beijing EAI Others

SLIDs rrs-F2 1001& 1401 T-C & A-G 1 0 0 1
1401 A-G 9 5 0 14°

1484 G-T 1 0 0 1

FQs gyrA 88 GGC-GCC Gly-Ala 0 1 0 1
90 GCG-GTG Ala-Val 2 2 1 5b

94 GAC-GCC Asp-Ala 2 0 0 2
94 GAC-GGC Asp-Gly 6 2 0 11¢

94 GAC-TAC Asp-Tyr 3 0 1 44

2yrB 461 GAC-AAC Asp-Asn 1 0 0 1

504 GCG-GTG Ala-Val 0 0 0 1

: included 3 isolates without DST results
: included 4 isolates without DST results
: included 3 isolates without DST results
: included 1 isolate without DST results

* FQ resistance associated mutations

In total 25 isolates out of 260 carried mutations associated with resistance to
FQs, of which 17 were resistant by DST either to OFX or to OFX and MFX or to
OFX, MFX and GFX and eight did not have any DST (Table 3.8). None of them was

resistant to LFX. Twenty-three isolates carried mutation in gyrA gene while two had

mutations in gyrB gene. The mutations associated with FQ resistance in gyrA and

gyrB genes are described in the Table 3.9. In gyrA gene, mutations at position

gvrA94 were the most frequent and the most polymorphic (3 different amino acid

changes). Two other gyrA mutations at positions gyrA88 and gyrA90 were also
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detected at low frequency. In gyrB gene, two mutations gyrB461 and gyrB504 were

observed.

Globally, based on mutation detection, a total of 33 (12.7%) isolates were
resistant to at least one of the SLDs in which 8 carried both FQ and SLID mutations.
Thus, 2 isolates were genetically identified as mono-SLID or mono-FQ resistant, 23

as pre-XDR and 8 as XDR (Table 3.10).

Table 3.10. SLD resistances, pre-XDR and XDR identified by genetic mutations

Genotype SLID-resistant mutation FQ-resistant mutation Total
Mono-SLID resistance rrs1401(A-G) WT 1
Mono-FQ resistance WT gyrA94(Asp-Tyr) 1
Pre-XDR 1001 (T-C) & 1401 (A-G) WT 1
rrs1401(A-G) WT 5t
rrs1484(G-T) WT 1
WT gyrA90(Ala-Val) 4
WT gyrA94(Asp-Val) 2b
WT 2yrA94(Asp-Gly) 6°
WT gyrA94(Asp-Tyr) 2
WT gyrB461(Asp-Asn) 1
WT gyrB504(Ala-Val) 14
Total 23
XDR rrs1401(A-G) 2yrA88(Gly-Ala) 1
rrs1401(A-G) gyrA90(Ala-Val) 1
rrs1401(A-G) gyrA94(Asp-Gly) 5
rrs1401(A-G) 2yrA94(Asp-Tyr) 1
Total 8

# included 2 isolates identified as XDR by DST
b included 2 isolates identified as XDR by DST
¢ included 1 isolate identified as XDR by DST
d: included 1 isolate identified as XDR by DST

The comparison of phenotypic and genotypic data showed more than 65% of
sensitivity and 100% of specificity for detecting isolates resistant to at least one of the
three SLIDs, and 76.5% of sensitivity and 100% of specificity for detecting isolates
resistant to all the three SLIDs (Table 3.3). The sensitivity was 89.5% and specificity
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was 100% for detecting FQ-resistant isolates (Table 3.3). Of the 16 pre-XDR isolates
defined by DST, 12 carried mutations associated with resistance to SLIDs or to FQs.
Among the 11 XDR isolates defined by DST, 5 were confirmed by genetic mutations,
while the remaining 6 isolates were characterized as pre-XDR. Sensitivity between
phenotypic and genotypic data for detecting pre-XDR and XDR were 75% and
45.5%, respectively and 100% specificity for both patterns (Table 3.3).

F. Link between drug resistant patterns and mutations

Regarding the INH-resistant patterns, frequency of katG mutations was
significantly higher than frequency of inhA mutations (p<0.01) (Table 3.11).
Frequencies of katG and katG315 mutations were higher in quadruple-drug resistant
isolates, followed by triple-drug, double-drug and mono-drug resistant patterns, but
these differences were not significant (p>0.05) (Table 3.11). On the contrary,
frequencies of inhA and inhA-15 mutations were higher in mono-resistant isolates,
followed by double, triple and quadruple-resistant isolates, but with no significant
difference (p>0.05) (Table 3.11). Altogether, the frequencies of INH resistance-
associated mutations in both genes were not significantly different among INH-

resistant patterns, and between MDR and non-MDR isolates (Table 3.11).

Table 3.11. Frequencies of specific mutations according to FLD drug resistance
patterns (mono, double, triple and quadruple resistance, MDR and non-MDR)

Drug resistance patterns

Drug resistance Ge::leligig::lent
Mono Double Triple Quadruple Non-MDR MDR

INH katG 77.8 80 85.2 90.1 83 87
katG315 (Ser-Thr) 70.4 72 81.5 84.6 78.7 80.5
inhA 222 20 18.5 154 14.9 18.7
inhA-15 (C-T) 222 16 14.8 14.3 14.9 16.3
katG & inhA 96.3 92 100 97.8 95.7 97.6
STR rpsL 41.9 63.2 54.5 70.3 519 66.7
rpsL44 (Lys-Arg) 25.8 42.1 31.8 44 327 414
rpsL88 (Lys-Arg) 12.9 21.1 22.7 20.9 17.3 20.7
rrs 19.4 15.8 27.3 20.9 17.3 22.5
rrs514 (A-C) 6.5 5.3 9.1 132 5.8 12.6
rpsL & rrs 58.1 78.9 77.3 90.1 67.3 87.4
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RIF rpoB 100 83.3 100 100 100 99.2
rpoB531 (Ser-Leu) 50 50 444 46.2 333 46.3

EMB embB 100 NA 87.5 87 100 87.6
embB306 (Met-Val) 100 NA 37.5 33 66.7 33
embB306 (Met-Ile) 0 NA 25 253 333 24.7

Mono: resistant only to one FLD (either isoniazid, rifampicin, streptomycin or ethambutol) among the
4 FLDs, double: resistant to two drugs, triple: resistant to 3 drugs; quadruple: resistant to 4 drugs.

The frequencies of mutations in 7psL or rrs or in both genes were not
significantly different among the resistant patterns (p>0.05), except between
quadruple-FLD resistant isolates and mono resistant isolates (p<0.01) (Table 3.11).
Furthermore, the frequencies of mutations in both genes were significantly higher in

MDR isolates than in non-MDR ones (p<0.01) (Table 3.11).

Mono and double resistant patterns (non MDR) were rarely associated with
EMB or RIF resistance; in our sample only 9 isolates were detected. Almost all RIF-
resistant or EMB-resistant isolates were MDR (Table 3.11). Thus, globally the
frequencies of mutations associated with RIF or EMB resistance between the patterns

were not significantly different (p>0.05) (Table 3.11).

The frequency of SLD resistance-associated mutations was significantly
higher in quadruple-FLD resistance, compared to all other FLD-resistant patterns
(p<0.007) and was significantly different between MDR and non-MDR isolates
(p<0.02) (Table 3.12).

Table 3.12. Frequencies of SLD-resistant mutations according to FLD-resistant
patterns (sensitive, mono, double, triple and quadruple resistance and Odds Ratio

estimation).
FLD resistant N° of isolates
resistan Frequency of Odds ratio, value
With Without mutations 95% CI P
pattern . .
mutation mutation
Sensitive 0 55 0%
Mono resistance 2 59 3.3% 4.7,0.21t099.3 p>0.3
Double resistance 2 23 8% 11.8,0.5t02555 p>0.1
Triple resistance 1 27 3.6% 6.1,0.2to 153.5 p>0.2
Quadruple resistance 28 63 30.8% 49.8,2.8t0 835.1  p<0.007
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MDR 31 92 25.2% 37.8,2.3t0630.1 p<0.02

Non MDR 2 135 1.5% 34,02t073.2 p>0.4

G. Mutations and Mycobacterium tuberculosis families

The frequency of katG mutations was significantly higher in Beijing (94%)
than in EAI (80%), “Others” (66.7%) and T (61.5%) families (p<0.02) (Table 3.13)
as well as the frequency of katG315 (Ser-Thr) mutation (p<0.01) (Table 3.14).
Conversely, the frequency of inhA mutations was higher in EAI (33.3%) than in T
(23.1%), “Others” (16.7%) and Beijing (10%), but a significant difference was
obtained only between EAI and Beijing (p<0.01) (Table 3.13). The frequency of
inhA-15 (C-T) mutations was significantly different only between EAI (28.9%) and
Beijing (9%) families (p<0.005) (Table 3.14). Overall, the frequency of INH
resistance-associated mutations in both genes was highest in Beijing family (100%),
and was significantly different compared to T family and “Others” class (p<0.02)
(Table 3.13).

The frequencies of rpoB mutations were not significantly different between
the families (Table 3.13) (p>0.05), as well as the frequencies of the three most
common mutations 7poB531 (Ser-Leu), rpoB526 (His-Asp) and rpoB516 (Asp-Val)
(Table 3.14). Nevertheless, rpoB531 (Ser-Leu) was mainly found in T and Beijing,
rpoB526 (His-Asp) was mainly found in EAIL and rpoB516 (Asp-Val) was mainly
detected in “Others” class (Table 3.5). The RIF resistance-associated mutations

outside the RRDR of rpoB were only found in Beijing family (Table 3.5).
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Table 3.13. Frequency of mutations according to M. tuberculosis families

M. tuberculosis families

EAI Beijing T Others
Drug Locus/gene . . . .
With  Without &‘;f;‘:; With  Without x}‘;f::l"c‘; With  Without &‘;t:;:l‘;‘; With  Without Xe‘(‘ltl?::’c‘;
mutation mutation (%) mutation mutation (%) mutation mutation (%) mutation mutation (%)
RIF rpoB 30 0 100 77 0 100 9 0 100 9 1 90
RRDR of 30 0 100 72 5 93.5 9 0 100 9 ! 90
rpoB
INH katG 36 9 80 94 6 94 8 5 61.5 8 4 66.7
inhA and its 15 30 33.3 10 90 10 3 10 23.1 2 10 16.7
promoter
katG+ inhA
and inhA 44 1 97.8 100 0 100 11 2 84.6 10 2 83.3
promoter
STR rpsL 8 28 22.2 85 16 84.2 6 9 40 2 9 18.2
rrs-F1 17 19 47.2 14 87 13.9 2 13 13.3 1 10 90.1
rpsL + rrs-F1 24 12 66.7 97 96 8 7 53.3 3 8 27.3
EMB embB 17 4 81 60 89.6 7 1 87.5 3 1 75
OFX gvrA 1 66.7 9 81.8 3 1 75 1 0 100
B 3 0 1 10 9.1 1 3 25 0 1 0
gyrA and gyrB 1 66.7 10 1 90.1 4 0 100 1 0 100
KAN,
AMK, rrs-F2 4 0 100 9 5 64.3 0 2 0 0 1 0
CAP
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Table 3.14. Distribution of the most frequent mutations associated with FLD resistance according to the M. tuberculosis families

M. tuberculosis families

EAI Beijing Others
Frequent Total with
Drug mutgtions . . . . mutation
With Without ~ Mutation o Without ~ lutation oy Without MO Withour  utation (%)
mutation mutation frequency mutation mutation frequency mutation mutation frequency mutation mutation frequency
(%) (%) (%) (%)
RIF rpoB531 (Ser-Leu) 10 20 33.3 40 37 51.9 4 5 44.4 4 6 40 58 (46)
rpoB526 (His-Asp) 7 23 23.3 8 69 10.4 1 8 11.1 0 10 0 16 (12.7)
rpoB516 (Asp-Val) 2 28 66.7 12 65 15.6 0 9 0 2 8 20 16 (12.7)
katG315 (Ser-Thr) 27 18 60 91 9 91 8 5 61.5 4 8 33.3 130 (76.5)
INH
inhA-15 (C-T) 13 32 28.9 9 91 9 3 10 23.1 2 10 16.7 27 (15.9)
STR rpsLA43 (Lys-Arg) 3 33 8.3 54 47 53.5 5 10 33.3 1 10 9.1 63 (38.7)
rpsL88 (Lys-Arg) 3 33 8.3 28 73 27.7 0 15 0 1 10 9.1 32 (19.6)
rrs514 (A-C) 5 31 13.9 11 90 10.9 1 14 6.7 1 10 9.1 18 (11)
EMB embB306 (Met-Val) 3 18 14.3 27 40 40.3 4 4 50 0 4 0 34 (34)
embB306 (Met-Ile) 9 12 42.9 14 53 20.9 1 7 12.5 1 3 333 25 (25)
OFX 2yrA94 (Asp-Gly) 1 2 33.3 4 7 36.4 3 1 75 0 1 0 8 (42.1)
KAN,
AMK, rrs1401 (A-G) 4 0 100 8 6 57.1 0 2 0 0 1 0 12 (60)
CAP
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The frequency of rpsL mutations was significantly higher in Beijing isolates
than in all other families (p<0.01) (Table 3.13). Nevertheless, the frequency of
rpsL43 (Lys-Arg) mutation was significantly higher in Beijing than in EAI and
“Others” isolates (p<0.03) (Table 3.14). Conversely, the frequency of rrs mutations
was significantly higher in EAI family than in all other families (p<0.03) (Table
3.13), although no mutation was significantly more represented (Table 3.14). Overall,
the frequency of STR resistance-associated mutations in both genes was significantly

higher in Beijing isolates (p<0.02) (Table 3.13).

The frequencies of embB mutations were not significantly different between
the families (p>0.05) (Table 3.13) as well as the frequencies of mutations at the three
main positions embB306, embB406 and embB497. Nevertheless, embB306 (Met-Ile)
mutation was mainly detected in EAI and “Others” class, whereas embB306 (Met-

Val) was mainly detected in Beijing and T families (Table 3.6).

The rrs mutations associated with resistance to SLIDs were only found in
Beijing and EAI families (Table 3.13). Regarding FQ resistance, the frequencies of
FQ resistance-associated mutations were not significantly different between the
families (Table 3.14). For the prevalent mutations, no significant difference was

obtained between the families.

Among the 27 pre-XDR and XDR isolates identified by DST, the most
dominant family was Beijing (17/27), followed by EAI (4/27), T (4/27) and “Others”
families (2/27) (see Table A3). In Beijing, 8/11 pre-XDR isolates had mutations
associated with resistance either to SLIDs or to FQs, while 3/6 XDR isolates had
mutations in both genes associated to FQs and to SLIDs. In EAI family, mutation
detection allowed confirming the pre-XDR isolate defined by DST, while 2/3 XDR
isolates determined by DST were genetically confirmed with the remaining one
genetically characterized as pre-XDR. For T isolates, 2/2 pre-XDR determined by
DST were confirmed by mutations, but the 2 XDR isolates defined by DST were
genetically characterized as pre-XDR. In “Others” class, only 1/2 pre-XDR isolates

was confirmed by mutation detection.
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3.3.2.8. Compensatory mutations in rpoA and rpoC gene

Four out of the 126 RIF-resistant isolates had 4 different mutations in rpoA
gene (Table 3.15). These isolates carried 7poB mutations at codon 531 (Ser-Leu, n=3)
and codon 572 (Ile-Phe, n=1). All these isolates were quadruple drug resistant and one

was characterized as pre-XDR by both DST and mutation detection.

Table 3.15. Compensatory mutations found in rpoA and rpoC genes in RIF-resistant
isolates and distribution according to the M. tuberculosis families

Mutation Nucleotide Amino acid M. tuberculosis families

Gene position change change Total
Beijing  EAI T U

rpoA 181 ACC-GCC Thr-Ala 1 0 0 0 1
183 GTC-GCC Val-Ala 1 0 0 0 1
187 ACC-GCC Thr-Ala 1 0 0 0 1
202 ATC-ACC Ile-Thr 1 0 0 0 1

rpoC 416 AAC-AGC Asn-Ser 2 0 0 0 2
448 GCG-GAG Ala-Glu 2 0 1 0 3
452 TTC-TCC Phe-Ser 1 0 0 0 1
483 GTG-GGG Val-Gly 4 0 0 0 4
483 GTG-GCG Val-Ala 1 0 0 0 1
485 GAT-AAT Asp-Asn 1 0 0 0 1
491 ATC-GTC Ile-Val 0 1 0 0 1
525 CAC-AAC His-Asn 1 0 0 0 1
542 GCC-GCG Ala-Ala 0 0 0 1 1
566 CTG-GTG Leu-Val 0 1 0 0 1
WT 61 26 8 11 106

Total 77 28 9 12 126

Regarding rpoC gene, 16/126 RIF-resistant isolates carried 10 different
mutations (Table 3.15). The most common mutations were detected at codons 483
(n=5) and 448 (n=3). Of these 16 isolates, 15 had rpoB mutations, mainly at codon
531 (Ser-Leu, n=11), followed by codon 526 (His-Tyr, n=2; His-Arg, n=1) and 146
(Ile-Val, n=1). Nevertheless, other drug resistance-associated mutations were also

detected including katG315 (n=15), rpsL43 (n=7), rpsL88 (n=5), embB306 (n=10),
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pncA (n=10), rrs1401 (n=3), rrs1484 (n=1), gyrA90 (n=1) and gyrA94 (n=1). All the
16 isolates carrying compensatory mutations in rpoC gene were MDR, in which 7

were quadruple drug resistant and 6 were pre-XDR or XDR by DST.

In brief, compensatory mutations in either rpoA or rpoC were detected in
20/126 (15.9%) of RIF-resistant isolates. These mutations were found in all MDR
isolates, in which 7 were pre-XDR or XDR by DST, mutation detection or both. The
compensatory mutations were mainly found in isolates carrying mutations in the
RRDR of rpoB, but also detected in isolates with mutations in the Cluster II and N-
terminal region of this gene. Of the RIF-resistant mutants carrying compensatory

mutations, a high proportion of rpoB531 mutants (14/20, 53.8%) was detected.

Among these 20 mutants, the majority was Beijing (16/20), followed by EAI
(n=2), T (n=1) and “Others” class (Table 3.15).

H. Compensatory mutations in ahpC gene of INH-resistant isolates

Only 2/170 INH-resistant isolates carried an ahpC mutation (C-51T) in
promoter region (see Table A3). Nevertheless, only one isolate was mono-INH
resistance and the remaining ones was INH-sensitive, suggesting this mutation may

not act as compensatory mutation for INH-resistant mutants.
I. MIRU-VNTR polymorphism and drug resistance patterns
«» Association of genotypes and drug-resistant phenotypes

As expected, phylogenetic tree based on MIRU-VNTR data clearly showed
three main clades corresponding to the three main M. tuberculosis lineages including
lineage 1 (mainly EAI family), lineage 2 (Beijing family) and lineage 4 (T, LAM and
Unknown families) (Figure 3.1). In each MIRU-VNTR clades, sub-clades and

clusters various patterns of resistance from sensitive to XDR were observed.
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% MIRU-VNTR clusters and phenotypic and genotypic drug resistant data

Mapping drug resistance-associated mutations on phylogenetic tree globally
showed that the FLD and SLD mutations were distributed in the MIRU-VNTR tree
without specific structuring. Moreover, the combinations of mutations were diverse
within clades (see phylogenetic tree, Figure 3.1) and the most common combinations
of mutations such as katG315Thr-rpoB531Leu were dispersed along the phylogenetic
tree. These data suggest multiple events of drug resistant acquisition of mutations

even in a same cluster (see phylogenetic tree Figure 3.1 and Table A3 for details).

The high diversity of mutation patterns and the combination of mutations
within each family, each MIRU-VNTR clades and clusters suggest various
evolutionary trajectories towards FLD and SLD resistances as observed in QDR
isolates (see paper 3). It is worth noting that the 20 RIF-resistant mutants (mainly
belonging to Beijing family) carrying fitness-compensatory mutations were found in
15 different genotypes. Of these genotypes, 12 were unique patterns and 3 were
clusters containing 2-3 isolates/each (8 isolates). Moreover, all these 20 isolates

revealed unique drug-resistance mutation patterns.
J. PhyloTypes and drug resistance-associated mutations

Although our sample revealed high diversity of mutation patterns, the
PhyloType analysis revealed some clades sharing specific mutation patterns
(phylotypes) (Table 3.16). Nevertheless, the majority of these phylotypes consisted of
only 2 isolates. The biggest phylotype (rpsL43Arg, STR resistance) consisted of 32
Beijing isolates. This STR resistant phylotype was composed of different patterns of
resistance (single, double, triple, quadruple resistant, pre-XDR and XDR) and various
Beijing genotypes. These data suggest that a Beijing phylotype associated with high
level of STR resistance are spreading in Vietnam. The other most represented
phylotypes were characterized by the following mutations: rpsL88Arg, katG315Thr &
rpsL43Arg, katG315Thr & rpsL88Arg, katG315Thr & embB306Val. These mutations
are known to be associated to high level of drug resistance and low fitness costs.
Nevertheless, because of the high diversity of MIRU-VNTR genotypes, the high
diversity of mutations and the high diversity of drug resistant patterns, the sample size

appeared too small to detect and validate these phylotypes.
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Table 3.16. Phylotypes linked to specific drug resistance-associated mutations. Each phylotype is characterized by the number of isolates, the

drug resistance phenotype and the Mycobacterium tuberculosis family.

r;rs)i’sllzl?:e Drug Drug-resistant mutations g((:laofes Phenotype Family
Single INH katG315Thr & katG710Phe 3 HRS, HRSE Beijing
inhA-15T & inhA21Val 2 HRSE EAI
inhA-15T & inhA21Val 2 HR, HRSE EAI
inhA-15T & inhA94Ala 2 HRSE Beijing
inhA-15T & inhA94Ala 2 HRSE T
RIF rpoB516Val 3 HRS, HRSE Beijing
STR rpsL43Arg 32 %}g% HRS, Beijing
rpsL88Arg 11 HRS, HRSE Beijing
11s514C 5 S, HRSE Beijing
rs878A 2 HRSE EAI
EMB No No No No
PZA pncA96Glu 2 HRSE EAI
pncA161 insertion(G) 2 HRSE T
pncA115Gly 2 HR, HRSE EAI
SLIDs rs1401G 2 HR, HRSE EAI
FQs gyrA94Gly 2 HRSE T
Double HS inhA-15T & inhA94Ala & rpsL43Arg 2 HRSE T
katG315Asn 2 HRS U
katG315Asn & rrs878C 2 HRSE EAI
katG315Thr & rrs517T 2 HRS, HRSE EAI
katG315Thr & katG710Phe & rpsL88Arg 3 HRS, HRSE Beijing



HS, HRS,

katG315Thr & rpsL43Arg 9 HRSE Beijing
katG315Thr & rpsL88Arg 7 HRS, HRSE Beijing
katG315Thr & rrs517T 2 HRS, HRSE EAI
HR inhA-15T & inhA21Val & rpoB531Leu 2 HR, HRSE EAI
inhA-15T & inhA94Ala & rpoB531Leu 2 HRSE T
katG315Asn & rpoB516Val 2 HRS U
katG315Asn & rpoB516Val 2 HRSE EAI
katG315Thr & katG710Phe & rpoB516Val 3 HRS, HRSE Beijing
HE katG315Thr & embB306Val 3 HSE, HRSE Beijing
katG315Thr & embB306Val 7 HRSE Beijing
RE rpoB531Leu & embB306Val 2 HRSE T
rpoB531Leu & embB306Val 2 HRSE Beijing
SR rpoB516Val 2 HRS U
psL88Arg & rpoB516Val 3 HRS, HRSE Beijing
rpsL88Arg & rpoB531Leu 3 HRSE Beijing
rrs878A & rpoB516Val 2 HRSE EAI
SE rpsL88Arg & embB306Val 3 HRSE Beijing
Triple HRS inhA-15T & inhA94Ala & rpsL43Arg & rpoB531Leu 2 HRSE T
katG315Asn & rpoB516Val 2 HRS U
katG315Asn & 11s878C & rpoB516Val 2 HRSE EAI
katG315Thr & katG710Phe & rpsL88Arg & rpoB516Val 3 HRS, HRSE Beijing
katG315Thr & rpsL88Arg & rpoB531Leu 3 HRSE Beijing
HRE inhA-15T & inhA94Ala & rpoB531Leu & embB306Val 2 HRSE T
HSE inhA-15T & inhA94Ala & rpsL43Arg & embB306Val 2 HRSE T
katG315Thr & rpsL88Arg & embB306Val 3 HRSE Beijing
RSE rpsL43Arg & embB306Val & rpoB531Leu 2 HRSE T



rpsL43Arg & embB306Val & rpoB531Leu 2 HRSE Beijing

Quadruple HRSE inhA-15T & inhA94Ala & rpoB531Leu & rpsL43Arg & embB306Val 2 HRSE T

pre-XDR/XDR inhA-15T & inhA21Val & rpoB531Leu & r15s1401G & gyrA94Gly 2 HR, HRSE EAI




3.4.3 Discussion

Mutation detection, FLD and SLD resistance towards pre-XDR and XDR

In this study, we detected high frequencies (81-99%) of mutations responsible
for resistance to FLDs, with the highest for RIF resistance and the lowest for STR
resistance. The sensitivity (97-99%) and specificity (>98.5%) were very high for INH
and RIF resistances, consistent with many previous studies supporting the usefulness
of molecular-based diagnostic tools for rapid detection of RIF-resistance and MDR
(183, 207, 345-347). It is worth noting that about 10% of the drug resistant isolates
from our sample could not be detected by the two diagnostic kits endorsed by WHO,
the MTBDRplus LPA and Xpert MTB/RIF. Indeed these isolates did not carry the
targeted “mutations” (1, 24, 324). The drug resistant isolates without drug resistance-
associated mutations suggest other mechanisms such as drug efflux pumps or the

involvement of other resistance genes (87, 95).

Concerning the SLD resistance, we found 9.6% of FQ resistant isolates with
mutations and 6.1% of SLID resistant ones in the whole sample. Indeed, a high
frequency of FQ-resistant isolates carried mutations in gyrA or gyrB genes, consistent
with previous studies (6, 183, 227, 228, 346, 347). The mutations in these genes have
been reported to be often associated with high level of OFX resistance (6, 227, 228).
Nevertheless, these mutations are generally associated with low level of resistance to
the last generation of FQs such as LVX, MFX and GFX (227, 228). Conversely, in
previous studies, the frequency of mutations in SLID resistant isolates was lower than
for the other drug resistances and showed cross-resistance between SLIDs (183, 207,
345-347). Nevertheless, the cross-resistance was incomplete since we also detected
mono and double SLID resistance TB cases. The mutations conferring high level of
SLID resistance were detected only in isolates resistant to all the three SLIDs (KAN,
AMK and CAP). Finally, our study showed high proportion of pre-XDR and XDR by
both phenotypic DST and mutation detection. Nevertheless, because of a low
sensitivity for SLID resistance detection (<76%), the genetic characterization allowed
to identify only 50% of XDR isolates. This finding underlines the necessity to
improve knowledge on the genetic bases of SLID resistance and thus XDR.
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It is worth noting that 100% specificity was obtained for all SLDs supporting
the LPA test (GenoType MTBDRs/) as initial test for rapid detection of SLD
resistance in high TB burden settings (27, 348). Finally, since some resistant isolates
did not carry any mutation, additional resistance mechanisms might be involved and
thus need to be further investigated in order to improve molecular diagnosis of pre-

XDR and XDR resistant strains (87, 183, 203, 213, 346).
Evolutionary factors and drug resistance patterns
% Diversity of mutations and cumulative effect of drug resistant mutations

Despite the high diversity of mutations observed in our sample, the ones
commonly described worldwide (87, 88) were also detected at high frequency.
Furthermore, our study clearly showed a link between the phenotypic drug-resistant
patterns and the type of mutations. The highly drug-resistant isolates (quadruple
resistant isolates, pre-XDR and XDR) were generally associated with the most
common mutations and linked to high level of drug resistance, as well as for the MDR
isolates compared to the non MDR isolates. As example, the frequency of
katG/katG315 mutation was the highest in the quadruple-FLD resistant isolates, while
the frequency of inhA/inhA-15 mutation was more represented in the mono-INH
resistant isolates. Furthermore, the data showed that the quadruple FLD resistant
isolates carried higher proportion of mutations associated to SLD resistance than the
other FLD drug resistance patterns. This phenomenon has been previously described

as a cumulative effect of drug resistant mutations (277, 280).
¢ Epistasis

Despite the high variability of mutations, our data on the whole sample as well
as the results described in paper 3 showed specific associations of mutations. This is
in agreement with studies that showed high frequencies of specific combinations of
mutations (such as rpsL43/katG315, rpsL43/rpoB531, and rpoB531/katG315, or
gyrA94 with one rpoB mutation). These mutations were generally associated with
high level of drug resistance and low fitness cost (232, 264). From these works,
authors suggest the existence of epistatic interactions between drug resistance
associated genes or between specific mutations. In our study, 32% of the pre-XDR

and XDR isolates harbored the gyrA94 (Asp-Gly) mutation associated either with the
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mutation 7poB531 (Ser-Leu) or rpoB516 (Asp-Val). Moreover, the combinations of at
least two frequent mutations including rpoB531, katG315, rpsL43, embB306 and
2yrA94 were often detected. These findings support the existence of epistasis
phenomena in agreement with the data obtained in QDR study (see paper 3).

% Fitness cost and high level of drug resistance

As mentioned in the literature, the acquisition of drug resistance generally
leads to fitness cost and low transmission rate. Nevertheless, in M. tuberculosis, the
common mutations are usually associated with low fitness cost, high level of drug
resistance, and successful transmission in human population (83, 120-123, 191, 207,
230, 231, 281, 346). For instance, over 85% of INH-resistant isolates carried katG315
(Ser-Thr) mutation that was not associated with reduced virulence and fitness cost
(83, 120, 121, 281, 282, 323). A recent study showed that INH-resistant isolates
carrying katG315 mutation were spreading in Vietnam (323) in agreement with our
study. In addition, the main mutations in our sample are detected at positions
rpoB531, rpsL43, gyrA94 and rrs1401 and these mutations were previously
associated with high level of RIF, STR, FQ and SLID resistances (6, 130, 131, 190,
228, 346) and low or no fitness cost (122, 230, 296). Since, these mutations were
more specifically represented in MDR, quadruple-FLD resistant, pre-XDR and XDR
isolates, this suggests that these mutations are favored and fixed in drug-resistant M.

tuberculosis population in Vietnam.
% Compensatory mutations

Besides the low fitness cost characteristics of certain mutations, some other
mutations called compensatory mutations are able to restore the strain fitness in M.
tuberculosis (296, 349). In the clinical samples collected in Vietnam, we found high
proportion (15.9%) of MDR isolates carrying fitness-compensatory mutations
associated with RIF resistance. In these MDR isolates carrying compensatory
mutations, high proportion (35%) was pre-XDR or XDR. These data are in agreement
with the study of Comas ef al. in which 27.1% of MDR samples isolated during an
epidemic in South Africa having a mutation in the RRDR of rpoB also carried a
fitness-compensatory mutation in rpoA or rpoC. Subsequent studies from South

Africa, Russia and China have also found high proportion of compensatory mutations
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in MDR and XDR samples (83, 307, 311). These findings underline that fitness-
compensatory mutations are associated with high transmission of MDR and XDR in
high MDR-TB burden settings. It is worth noting that, in our sample the
compensatory mutations were acquired independently and do not belong to the same
epidemics (15 different genotypes). This situation may suggest that the acquisition of
compensatory mutations is also favored by epistatic interactions. This is in agreement
with several studies that showed that epistasis phenomena also occur between
compensatory mutations and drug resistance-associated mutations (311, 315). The
high proportion of compensatory mutations found in our samples underlines the
likelihood of successful transmission of MDR, pre-XDR and XDR in Vietnam.
Nevertheless, no compensatory mutations associated with INH resistance was
detected. This result can be explained by the fact that the majority of INH resistance-
associated mutations found in our samples were katG315 and inhA-15 known to

produce no fitness cost (123, 350).
+ Genetic background

The analyses of gene sequences revealed that the distribution of mutations
depends on M. tuberculosis families. More specifically, the mutations known to be
associated with high level of drug resistance and low fitness cost appeared more
specifically associated with Beijing family as described in the literature (6, 83, 190,
191, 280, 281). The mutations such as katG315 (INH resistance) or rpsL43 (STR
resistance) were strongly associated with Beijing family, compared to other families.
On the contrary, mutations associated with low level of drug resistance such as
inhA/inhA-15 (INH resistance) and rrs (STR resistance) mutations were strongly
associated with EAI family, also consistent with previous studies (118, 280).
Furthermore, Beijing family was strongly associated with each drug resistance
patterns and particularly MDR, quadruple-resistant, pre-XDR and XDR, consistent
with global reports (77, 83, 207, 280, 345, 351). Previous studies showed that Beijing
strains have a higher global mutation rate compared to other families that could lead
to a greater capacity of drug resistance-associated mutation acquisition (65, 352). In
addition, a recent study showed that compensatory mutations of RIF resistance are

strongly associated with transmission of MDR Beijing strains (311).
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% Various evolutionary pathways toward highly drug-resistant

The genotypic diversity linked to the diversity of DST patterns and of
mutation patterns suggests that the M. tuberculosis isolates collected in Vietnam can
follow various evolutionary pathways to become highly drug resistant (quadruple,
pre-XDR and XDR), as described in paper 3 focused on quadruple drug resistance
isolates. Nevertheless, it appears that for all drugs, the mutations associated with high
level of drug resistance and low fitness cost or compensatory mutations were mainly
selected and fixed in the population. This can explain why specific mutations such as
katG315, rpoB531, rpsL43, rrs1401 and gyrA94 as well as the compensatory
mutations were principally detected in the highly drug resistant isolates. These
worrying combinations are the results of multiple evolutionary factors, such as the

cumulative effect of drug resistance mutations and epistasis.
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Chapter 4. GENERAL DISCUSSION, CONCLUSION AND
PERSPECTIVES

4.1 General discussion

In this study, several specific aspects were investigated including the level of
drug resistance, the genetic determinants associated with resistance to FLD and SLD,
the genetic processes responsible for drug resistance and the evolutionary pathways
that follow the isolates from sensitive status to become MDR, quadruple drug
resistant, pre-XDR or XDR. Finally, the data permitted to explore the epidemiological
issues of drug resistance and to evaluate the risk of drug resistance increase in
Vietnam. Here, the major findings are discussed as well as the potential implications
that could have these findings for diagnosis, detection of drug resistance and TB

control in general.
4.1.1 PZA and SLD resistance, and drug-resistant TB control

This study, for the first time estimated the level of PZA resistance in clinical M.
tuberculosis samples in Vietnam. Molecular analysis revealed high proportion (38%)
of drug resistant isolates carrying highly confident PZA resistance-associated
mutations, more particularly detected in MDR and quadruple-FLD resistant isolates
(>72%). This finding is consistent with several studies in high MDR-TB burden
countries (353-355). This situation critically challenges the use of this key-drug in TB
treatment without drug resistance testing. In addition, this study showed high levels of
SLD resistance and more specifically high proportion of pre-XDR and XDR by both
phenotypic DST and mutation detection. It is worth noting that since these samples
were collected before the implementation of the PMDT in Vietnam, this finding
suggests, first that the SLD resistance situation was already complicated before the
application of the official guidelines for the use of SLDs in MDR-TB treatment.
Second that the SLD were used before the PMDT without any guidelines (318). For
FQ resistance, the mutations detected were known to be associated with high level of
OFX resistance but with low level of resistance to the last generation of FQs such as

LVX, MFX and GFX (227, 228, 233, 356). This suggests that even if we have a high

115



frequency of mutations linked to FQ resistance, the use of last generation of FQs is
optimal as recommended in the PMDT. Indeed, OFX will be effective on FQ sensitive
isolates and LVX/MFX on OFX resistant cases. Regarding SLID resistance, we
detected 16 isolates (7.8% of the drug resistant isolates) with mutations conferring
high level of resistance to all the three SLIDs under study (KAN, AMK and CAP). In
this case, the SLIDs should be replaced by drugs from groups 4 or 5 (see Table 1) in
order to provide the most efficient treatment regimen. All these data showed the
urgent need to perform cheap and rapid diagnostic tests for PZA and SLD resistance

detection in routine in Vietnam but also in all high TB burden countries.

4.1.2 Mutations in drug resistance-associated genes

The sequencing of the genes involved in drug resistance showed different
level of mutation diversity. For example pncA, rpoB and embB genes showed high
diversity of drug resistance mutation patterns compared to katG, inhA, rpsL, rrs, gyrA
and gyrB genes. However, whatever the drug resistance genes and the mutation
diversity (except for pncA gene), only few mutations were prevalent in the drug-
resistant clinical isolates, consistent with previous studies (83, 153, 183, 207, 345,
346). These data suggest that these prevailing mutations are strongly selected in the
population (297, 298). It is interesting to note that these mutations are generally
associated with high level of drug resistance and low fitness cost. The pattern is
different for pncA gene, we observed a high diversity without preeminent mutations.
Since this gene is nonessential for bacteria survival (153, 357), its evolution is
completely different compared to the other essential genes such as rpoB, katG, gyrA
and rpsL. The mutation rate is higher (10* mutation/bacterium/cell division) and
almost all the mutations detected in pncA could produce PZA resistance. Thus we are

facing a high risk of PZA resistance in Vietnam.

4.1.3 Evolution of drug resistance in M. tuberculosis

To explain the emergence of MDR- and XDR-TB cases, several extrinsic
factors were identified such as the lack of drug resistance detection, inadequate

treatment regimens, interruption of drug supply, poor drug quality, insufficient
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adherence and observance to the treatment, etc. (16, 265). However, many intrinsic
factors are also known to contribute to the emergence of highly drug resistant isolates
(232, 265, 268, 306, 358). In this study, we showed that the genetic background of the
bacteria, cross-resistance, the fitness cost of mutations and the epistatic interactions
between drug resistance mutations and between drug resistance mutations and
compensatory mutations could play a role in the evolution of drug resistance towards
quadruple-FLD resistance, pre-XDR and XDR in the Vietnamese drug resistant
samples. These characteristics and processes led to highly drug resistant isolates with
a low fitness cost and thus a high selective advantage. Besides these highly resistant
isolates carrying mutations with a low fitness cost, an important proportion of MDR
isolates carried also fitness-compensatory mutations associated with RIF resistance.
These MDR strains carrying fitness-compensatory mutations can be positively

selected and can be highly transmitted without efficient drug resistant TB control.

Furthermore, all the factors mentioned above were specifically linked to
Beijing family, which is known to be associated with high level of drug resistance,
high intrinsic mutation rate, high transmissibility and higher virulence compared to
other families (77, 270, 352). Therefore, our finding suggests a more worrying
situation of drug resistance in the future since the Beijing strains are currently
invading Vietnam (6, 8, 325, 326). These results underline the importance of
identifying severe FLD resistant TB cases to provide the most appropriate treatment

and to control the spread of SLD resistance.

4.1.4 Towards new diagnostic tool for drug resistance detection

Besides all the epidemiological and evolutionary information that we obtained
from this study, the sequencing analysis allowed to build the first database of
mutations linked to FLD and SLD resistance in Vietnam. This database completed
with the published data is being used for the development of a diagnostic kit based on
DNA chip technology for the rapid detection of drug resistant TB in South-East Asia.
The database will be completed by data collected in Laos and Cambodia that are
currently in process in collaboration. All the mutations detected in this work plus the
main mutations described in the literature were chosen for the development of a

prototype that will be available in few months. More than 200 probes including the
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selected mutations and the corresponding wild types (H37Rv) were designed. The
objective here is to get an efficient, rapid and cheap test to help a better and wider
detection of drug resistance. This kit should detect the drug resistant isolates that are
not detected by LPA and Xpert system and should also evaluate the risk of drug
resistance to the other FLD and SLD drugs. Besides, several pipelines were developed
for detection of drug resistant mutations in whole genome sequencing data. This
technique is very powerful and promising but still not affordable for low-income

countries.

4.2 Conclusion

This work allowed acquiring unique knowledge on FLD and SLD resistance in
M. tuberculosis clinical isolates in Vietnam as well as on the processes, which favor
the emergence of highly drug resistance isolates. Molecular analysis gave information
on the genetic determinants associated with these resistances and showed a high
sensitivity between DST data and mutation detection for RIF and INH resistance,
moderate to high for EMB, STR and FQ resistance, but low for SLID resistance.
Conversely, the specificity was high for all drug resistances. Our data confirm that the
current molecular tests (LPAs, Xpert) are efficient for the detection of RIF resistance
or RIF/INH resistance (although 4.8% of RIF resistant isolates or 10% of the RIF-
INH resistant isolates could not be detected) but not optimal for the other drugs.
These data showed that several drug resistance mechanisms such as the resistance to
SLIDs need to be further investigated and that molecular tests still need to be
improved to obtain a maximal efficiency for drug resistance detection. The data
collected in this work allowed building a drug resistance mutation database that could
be used, with the data published in the literature, to develop a diagnostic tool based on

DNA chip technology. This project is ongoing.

The high diversity of mutations is in agreement with the large variety of drug
resistance patterns and with the important genetic diversity in terms of families and
MIRU-VNTR genotypes. This study demonstrates a clear effect of the genetic
background on the frequencies and distribution of the mutations. Furthermore, the
specific combination of mutations associated with high level of drug resistance, low

fitness cost and compensatory mutations suggest that intrinsic factors such as
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cumulative effect of drug resistance-associated mutations and epistatic interactions

also drive the evolution of drug resistance in M. tuberculosis in Vietnam.

On an epidemiological and clinical point of view, these data are of high
concern in terms of public health. First, the study highlights high risk of PZA
resistance in these clinical samples. As described in paper 4, this drug is a key drug
for the current TB and MDR-TB treatments but also in the treatments under
development. Furthermore, the pncA mutations associated with PZA resistance
detected in our sample were strongly associated with highly FLD resistance profiles.
This finding challenges the use of PZA in the current and future regimens for treating

drug-resistant TB particularly MDR, highly drug resistant, pre-XDR and XDR-TB.

Second, this study shows a high risk of evolution of highly drug resistant
isolates into pre-XDR and XDR isolates. Moreover, the detection of combination of
mutations characterized by a high level of drug resistance and low/no fitness costs
and the compensatory mutations, is also worrying in terms of evolution of drug
resistance in Vietnam. Indeed, highly drug resistant isolates with a high fitness seem
to be selected and transmitted in the community. The last point concerns the specific
association of these highly resistant and fit isolates with the Beijing family, which is
currently invading Vietnam. All these aspects strongly underline the urgent need to
improve the detection and the control of TB and MDR-TB in Vietnam but also

worldwide.
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4.3 Perspectives

The perspectives of this work are multiple. First, since these isolates were
collected between 2005 and 2009, we will compare the present data with data
collected on recent isolates. This comparison will allow evaluating if the PMDT help
control the evolution of drug resistance in Vietnam. Second we are currently
developing a diagnostic tool based on DNA chip technology to improve the drug
resistance detection. Third, it is essential to currently estimate the PZA resistance
level to help the implementation of the best treatment strategies. Fourth, since some
specific combinations of FLD resistance mutations are specifically linked to highly
drug resistant including pre-XDR and XDR, it could be very useful in terms of patient
care to be able to specifically detect these mutations in order to prescribe more
quickly the best treatment regimen. Fifth, the drug resistant isolates (especially the
pre-XDR and XDR isolates) missing some drug resistance-associated mutations will
be further studied by whole genome sequencing analysis to determine the peculiar

mechanisms of resistance in these samples.
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Appendix

Table A 1. Critical concentrations for first-line and second-line drug susceptibility
testing (Source from WHO 2012)

DN Wi
- - GLOBAL TB Updated interim critical concentrations ¢ ‘g‘\ ;g' World Health
PROGRAMME for first-line and second-line DST (as of May 2012) S Organization
Drug group” Drug DST DST critical concentrations (ug/ml)
method available
Léwenstein- Middlebrook Middlebrook
Jensen® 7H10° 7H11° MGITeG0
Group 1 Isoniazid Solid, liquid 0.2 0.2 0.2 0.1
First-line oral anti-TB agents Rifampicin® Solid, liquid 40.0 1.0 1.0 1.0
Ethambutol® Solid, liquid 20 5.0 78 5.0
Pyrazinamide Liquid - - - 100.0
Group 2 Streptomycin® Solid, liquid 4.0 2.0 2.0 1.0
Injectable anti-TB agents Kanamycin Solid, liquid 30.0 5.0 6.0 25
Amikacin Solid, liquid 30.0 4.0 - 1.0
Capreomycin Solid, liquid 40.0 4.0 - 25
Group 3 Ofloxacin' Solid, liquid 4.0 2.0 2.0 2.0
Fluoroquinolones Levofloxacin Solid, liquid - 1.0 - 1.5
Moxifloxacin® Solid, liquid - 0.5/2.0 - 0.5/2.0
Gatifloxacin” Solid - 1.0 - -
Group 4 Ethionamide Solid, liquid 40.0 5.0 10.0 5.0
Oral bacteriostatic second-line anti-TB Prothionamide Solid, liquid 40.0 - - 25
agents Cycloserine Solid 30.0 - - -
P-aminosalicylic acid Solid, liquid 1.0 2.0 8.0 4.0
Group 5' Clofazimine Liquid - - - -
Antituberculosis agents with unclear Amoxicillin/clavulanate | None - - = -
efficacy (not recommended by WHO for Clarithromycin None - - - -
routine use in MDR-TB patients) Linezolid Liquid - - - 1.0
? WHO Guidelines for the p tub: I
® Indirect proportion method recommended. Other sol:d med»a methods (resistance ratio) have not been adequately validated for second-line drugs. Concentrations for the absolute concentration method were not
evaluated
more freq y missed by MGIT. P I and i istril of borderline resi not clear, final LJ interpretations should be made aﬁer 6 weeks
d Elhambutul Sug/mlin MG!T is not equivalent to other methods. Ethambutol testing in 7H11 not equivalent to 7H10. There is insufficient evidence to achange in for any method
“ Streptomycin has a bimodal distribution of MIC values. Insufficient evidence to recommend a change.
' Ofloxacin concentration in LJ media increased to 4.0ug/ml. Insufficient data to extrapolate change in 7H10 or 7H11 methods.
9 Moxifloxacin. Two concentrations proposed. In prc using both ¢ levofloxacin and in , possible testing is for moxdloxacm only at both conc { OR test ¢ i in and
mox1floxacm at higher concentration. In programmes using ofloxacin/levofloxacin only test only these drugs. In p using only test at higher concentration of moxifloxacin only.

" Gatifloxacin only to be used in exceptional circumstances.
' Routine DST for group 4 and 5 drugs is not recommended. Linezolid suitable for testing in MGIT only.
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Table A 2. Phenotypes, spoligotypes and MIRU-VNTR patterns of the clinical 260 Mycobacterium tuberculosis isolates under study

. No of No of MIRU-
No strain .Year‘of Hospital Phenotype Spoligotype pattern Spoligotype Family 24-locus MIRU-VNTR data VNTR genotype
code | isolation (in this study) (in this study)
1 Nrd39 2008 NLH Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444647122334253 69
2 N2S 2007 NLH Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444458122334253 64
3 N22S 2007 NLH Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444647122334253 69
4 N36S 2008 NLH Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444547122334253 66
5 N45S 2008 NLH Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444647122334253 69
6 S158 2005 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 272432335444457122334263 84
7 S163 2005 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263432335444647122334253 69
8 S168 2005 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 271422335444558122134163 77
9 S173 2005 PNT Sensitive 0000000000000000000000000000000000101 111111 4 Beijing 273432335344548122334253 100
10 S178 2005 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 253452325444748122334253 48
11 S182 2005 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 273432234444656122334254 91
12 S196 2005 PNT Sensitive 0000000000000000000000000000000000101 111111 4 Beijing 273432335344548122334253 100
13 S231 2008 PNT Sensitive 0000000000000000000000000000000000111110111 6 Beijing 284434343544748122334253 126
14 S209 2008 PNT Sensitive 00000000000000000000000000000000001 11111111 7 Beijing 263565325444748122334253 75
15 Nrd77 2009 NLH H 00000000000000000000000000000000001 11111111 7 Beijing 271422335444558122134263 78
16 Nrd85 2009 NLH H 00000000000000000000000000000000001 11111111 7 Beijing 253434325444748122334253 47
17 N2 2007 NLH H 00000000000000000000000000000000001 11111111 7 Beijing 271422335444558122134263 78
18 N3 2007 NLH H 00000000000000000000000000000000001 11111111 7 Beijing 271422335444558122134263 78
19 N7 2007 NLH H 00000000000000000000000000000000001 11111111 7 Beijing 271422335644558122134263 80
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20 S107 2008 PNT H 0000000000000000000000000000000000111111111 Beijing 273432335444459122334253 104
21 S134 2008 PNT H 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
22 S174 2005 PNT H 00000000000000000000000000000000001 11111111 Beijing 2101454335444746122334252 9

23 Srd87 2009 PNT H 0000000000000000000000000000000000111111111 Beijing 271422335444558122134263 78
24 Srd89 2009 PNT H 0000000000000000000000000000000000111111111 Beijing 283433335353345122334252 124
25 Srd91 2009 PNT H 0000000000000000000000000000000000111111111 Beijing 273432335444547122334253 105
26 N50 2008 NLH S 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
27 N48 2008 NLH S 0000000000000000000000000000000000111111111 Beijing 273432335444449122434253 102
28 N42 2008 NLH S 0000000000000000000000000000000000111111111 Beijing 263433335344447122334252 73
29 Nrd8 2008 NLH S 0000000000000000000000000000000000111111111 Beijing 2744423354434511122334254 121
30 Nrd70 2009 NLH S 0000000000000000000000000000000000111111111 Beijing 273434335444737122334253 113
31 N19 2007 NLH S 0000000000000000000000000000000000111111111 Beijing 262432335444647122334253 55
32 S242 2008 PNT S 0000000000000000000000000000000000111111111 Beijing 263432235444658122334254 60
33 S214 2008 PNT S 0000000000000000000000000000000000111111111 Beijing 273232335443456122334253 88
34 5192 2005 PNT S 0000000000000000000000000000000000111111111 Beijing 273432335344558122334253 101
35 5228 2008 PNT S 0000000000000000000000000000000000111111111 Beijing 271433335344639122335232 83
36 S113 2008 PNT S 0000000000000000000000000000000001110011101 Beijing 472432335444458122334253 136
37 C84 2008 HGH S 0000000000000000000000000000000000111111111 Beijing 271432335444558122134253 81

38 C109 2008 HGH S 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
39 Cl16 2008 HGH S 0000000000000000000000000000000000111111111 Beijing 273432335444647122334253 107
40 Srd15 2008 PNT E 0000000000000000000000000000000000111111111 Beijing 263432335444547122334252 65
41 S127 2008 PNT HR 0000000000000000000000000000000000111000001 Beijing 274432335444658122334253 120
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42 Nrd19 2008 NLH HS 0000000000000000000000000000000000111111111 Beijing 273434335444737122335253 114
43 Nrd26 2008 NLH HS 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
44 Nrd57 2009 NLH HS 00000000000000000000000000000000001 11111111 Beijing 271422335444559122134263 79
45 Nrd67 2009 NLH HS 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
46 Nrd80 2009 NLH HS 0000000000000000000000000000000000111111111 Beijing 253413335344648122334253 42
47 Nrd87 2009 NLH HS 0000000000000000000000000000000000111111111 Beijing 275234335444735122334253 121
48 Nrd96 2009 NLH HS 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
49 Nrd69 2009 NLH HS 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
50 Nrd5 2008 NLH HS 0000000000000000000000000000000000111111111 Beijing 263432335544547122334253 72
51 S142 2005 PNT HS 0000000000000000000000000000000000111111111 Beijing 283434335444648122334253 125
52 C199 2009 HGH HS 0000000000000000000000000000000000111111111 Beijing 263232335444647122334253 57
53 C213 2009 HGH HS 0000000000000000000000000000000000111111111 Beijing 263232335444658122334253 58
54 Nrd6 2008 NLH HRS 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
55 N17d 2007 NLH HRS 0000000000000000000000000000000000101 111111 Beijing 273432335344448122334253 97
56 S57 2008 PNT HRS 0000000000000000000000000000000000111111111 Beijing 273432335344458122334253 98
57 S80 2008 PNT HRS 0000000000000000000000000000000000111111111 Beijing 273452335444688122334253 117
58 S84 2008 PNT HRS 0000000000000000000000000000000000111111111 Beijing 272444335444848122334243 85
59 S98 2007 PNT HRS 0000000000000000000000000000000000111111111 Beijing 271422335444558122134263 78
60 S124 2008 PNT HRS 0000000000000000000000000000000000111111111 Beijing 263432235244658122334254 59
61 Srd86 2009 PNT HRS 0000000000000000000000000000000000111111111 Beijing 271432335444558122134253 81
62 C108 2008 HGH HRS 0000000000000000000000000000000000111111111 Beijing 273452335444688122334253 117
63 Cl117 2008 HGH HRS 0000000000000000000000000000000000111111111 Beijing 273462335444688122334253 119
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64 C138 2008 HGH HRS 0000000000000000000000000000000000111111111 Beijing 263432335444637122334253 67
65 S130 2008 PNT HRE 0000000000000000000000000000000000111111111 Beijing 273432235444656122334254 94
66 Srd58 2009 PNT HRE 00000000000000000000000000000000001 11111111 Beijing 263432335444647122334253 69
67 Srd99 2009 PNT HSE 0000000000000000000000000000000000111111111 Beijing 273434335444735123334253 112
68 Srd82 2009 PNT RSE 0000000000000000000000000000000000111111111 Beijing 273432235444656122334254 94
69 Nrd62 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 253432325444948122334253 43
70 Nrd86 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273434335444735122334253 111
71 Nrd83 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 271422335444558122134263 78
72 Nrd93 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
73 Nrd36 2008 NLH HRSE 0000000000000000000000000000000000000111111 Beijing 245434335444438122334253 28
74 Nrd90 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444459122334253 104
75 Nrd38 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 183433335344448122334252 8
76 Nrd95 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 271422335444558122134263 78
71 Nrd35 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444644122334253 68
78 Nrd10 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 262432335444542122334253 54
79 Nrd11 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 271422335444558122134263 78
80 Nrd14 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432334444647122334253 61
81 Nrd16 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273453435344642122334223 118
82 Nrd18 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
83 Nrd21 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 262432335444647122334253 55
84 Nrd27 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273452335444688122334253 117
85 Nrd40 2008 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444647122334253 69
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86 Nrd51 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263434335443747122334253 74
87 Nrd53 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335434647122334253 62
88 Nrd63 2009 NLH HRSE 00000000000000000000000000000000001 11111111 Beijing 263432335443648122334253 63
89 Nrd76 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335544547122334253 72
90 Nrd92 2009 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273444335444735122334253 115
91 Nod 2007 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 2734323354444510122334253 103
92 N22d 2007 NLH HRSE 0000000000000000000000000000000000111110111 Beijing 263432335444647122334253 69
93 N48d 2007 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273434335444735122334253 111
94 N50d 2007 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 273434335444735122334253 111
95 N19d 2007 NLH HRSE 0000000000000000000000000000000000111111111 Beijing 2734324345445510122334253 109
96 5256 2006 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273232335454558122334253 90
97 S8 2007 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273452335444688122334253 117
98 S56 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
99 S70 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
100 S90 2007 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444558122334253 106
101 S114 2008 PNT HRSE 0000000000000000000000000000000000101 111111 Beijing 273432435344548122334253 110
102 S116 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432235444558122334254 93
103 S112 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444657122334253 108
104 S120 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
105 S132 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273452335444688122334253 117
106 5202 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432235444658122334254 96
107 S201 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444658122334253 70

148




108 S104 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 283432335444658122334253 123
109 S204 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335344458122344253 99
110 S205 2008 PNT HRSE 00000000000000000000000000000000001 11111111 Beijing 253413335344648122334253 42
111 S126 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444547122334253 66
112 S55 2008 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432235344658122334253 92
113 S85 2007 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432235444658122334254 96
114 Srd55 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444659122334253 71
115 Srd56 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432235444658122334253 95
116 Srd57 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444657122334253 108
117 Srd70 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 173434335444448122434253 7

118 Srd80 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 253432335340458122334253 44
119 Srd83 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444657122334253 108
120 Srd85 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335444657122334253 108
121 Srd90 2009 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 283433335353345122334252 124
122 S27 2007 PNT HRSE 0000000000000000000000000000000000111111111 Beijing 273432335344558122334253 101
123 S30 2007 PNT HRSE 0000000000000000000000000000001000001 111111 Beijing 273452335444688122334253 117
124 S38 2008 PNT HRSE 0000000000000000000000000000000000001100111 Beijing 273232335444658122334253 89
125 S51 2008 PNT HRSE 0000000000000000000000000000000000001111111 Beijing 273452335444488122334253 116
126 C146 2008 HGH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444637122334253 67
127 Cl147 2008 HGH HRSE 0000000000000000000000000000000000111111111 Beijing 263432335444637122334253 67
128 Cl172 2008 HGH HRSE 0000000000000000000000000000000000111111111 Beijing 271432335444558122334253 82
129 C225 2009 HGH HRSE 0000000000000000000000000000000000111111111 Beijing 281432335444558122134253 122
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130 C293 2009 HGH HRSE 0000000000000000000000000000000000101111111 4 Beijing 273432335344448122334253 97
131 N4sS 2007 NLH Sensitive I110111111111111111111111001000010111111111 17 EAI 823251325247256242333253 188
132 N16S 2006 NLH Sensitive ITTITIITITIIII111111000010010000101 11111111 45 EAI 623241325246254242343253 152
133 N38S 2008 NLH Sensitive 1111111111110111111111111001000010111111111 34 EAL 623241325247255242333253 159
134 N39S 2008 NLH Sensitive 1111111111110101111111111001000010111111111 31 EAI 623241325247255242333253 159
135 N428 2008 NLH Sensitive I111111111111111111111111001000010111111011 51 EAI 623251325247264242333254 178
136 Nrd52 2009 NLH Sensitive 1111110010010011110111111000000010111111111 19 EAI 623241425245256242313253 164
137 Nrd65 2009 NLH Sensitive I111111111111011100111111001000010111111111 36 EAI 623241425247255242333353 169
138 Nrd68 2009 NLH Sensitive I111111111110011110111111000000010111111111 30 EAI 523241425247166242333253 144
139 Nrd74 2009 NLH Sensitive 0111110110111011101111111000000010111111111 10 EAI 623241325247256242333253 161
140 Nrd79 2009 NLH Sensitive 1111111111110111110111111000000010111111111 32 EAL 623241325247256242333252 160
141 Nrd98 2009 NLH Sensitive 1111111111111011111111111001000010111111111 38 EAL 623241425247256242333253 170
142 Nrd34 2008 NLH Sensitive I111111111111111111111111111000000111111111 59 EAIL 523241424247254252333253 141
143 Nrd25 2008 NLH Sensitive I111111111111111111111111000000000111111111 48 EAI 623241525347254242333253 177
144 S172 2005 PNT Sensitive 1011111000000000000000000111000010111111111 12 EAl-like 322221434144158262332363 127
145 S177 2005 PNT Sensitive II11111 111111 111111111111111000010111111111 61 EAI 521241424146254242333263 138
146 S211 2008 PNT Sensitive 1111101111111111110111111111111100001111111 18 EAL 623241425247274242333253 173
147 S193 2005 PNT Sensitive 1111111001111111111111111000000000000001111 23 EAl-like 1232412352481064042333253 6

148 S195 2005 PNT Sensitive I111111111111111111111111111000000111111111 59 EAL 723281425247256222333253 185
149 C159 2008 HGH Sensitive 1011111111111111111111111111000010111111111 13 EAL 423221424246186232333254 128
150 N4 2007 NLH H 1001111111111101111111111001000010111111111 11 EAL 1023231425247255212333253 2

151 Nrd7 2008 NLH H I111111111111111111111111001000011111111111 53 EAL 625241424247256242333353 182
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152 N5 2007 NLH H IT11111111111111111111100000000000000011111 47 EAI 625241424247256242333353 182
153 S157 2005 PNT H 1101111000000000000000000111000010111111111 14 EAl-like 5222214341441108362233263 139
154 S165 2005 PNT H TITTIIIIII I I 11110010000101 11111111 52 EAI 623241325247256242333253 161
155 S188 2005 PNT H I111111111111111111111111001000010111001111 50 EAL 625241424247256242333353 182
156 5233 2008 PNT H 1111111111110000000000111001000010111111111 29 EAI 623241425247264242333253 172
157 S276 2005 PNT H I111111111110111111111111001000010111110111 33 EAI 623241325247255242333252 158
158 Srd92 2009 PNT H I1111111111100111110111111111000010111111111 28 EAl-like 524261424249875242333253 148
159 C79 2008 HGH H ITTT111II1111111111111111001000010111111111 52 EAI 223262425244256242333363 23
160 C130 2008 HGH H IT11111111111111111110011001000010111111111 46 EAI 623241427247255132333253 175
161 C214 2009 HGH H TITTTITII I 11110100001011101 1111 57 EAI 625241424247256242333353 182
162 N15 2007 NLH S 1111110111111111111111111001000010111111111 22 EAL 623241325246256242333253 156
163 N17 2007 NLH S 1111110111111111111111111001000010111100111 21 EAL 623241425247256242333353 171
164 N13 2007 NLH S 1111111111111111111111111001100010001111100 54 EAIL 623241425247256242333353 171
165 N25 2007 NLH S I111111111111111111111111001000000111111111 49 EAI 623241225247257242333253 153
166 N33 2008 NLH S 1111111 11111111111111111111000000111111111 59 EAI 622261425247256252333253 154
167 S164 2005 PNT S I111111111111111111111111001000010111111111 52 EAI 1023241325247256212333253 3

168 S171 2005 PNT S I111111111111111111111111001000010111111111 52 EAL 523241425247255242333253 145
169 S191 2005 PNT S I111111111111111111111111001000010111111111 52 EAL 6232414252410236142333353 163
170 S277 2005 PNT S 1111111111111011111100111001000010111111111 37 EAL 823241424257256242333253 187
171 S141 2005 PNT S I111111111111111111111111111000010111111111 61 EAL 423241425246156232333253 129
172 Sl16l 2005 PNT S I111111111111111111111111001000010111111111 52 EAL 623241325247255242333253 159
173 S119 2008 PNT HR I111111111111111111111111111000010111110111 60 EAL 524241435245266242333253 146
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174 Srd9%4 2009 PNT HR ITTTT1ITIIII111 11 111111111111000010111111111 61 EAI 523241225246267232333253 142
175 Srd81 2009 PNT HR IT11111I11111111111111111001000010111111111 52 EAI 622241425247256242333253 149
176 C254 2009 HGH HR TITTTIIIII It 1111010000101 11111111 58 EAI 623241425247246242333353 167
177 Srd28 2008 PNT HS I111111111111111111111111001000010111111111 52 EAL 622241425247255242333253 149
178 Srd97 2009 PNT HS I111111111111111111001111111111011111111111 43 EAl-like 522221534144842262333263 140
179 C209 2009 HGH HS 1111111111111111110000000100000000000000011 42 EAI 623241425246256242333353 166
180 Nl1d 2006 NLH HRS I111111111111111111111111101000000111111111 56 EAI 623241325247256252333253 162
181 Srd29 2008 PNT HRS I111111111010111111111111111000010111011111 26 EAI 723241525245242242333253 184
182 Srd50 2008 PNT HRS 11111101 11111111111111111001000010111111111 22 EAI 621241425347250212333353 150
183 5250 2005 PNT HRS 1111111111111100010000011111000010111111111 39 EAI 523241425247256242333253 147
184 Srd52 2009 PNT HRS 1111110111110001111111111001000010111111111 20 EAL 1023241425247256242333453 4

185 S76 2007 PNT HRE 1111111110111111111111111111100010111111111 25 EAL 523241425145256242334253 143
186 S109 2008 PNT HRE 1111110111111111111111111001000010111111111 22 EAIL 623241425247254242333253 168
187 Srd37 2008 PNT HRE I111111111111111111111111001000010111111111 52 EAI 023241425247255242333363 1

188 Srd47 2008 PNT HRE 1111111111111111111011111001000010111111111 44 EAI 623241425245256242333353 165
189 N26d 2006 NLH HRSE I111111111111111111111111101000010111111111 58 EAI 623241325244656242333253 155
190 N30d 2006 NLH HRSE I111111111111111111111111101000010111111111 58 EAL 623241325247056242333253 157
191 N36d 2007 NLH HRSE I111111111111111111111111101000010111111111 58 EAL 623241427247256241333253 176
192 N42d 2007 NLH HRSE 1111111111111101111111111101000010111011111 40 EAL 625241424247256242333253 181
193 N44d 2007 NLH HRSE 1111111111111101111111111101000010111011111 40 EAL 625241424247256242333353 182
194 Nrd33 2008 NLH HRSE I111111111111111111111111100000000111111111 55 EAL 623251424247255242333253 180
195 Nrd82 2009 NLH HRSE 1111111110111011111111111111000000111111111 24 EAL 623251424247255242333252 179
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196 Srd51 2009 PNT HRSE 1101111111111101111100111111000010111111111 16 EAl-like 322221434144867262333263 130
197 S117 2008 PNT HRSE 1101111111110111111111111111000010111111111 15 EAI 623241425341256242333253 174
198 S118 2008 PNT HRSE TITTIIIIII I I 11110010000101 11111111 52 EAI 923241425247256242333363 190
199 S300 2008 PNT HRSE I111111111111111111111111001000010111111111 52 EAL 923241425247256242333352 189
200 5246 2005 PNT HRSE 1111111111011111110000000000000000000000111 27 EAI 623241425247256242333353 171
201 5224 2008 PNT HRSE I111111111111111111111111001000000111111111 49 EAI 622241425247256242333253 151
202 5247 2005 PNT HRSE 1111111111111111110000000000000000000000111 41 EAI 623241425246256242333353 166
203 S255 2006 PNT HRSE 1111111001111111111111111000000000000001111 23 EAl-like 1232412352471064042333253 5

204 Srd24 2008 PNT HRSE IT11111111110111111111111111010010111111111 35 EAI 633241415247246252333253 183
205 S221 2008 PNT HRSE ITTTTTT I 111111111111000000111111111 59 EAI 623241425247274242333253 173
206 N23S 2007 NLH Sensitive 1111011111111111111111101111111100001111111 64 T 252232344242525122335252 34
207 N40S 2008 NLH Sensitive 1111111111110111111111111111011100001111111 68 T 212433512442137112234252 18
208 Nrd2 2008 NLH Sensitive 1011111111111111111111111111110100001110111 63 T 253232233143337112334252 39
209 Nrd28 2008 NLH Sensitive I111111 111111 111111111111111111100001111111 76 T 212433513343133122314252 20
210 Nrd37 2008 NLH Sensitive I111111 111111111 111111111111111100001111111 76 T 452222233564518122234252 134
211 N32 2008 NLH Sensitive I111111111111111111111111111011100001110000 73 T 254232332243533122334252 49
212 N36 2008 NLH Sensitive 1111111111111101111111111111111100001110000 71 T 254232332243533122334252 49
213 S151 2008 PNT Sensitive I111111111111111111111111111111100001110000 75 T 254232343242525122334252 50
214 S156 2005 PNT Sensitive 1111111111110111111111111111111100001110111 69 T 251423333333526132334252 32
215 S167 2005 PNT Sensitive 1111111111111100000000001111111100001111111 70 T 233122432322236122334262 24
216 S170 2005 PNT Sensitive I111111111111111111111111111111100001111111 76 T 252242232342326122335252 36
217 Nrd23 2008 NLH H 111111 111111111111111111111111100001111111 76 T 212433513243137122334252 19
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218 Srd48 2008 PNT H 1111111111101000000000001111111100001111111 67 T 442212233540013122234252 130
219 N8 2007 NLH S TITTIIII e 1100001111111 76 T 212233513343138122334252 12
220 N21 2007 NLH S II11111 1111111 11111111111111111100001101111 74 T 252233343242324122334253 35
221 N38 2008 NLH S I111111111111101111111111111111100001111111 72 T 454232334244213122334252 137
222 N46 2008 NLH S 1111111111111101111111111111111100001111111 72 T 212433512442137112234252 18
223 Nrd9 2008 NLH HS 1111111110111011111111111100111100001111111 65 T 212433513243137122334252 19
224 Srd54 2009 PNT HS 1111111111101000000000001111111100001111111 67 T 432212233440014122234252 131
225 N2d 2006 NLH HRS TITTTTI I I 11111 1111111100001111111 76 T 212433513243137122334252 19
226 Nrd47 2008 NLH HRSE TTTTTITIIOT It 100001 111111 66 T 212433512442137112234252 18
227 N20d 2007 NLH HRSE TITTTIE I 100001 111111 76 T 211433512442137122234252 10
228 N43d 2007 NLH HRSE 1111111111111101111111111111111100001111111 72 T 211433512442137122234352 11
229 Srd59 2009 PNT HRSE 1000001111111111111111111111111100001111111 62 T 212433512342138122324252 17
230 S8&3 2008 PNT HRSE I111111111111111111111111111111100001111111 76 T 253222234253438112334252 38
231 S199 2008 PNT HRSE I111111 111111 111111111111111111100001111111 76 T 244232333143426122334252 27
232 S16 2007 PNT HRSE I1111111111110111111111111111111100001110111 69 T 261222333333526132334252 51
233 5220 2008 PNT HRSE 1111111111111100000000001111111100001111111 70 T 452212233244414122234253 132
234 Nrd56 2009 NLH Sensitive 1111111110110011110000111111111100001110000 83 U 212413513243138122134252 15
235 Nrd59 2009 NLH Sensitive 1111111111111011110111110000000000000000000 86 U 253433533233335122334252 45
236 Nrd66 2009 NLH Sensitive I111111111111111111111111110111000001111111 96 U 252232343202424123334252 33
237 N21S 2007 NLH Sensitive I111111111111111111111111111111000001111111 100 U 261423433333248142434252 53
238 Nrd73 2009 NLH Sensitive 1111111110110011111111111100111100001110000 84 U 212413513243137122134252 14
239 Nrd97 2009 NLH Sensitive 1101111111111111101111111111111000001111111 80 U 212333513343137212434262 13
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240 N14 2007 NLH Sensitive IT1I1111111111111111111111000001000001110000 93 8] 213433413343138122434252 21
241 Nrd55 2009 NLH Sensitive 1111111110111011111111000111111100001110111 85 LAM 2532142342244735121334252 37
242 S169 2005 PNT Sensitive TOTTTTTTITT11101111001111111000010111111111 79 EAl-like 223222434144657222333264 22
243 S150 2005 PNT Sensitive 1111011111111111111111111111111100000110111 82 U 453212223444718122234252 135
244 S152 2008 PNT Sensitive 1111111111111111111100001111111100001111111 88 LAM 251122423641438112353262 29
245 NI 2007 NLH H 0000000000000000000000000001 111 111111111111 71 U 745444335544438122334253 186
246 S212 2005 PNT H TITITIL I eI 1a1aarees 101 8] 263211824435648122334253 56
247 S128 2008 PNT R TTTTTTI I 111111111111101000001111111 97 8] 253433533233535122334252 46
248 S208 2008 PNT R TTTTTIT I 111111111111110100001111111 99 H 244232233233336112334252 26
249 S61 2008 PNT S IT11111111111111111110000111111100001111111 89 8] 251202333244535121334252 30
250 S5230 2008 PNT S I1111111111111111111111111000000000001110111 92 U 253343534233637122332232 41
251 5266 2007 PNT HR 1111111111111111111100001111111100001111101 87 LAM 265242433442438122333243 76
252 Nrd42 2008 NLH HS 1111111111111111111111010111111100001111111 90 U 2512132333244435121334252 31
253 Co1 2008 HGH HS II11111 11111 111 e 1111111111111 101 U 273211923444747132334253 87
254 N15d 2007 NLH HRS I111111111111111111111111110000100001110000 95 U 212433413323138122434252 16
255 N21d 2007 NLH HRS 1011111111001000000111111111111100001111111 78 U 253232233243127112334252 40
256 N23d 2007 NLH HRS 1011111111001000000111111111111100001111111 78 U 253232233243127112334252 40
257 Nrd78 2009 NLH HRSE 1110110010110011111111111111111100001111111 81 U 261422432343227132334252 52
258 Srd23 2008 PNT HRSE I111111111111111111111111011111101001111111 94 U 452212233140018122234242 133
259 Srd43 2008 PNT HRSE I11111111111111111111101 1111111 111111111111 91 U 273211824645743122324263 86
260 S244 2005 PNT HRSE I111111111111111111111111111110000001111111 98 U 243222233243338112334252 25

NLH: National Lung Hospital; PNT: Pham Ngoc Thach Hospital; HGH: Hue General Hospital
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No of spoligotype (in this study): numbering of spoligotypes found in this study (coded from 1 — 101)

No of MIRU-VNTR genotype (in this study): numbering of MIRU-VNTR genotypes found in this study (coded from 1 — 192)

Table A 3. Mutation patterns of the 260 clinical Mycobacterium tuberculosis isolates in Vietnam

Strain Family FLDp;‘é;c:tI;t;le)imy SLDp;l;snc:tI;t:e)ﬂity Mutation patterns
Nrd77 Beijing H NA katG315Thr
N2 Beijing H NA katG315Thr
N3 Beijing H NA katG315Thr
Nrd83 Beijing HRSE KAC katG315Thr & rpoB531Leu & rpsL88Arg & pncA deletion & 1rs1484T & rrs1484T & rpoC483Gly
Nrd9s Beijing HRSE Sensitive katG315Thr & rpoB572Phe & rpsL43Arg & embB497Pro
Nrdl11 Beijing HRSE KAC katG315Thr & inhA15T & rpoB531Leu & embB360Met & pncA82GIn & 11s1401G & rpoC416Ser
Srd87 Beijing H NA katG315Thr
S98 Beijing HRS Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & rpoC448Glu
N36S Beijing Sensitive NA WT
N50 Beijing S NA rs514C
S134 Beijing H Sensitive katG315Thr
S56 Beijing HRSE OM katG394Ala & inhA15T & inhA94Ala & rpoB531Leu & 11s514C & embB497Arg & pncAl16Pro & gyrA94Tyr
S70 Beijing HRSE C katG315Thr & rpoB511Pro & rss514C & embB306Leu & pncA102Val
S120 Beijing HRSE Sensitive inhA15T & inhA94Ala & rpoB531Leu & 11s514C & embB497Arg
S126 Beijing HRSE KACOM inhA15T & inhA94Ala & rpoB531Leu & 1rs514C & embB406Ser & pncA108Stop & 1rs1401G & gyrA90Val
Nrd27 Beijing HRSE Sensitive katG315Thr & rpoB516Val & rpsL88Arg & embB306Val
S80 Beijing HRS Sensitive katG315Thr & rpoB516Val & rpsL88Arg & pncA10Pro & pncAl10Pro & rpoC416Ser
S8 Beijing HRSE oM katG315Thr & rpoB531Leu & rpsL88Arg & embB306Val & pncA96Glu & gyrA94Gly
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S132 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL88Arg & embB3061le & embB360Met & pncA49Ala & rpoC525Asn
S30 Beijing HRSE NA katG315Thr & rpoB146Phe & rpsL88Arg & embB306Val & pncAl1G & gyrA90Val & rpoC483Gly
C108 Beijing HRS NA katG315Thr & rpoB533Pro & rpsL88Arg & pncAllG
Nrd7 EAI H NA katG315Thr
N5 EAI H NA katG315Thr
N44d EAL HRSE NA katG315Thr & rpoB531Leu & rrs514C & embB306lle & pncA104Arg & gyrA90Val
S188 EAI H Sensitive katG315Thr
C214 EAI H NA katG315Thr
S112 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & rpoC485Asn
Srd57 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL43Arg & embB306lle & pncAlArg
Srd&3 Beijing HRSE NA katG315Thr & rpoB533Pro & rpsL43Arg & embB306Val & pncA62Leu & gyrA94Gly
Srd85 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL88Arg & embB330Ser & pncA130 insertion(GG) & rpoA183Ala
N38S EAI Sensitive NA WT
N39S EAI Sensitive NA WT
N40S T Sensitive NA WT
Nrd23 T H NA katG315Thr
N17 EAI S NA inhA21Val & rpsL43Arg & rrs517T
N46 T S NA WT
N13 EAI S NA rpsL88Met
Nrd9 T HS NA inhA1ST
N2d T HRS NA katG315Thr & rpoB526Asp & 11s514C & pncA7Phe
Nrd86 Beijing HRSE Sensitive katG315Thr & rpoB526Tyr & rpsL43Arg & embB3061le
N48d Beijing HRSE Sensitive katG315Thr & rpoB516Val & rpoB526Asp & rpsL88Arg & pncA164Stop
N50d Beijing HRSE Sensitive katG315Thr & rpoB531Leu & 11s517T & embB306Val & pncA156Pro
Nrd47 T HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB354Ala & embB497Lys & pncAl34Val
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S1e61 EAI S Sensitive WT
S246 EAI HRSE KACO katG315Thr & rpoB526Asp & 1rs514C & embB306Val & embB561Thr & pncA103Ser & 1rs1401G & gyrA88Ala
C138 Beijing HRS NA katG315Thr & katG710Phe & rpoB516Val & rpsL88Arg
Cl146 Beijing HRSE NA katG315Thr & katG710Phe & rpoB516Val & rpsL88Arg & emB306Val & pncA96Glu
Cl147 Beijing HRSE NA katG315Thr & katG710Phe & rpoB516Val & rpsL88Arg & emB306Val & pncA96Glu
Nrd74 EAI Sensitive NA WT
N32 T Sensitive NA WT
N36 T Sensitive NA WT
Nrd80 Beijing HS NA katG315Thr & rpsL43Arg & pncA128Gly
Nrd5 Beijing HS NA katG315Asn & rpoB526Asn & rpsL43Arg & pncA28Thr & pncA140 deletion(G)
N17d Beijing HRS Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & pncA2Trp
N21d U HRS NA katG315Asn & rpoB516Val
N23d 6] HRS Sensitive katG315Asn & rpoB516Val
Nrd90 Beijing HRSE Sensitive katG315Thr & rpoB572Phe & rpsL43Arg & embB497Arg & pncA19 deletion©
Nrd21 Beijing HRSE Sensitive katG315Thr & rpoB526Asp & rpsL43Arg & embB306Val & pncAS7Tyr
Nrd76 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & pncAl41Pro & rpoAl181Ala
N19 Beijing S NA rpsL43Arg
S173 Beijing Sensitive NA WT
S196 Beijing Sensitive Sensitive WT
S211 EAL Sensitive Sensitive WT
S107 Beijing H Sensitive inhA15T
Srd89 Beijing H NA katG315Thr & pncA149Ser
S165 EAL H Sensitive katG315Thr
S130 Beijing HRE Sensitive inhA15T & inhA194Thr & rpoB531Leu & emB306Val
Srd86 Beijing HRS NA katG315Thr & rpoB516Val & rpsL43Arg & 1rs151G & pncA130Gly
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Srd81 EAI HR NA inhA15T & inhA21Val & rpoB531Leu & embB577Ala & pncA155Gly & 11s1401G & gyrA94Gly
Srd82 Beijing RSE NA katG285Ser & katG389Gly & rpoB516Val & rpoB757Ala & rpsL43Arg & embB3061le
S202 Beijing HRSE KAC katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & pncA68Arg
S205 Beijing HRSE KAC katG315Thr & rpoB572Phe & rpsL43Arg & embB306Val & pncA103Stop & 1rs1001T & rrs1401G & rpoA202Thr
S85 Beijing HRSE KACOM katG315Thr & rpoB516Val & rpsL43Arg & embB328Tyr & embB338Ser & pncAS1Arg & 11s1401G & gyrA94Gly
Srd90 Beijing HRSE NA katG315Thr & rpoB526Ser & rpoB527GlIn & rpsL43Arg & embB306lle
S27 Beijing HRSE Sensitive katG315Thr & rpoB526Tyr & rpsL43Arg & embB306lle & pncA deletion & rpoC448Glu
S224 EAL HRSE KACOM inhA15T & inhA21Val & rpoB531Leu & embB577Ala & pncA155Gly & 1151401G & gyrA94Gly
S247 EAI HRSE KACOM katG315Thr & rpoB526Arg & rpsL43Arg & embB306lle & & rrs1401G & rpoC566Val
S221 EAI HRSE NA katG315Thr & rpoB526Thr & rpsL88Arg & pncA130Gly
C84 Beijing S NA rpsL43Arg
C209 EAI HS NA katG315Thr & rrs517T & embB561Arg & pncAl119Cys
C293 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL43Arg & pncA164 insertion(C)
Nrd39 Beijing Sensitive NA WT
N22S Beijing Sensitive NA pncA103Asp
N45S Beijing Sensitive NA pncA138Ser
Nrd26 Beijing HS Sensitive katG315Thr & rpsL43Arg
Nrd67 Beijing HS NA katG315Thr & rpsL88Arg
Nrd96 Beijing HS NA katG315Thr & rpsL43Arg & pncAl42Ala
Nrd69 Beijing HS NA katG315Thr & rpsL43Arg
Nrd6 Beijing HRS Sensitive katG315Thr & rpoB522Leu & rpoB531Leu & rpsL43Arg & pncAl1G
Nrd93 Beijing HRSE Sensitive katG315Thr & rpoB533Pro & rpsL88Arg & pncA deletion
Nrd18 Beijing HRSE KACOM katG315Thr & rpoB526Asp & rpsL43Arg & embB3061le & gyrA94Ala
Nrd40 Beijing HRSE Sensitive katG315Thr & rpoB533Pro & rpsL43Arg & embB306lle & pncAl1G
N22d Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB497Arg & pncAl138Arg
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S163 Beijing Sensitive Sensitive WT
Srd58 Beijing HRE NA katG315Thr & katG430Pro & rpoB531Leu & embB306Val & pncA120Pro
C109 Beijing S NA rpsL88Arg
N2S Beijing Sensitive NA WT
N4S EAL Sensitive NA WT
N16S EAI Sensitive NA WT
N42S EAI Sensitive NA WT
N23S T Sensitive NA WT
Nrd52 EAI Sensitive NA WT
Nrd65 EAI Sensitive NA WT
Nrd68 EAL Sensitive NA WT
Nrd79 EAI Sensitive NA WT
Nrd98 EAI Sensitive NA WT
Nrd2 T Sensitive NA WT
Nrd28 T Sensitive NA WT
Nrd34 EAI Sensitive NA WT
Nrd37 T Sensitive NA WT
Nrd25 EAI Sensitive NA WT
Nrd56 U Sensitive NA WT
Nrd59 U Sensitive NA WT
Nrd66 U Sensitive NA WT
N21S U Sensitive NA 1rs295C
Nrd73 U Sensitive NA WT
Nrd97 U Sensitive NA WT
N14 U Sensitive NA WT
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Nrd55 LAM Sensitive NA pncA49Glu
Nrd85 Beijing H NA katG315Thr
N7 Beijing H NA katG315Thr
N4 EAI H NA katG315Thr
N1 U H NA inhA15T
N15 EAI S NA rs517T
N8 T S NA WT
N21 T S NA rpsL43Arg
N38 T S NA WT
N48 Beijing S NA rpsL88Arg
N25 EAI S NA rs517T
N33 EAI S NA rs239T
Nrd19 Beijing HS Sensitive katG315Thr & rpsL43Arg
Nrd57 Beijing HS NA katG315Thr & rrs514C
Nrd87 Beijing HS NA katG315Thr & rpsL88Arg
Nrd42 6] HS NA katG315Thr
Nl1d EAI HRS NA katG315Thr & inhA15T & rpoB526Arg
N15d U HRS Sensitive katG315Thr & rpoB531Leu & rpsL88Arg
Nrd62 Beijing HRSE Sensitive katG315Thr & rpoB526Asp & rpsL43Arg & embB497Arg
Nrd36 Beijing HRSE NA katG315Thr & rpoB526Asn & rpoB533Ser & rpsL43Arg & embB406Ala & pncAl42Ala
Nrd38 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL88Arg & embB306Val & pncA76Pro & rpoC483Gly
Nrd35 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL88Arg
Nrd10 Beijing HRSE Sensitive katG315Asn & rpoB526Asp & r1s514C & embB306Val
Nrd14 Beijing HRSE Sensitive katG315Thr & rpoB5151le & rpoB516Val & rpsL43Arg & embB306lle & pncAl137Arg
Nrd16 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB497Arg & pncA155Gly
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Nrd51 Beijing HRSE K katG315Thr & rpoB531Leu & rpsL43Asn & r1s514C & embB306lle & embB497Lys & pncA47Ala & rpoC483Gly
Nrd53 Beijing HRSE KAC katG315Thr & rpoB526Asp & rpoB562Ala & embB370Arg & embB497Lys & & rrs1401G
Nrd63 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg
Nrd92 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & pncA68Arg

Nod Beijing HRSE oM katG315Thr & rpoB572Phe & rpsL43Arg & embB497Arg & pncAl9 deletion(C) & gyrB461Asn

N26d EAL HRSE Sensitive inhA15T & rpoB526Asp & rpsL88Arg & embB306lle & pncA62Ser

N30d EAIL HRSE Sensitive inhA15T & rpoB526Asp & embB306lle & pncA62Ser

N36d EAI HRSE NA katG315Thr & inhA15T & rpoB526Asp & r1s908C & embB306lle

N42d EAI HRSE NA katG315Thr & rpoB531Leu & 1rs514C & embB3061le & pncAS58Val & gyrA90Val

N19d Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & pncAl19Stop & rpoA187Ala

N20d T HRSE OM inhA15T & inhA94Ala & rpoB531Leu & rpsL43Arg & embB306Val & pncAl61 insertion(G) & gyrA94Gly
N43d T HRSE KACOM inhA15T & inhA94Ala & rpoB531Leu & rpsL43Arg & embB306Val & pncAl161 insertion(G) & gyrA94Gly
Nrd33 EAI HRSE Sensitive katG315Asn & rpoB516Val & rrs878A & embB306Val
Nrd78 U HRSE Sensitive katG480Ala & rpoB531Trp & rpoB616Ala & 11s517T & embB306Ile & pncAS1Tyr
Nrd82 EAL HRSE Sensitive katG315Asn & rpoB516Val & 11s878A & embB330Leu & pncA12G

N42 Beijing S NA WT

Nrd8 Beijing S NA rpsL43Arg
Nrd70 Beijing S NA katG497Ser & rpsL43Arg

S158 Beijing Sensitive Sensitive WT

S168 Beijing Sensitive Sensitive WT

S178 Beijing Sensitive Sensitive WT

S182 Beijing Sensitive Sensitive WT

S231 Beijing Sensitive Sensitive WT

S169 EAI-like Sensitive Sensitive WT

S172 EAIl-like Sensitive Sensitive WT
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S177 EAI Sensitive Sensitive WT

S151 T Sensitive Sensitive WT

S156 T Sensitive Sensitive WT

S167 T Sensitive Sensitive WT

S170 T Sensitive Sensitive WT

S150 U Sensitive Sensitive WT

S193 EAl-like Sensitive Sensitive WT

S195 EAL Sensitive Sensitive WT

S209 Beijing Sensitive Sensitive WT

S152 LAM Sensitive Sensitive WT

S174 Beijing OMG inhAlST & gyrA94Tyr
Srd91 Beijing H NA katG315Thr
S157 EAI-like H Sensitive inhA15T
S233 EAI H Sensitive katG315Thr
S276 EAL H Sensitive katG325Leu & ahpC-52T
Srd92 EAl-like H NA pncAl3T
Srd48 T H NA katG315Thr
S212 U H Sensitive inhA1ST
S128 U R Sensitive rpoB526Leu
S208 H R Sensitive rpoB531Leu
S242 Beijing S Sensitive rpsL88Arg
S214 Beijing S Sensitive rs514C
S192 Beijing S Sensitive rpsL43Arg
S228 Beijing S KAC rs1401G
S164 EAL S Sensitive WT
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S171 EAI S Sensitive WT

S191 EAI S Sensitive WT

S277 EAI S Sensitive WT

S141 EAI S Sensitive WT
S61 U S Sensitive WT

S113 Beijing S Sensitive rpsL43Arg

S230 6] S Sensitive WT

Srd15 Beijing E NA embB306Val

S119 EAI HR NA katG112lle & inhA15T & rpoB511Pro

Srd94 EAI HR NA inhA95Val & rpoB526Tyr & rrs796G & pncAl2Arg
S266 LAM HR OM gyrA94Tyr & rpoC542Ala

S142 Beijing HS Sensitive katG315Thr & rpsL88Arg

Srd28 EAI HS NA katG315Thr & rpsL43Arg

Srd97 EAI-like HS NA katG315Thr

Srd54 T HS NA rpoB516Tyr & rrs513T & embB505Val & pncAl1G
S76 EAL HRE Sensitive katG315Thr & rpoB511Pro & rpoB531Leu & embB306lle & pncA471le & rpoC491Val
S109 EAI HRE Sensitive katG439Pro & rpoB531Leu & pncA6Leu

Srd37 EAL HRE NA inhA15T & rpoB531Leu & embB406Ser & pncA76Pro

Srd47 EAIL HRE NA katG315Thr & rpoB513Pro & embB497Arg & pncA deletion
S57 Beijing HRS Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & pncA6Thr
S84 Beijing HRS Sensitive inhA15T & rpoB531Leu & rpsL43Arg & pncA96Thr
S124 Beijing HRS Sensitive katG315Thr & rpoB526Tyr & rrs514C

S127 Beijing HR Sensitive katG315Thr & rpoB531Leu & pncA103Ser

Srd29 EAI HRS NA inhA8C & rpoB526Asn & 115s905G & pncA61Pro

Srd50 EAI HRS NA katG315Thr & rpoB526Asp
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S250 EAI HRS KAC katG315Thr & rpoB531GlIn & embB603Arg & pncA deletion12nu(-18)(-7) & & 1rs1401G
Srd52 EAI HRS NA katG315Thr & rpoB516Tyr & rpoB518His & rrs517T & embB439Val & pncA63Gly
Srd99 Beijing HSE NA katG315Thr & rpsL88Arg & embB306Val
S256 Beijing HRSE KACOM katG315Thr & rpoB531Leu & rpsL43Arg & embB406Asp & & 1rs1401G
S90 Beijing HRSE oM katG315Thr & rpoB531Leu & rpsL43Arg & rpoB3061le & embB454Thr & pncAl11G & gyrA94Gly
S114 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & pncAl41Pro & rpoC483Ala
S116 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & rpoC452Ser
S201 Beijing HRSE Sensitive katG315Thr & rpoB531Leu & rpsL88Met & embB330Leu & pncAl146Pro
S104 Beijing HRSE KACOM katG315Thr & rpoB516Val & rpsL88Arg & embB450Leu & pncA104Arg & 11s1401G & gyrA94Gly
S204 Beijing HRSE KACOM katG315Thr & inhA8C & rpoB530Met & rpoB531Phe & rpsL43Arg & embB306lle & gyrA94Ala
S55 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL43Arg & embB306lIle & pncA35Pro & 1rs1401G & gyrA94Tyr
Srd55 Beijing HRSE NA katG315Thr & inhA15T & rpoB531Leu & rpsL88Arg & embB497Arg & pncA154Gly
Srd56 Beijing HRSE NA katG315Thr & rpoB511Pro & rpoB526Asp & rpsL88Arg & embB306Val
Srd70 Beijing HRSE NA katG315Thr & rpoB516Val & rpsL43Arg & embB306Val & pncA181Stop
Srd80 Beijing HRSE NA katG315Thr & rpoB526Asp & rpoB533Pro & rpsL43Arg & embB306Val & pncAl42Arg & rrs1401G & gyrA94Gly
Srd51 EAI-like HRSE NA katG33Asp & katG315Thr & rpoB531Leu & rrs517TembB306lle & pncA49Glu
S117 EAI HRSE Sensitive katG2571le & inhA1S5T & rpoB531Gln & 115514C & embB354Ala
S118 EAI HRSE Sensitive katG315Thr & rpoB531Leu & rrs517T & pncA63Ala
S300 EAI HRSE Sensitive katG315Thr & rpoB526Asp & rpsL88Thr & embB306Val & pncA59Phe
Srd59 T HRSE NA rpoB512 Insertion(Arg) & rpsL43Arg & embB406Ser & pncA54Gln
S83 T HRSE Sensitive katG315Thr & rpoB526Tyr & embB306Val & rpoC448Glu
S199 T HRSE NA katG315Thr & rpoB490Arg & rpoB531Trp & rpsL88Met & embB306lle & pncA11G
S16 T HRSE OM katG315Thr & rpoB531Leu & embB306Val & pncA57Pro & gyrA94Gly
S220 T HRSE KOM katG315Thr & rpoB518 deletion(Asn) & pncAS54Leu & gyrB504Val
Srd23 U HRSE NA katG232Ala & rpoB531Leu & embB354Ala & embB497Pro & pncAl0Arg
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S38 Beijing HRSE Sensitive katG315Thr & rpoB516Val & rrs514C & embB306lle & pncA130 insertion(GG)
S51 Beijing HRSE Sensitive katG315Thr & rpoB526Tyr & rpsL88Arg & embB306Val & pncA78 insertion(G)
S255 EAl-like HRSE NA katG127Pro & inhA15T & rpoB526Tyr & 1rs514C & embB3061le & embB406Ala & gyrA90Val
Srd24 EAI HRSE NA katG315Thr & rpoB526Asp & rpsL88Arg & embB406Asp & embB651Asn & pncAl38Ser
Srd43 U HRSE NA katG315Thr & rpoB513Leu & rpoB753Phe & rpsL43Arg & embB406Asp & pncA97Asp & pncA183 deletion(T)
S244 U HRSE KA rpoB531Leu & pncA63 insertion(10nu) & pncA107Lys & ahpC-52T
C159 EAI Sensitive NA WT
C79 EAI H NA katG315Thr
C130 EAI H NA katG169Ser & inhA15T
Co1 U HS NA katG315Thr
Cl16 Beijing S NA rpsL88Arg
C254 EAI HR NA katG31Asp & inhA15T & rpoB531Leu
C199 Beijing HS NA katG315Thr & rpsL43Arg
C213 Beijing HS NA katG315Thr & rpsL88Arg
C117 Beijing HRS NA katG315Thr & rpoB526Arg & rrs908C & pncA deletion
Cl172 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL43Arg & embB306Val & pncAS8Ser
C225 Beijing HRSE NA katG315Thr & rpoB531Leu & rpsL88Met & embB306Val & pncA58Ser

NA: not available

WT: wild type (no drug resistance-associated mutation)
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